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Abstract 
 
Aims and Methods: Physical activity (PA) and/or exercise training can reduce risk of future 

cardiovascular events in asymptomatic and individuals with established cardiovascular 

disease. However, there is large heterogeneity in this response. This thesis aimed to examine 

some of the factors that may contribute to this. Study 1 was a cohort study including 139,930 

individuals looking at the role of moderate-vigorous PA (MVPA) on stroke risk in both 

medicated and nonmedicated hypertensives vs normotensives (median follow up: 6.75 

years). Study 2 was a secondary analysis of markers of cardiovascular function in 338 

individuals undergoing supervised exercise training (8-26 weeks) stratified on their baseline 

endothelial function (FMD%). Study 3 examine the acute effects of moderate-intensity 

continuous cycling exercise on cerebrovascular function in eight individuals with medicated 

hypertension (55±6 years) and ten control individuals (54±7 years). Results: Study 1 reported 

lower Hazard Ratios (0.75, P=0.02) in those who did more (Quartile 3), MVPA moderate-

intensity PA compared to the lowest quartile of MVPA. The shape of the dose-response was 

not different between hypertensives and normotensives, but this relationship may be altered 

by hypertensive medication. Study 2 demonstrated that exercise training significantly 

improved physical fitness, BMI, blood pressure and total cholesterol, irrespective of initial 

baseline endothelial function. Study 3 showed that post-acute exercise, absolute 

cerebrovascular reactivity decreased by 0.6 cm/s/mmHg in the control group but increased 

by 1.03 cm/s/mmHg in the medicated hypertensive group (P=0.02) with no change in 

peripheral endothelial function (FMD%). Conclusion: (i) MVPA reduces stroke risk in the total 

population, which is not affected by the presence of hypertension. Use of anti-hypertensive 

medication may interfere with the impact of MVPA on stroke risk. (ii) Individuals with reduced 
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and preserved a priori endothelial function status can obtain benefits from exercise in terms 

of risk factor modification and fitness change. Therefore, exercise has the potential to be 

beneficial in all clinical groups. (iii) following acute exercise cerebrovascular function appears 

to be different in normotensive vs hypertensive individuals (iv) overall, exercise is 

cardioprotective in healthy individuals and those with cardiovascular risk factors, but further 

work is needed to determine factors that underpin responsiveness to exercise training 

including the acute stimulus and role of medication.  
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Cardiovascular disease (including cerebrovascular disease) is the leading cause of death 

worldwide (World Health Organisation, 2021). Physical activity (PA) and/or exercise training 

is important in both preventing and reducing reduce risk of future cardiovascular events in 

asymptomatic and individuals with established cardiovascular disease (Mora et al., 2007, Lee 

et al., 2012, Lee et al., 2003b, Eijsvogels et al., 2016). However, there is heterogeneity in 

individuals’ responses to training which may relate to a number of factors, some of which will 

be explored in this thesis (Mora et al., 2007, Green et al., 2008, Joyner and Green, 2009, 

Tinken et al., 2010, Ashor et al., 2015, Green et al., 2017, Pedralli et al., 2020). 

 

There is currently a debate as to whether health status affects the dose response association 

between PA and event rate (Eijsvogels et al., 2016, Moore et al., 2012, Bakker et al., 2021). 

An epidemiological study including 142,493 adults from the Netherlands reinforced the 

benefits of moderate-to-vigorous (MVPA) on reducing major adverse cardiovascular events 

(MACE) and all-cause mortality but found that a curvilinear association was found in healthy 

individuals and individuals with cardiovascular risk factors (CVRF), whilst individuals with CVD 

demonstrated a linear association, suggesting a constant reduction of risk with higher 

volumes of MVPA (Bakker et al., 2021). Therefore, more research is warranted to better 

understand the interactions between PA and/or exercise training, cardiovascular risk factors 

and disease for effective preventative strategies.  

 

To date, no research has looked at the influence of individual cardiovascular risk factors on 

the association between MVPA and event rate. Hypertension is the leading modifiable risk 

factor of cardiovascular and cerebrovascular disease (including stroke) (Mills et al., 2020). 

Both pharmacological and lifestyle interventions are needed for the prevention and 
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management of hypertension (Valenzuela Ruiz et al., 2020). Regular PA has been shown to 

reduce stroke risk (Lee et al., 2003a, Kiely et al., 1994, Jeong et al., 2017) which is at least 

partly explained by the reduction in blood pressure (Pinckard K, 2019). Antihypertensive 

medication is also often prescribed alongside lifestyle interventions, and independent of 

these lifestyle interventions antihypertensive medication effectively reduces risk. 

Interestingly, both anti-hypertensive medication and lifestyle interventions may also have 

interacting effects. Previous work investigating the effect of antihypertensive medications on 

exercise training suggest that medication may interfere with exercise induced adaptations, 

with some studies suggesting antihypertensive drugs attenuate and others indicate these 

drugs promote exercise-induced effects (Dimeo et al., 2012, Sumukadas et al., 2014, Baptista 

et al., 2018, Sjúrðarson et al., 2022). Therefore, it is vitally important that the influence of 

antihypertensive medication is considered alongside changes in PA.  

 

Whilst changes in traditional cardiovascular disease risk factors explain some of the 

cardioprotective effects of training (Mora et al., 2007),  it is possible there are also direct 

effects of exercise on vascular health, including improvements in endothelial function (Green 

et al., 2008, Joyner and Green, 2009, Tinken et al., 2010, Ashor et al., 2015, Green et al., 2017, 

Pedralli et al., 2020). Endothelial dysfunction is a well-established response to exposure of 

cardiovascular disease risk factors. Endothelial function, measured as flow mediated dilation 

(FMD%), is largely nitric oxide (NO)-mediated (Green et al., 2014a) and predicts future CV 

events (Green et al., 2011, Inaba et al., 2010, Ras et al., 2013). It is therefore considered an 

early marker of future atherosclerotic vascular risk and a non-invasive window into vascular 

health status. It has been suggested that those with a priori endothelial dysfunction (low 

FMD), improve endothelial to a greater degree than those with a healthy, functioning 
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endothelium (normal FMD) following exercise training (Maiorana et al., 2003; Green et al., 

2014).  

 

Long term benefits of exercise training are likely related to the repeated acute responses to 

acute bouts of exercise (Dawson et al., 2018) therefore, understanding the acute effects of 

exercise is essential (Thijssen et al., 2018) as it will help to understand the complex interplay 

between exercise, cardiovascular risk and cardioprotective effects. Understanding the acute 

effects of exercise is important for optimising exercise prescription for individuals with 

various cardiovascular diseases (Luan et al., 2019) that will target key mechanistic pathways 

linked to improved vascular and brain function (Lucas et al., 2015, Mulser and Moreau, 2023). 

Impairment in FMD following acute exercise, provides a barometer of cardiovascular risk (Vita 

and Keaney Jr, 2002) and may reflect a transient period of increased risk for exercise related 

cardiac events immediately following physical exertion (Mittleman et al., 1993, Siscovick et 

al., 1984, Whang et al., 2006, Albert et al., 2000, Willich et al., 1993, Smyth et al., 2016). 

Consequently, assessing immediate cardiovascular and cerebrovascular responses could 

elucidate whether there is a transient period of risk immediately following exercise or 

provides insights on the stimulus for long-term adaptation. This can contribute to 

effectiveness of cardioprotective strategies and prevent adverse events during and after 

exercise (Vita and Keaney Jr, 2002, Mittleman et al., 1993, Siscovick et al., 1984, Whang et al., 

2006, Albert et al., 2000, Willich et al., 1993, Smyth et al., 2016). However, there is limited 

research on the acute effects of exercise on cerebrovascular function which is an important 

barometer of stroke, dementia, and cognitive decline (Chrissobolis et al., 2011, Miller et al., 

2010). This is vitally important in individuals who are diagnosed with hypertension as they are 

at high risk of cerebrovascular disease (Jones et al., 2003, Meissner, 2016).  
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1.1 Aims 
 

The overarching aim of this thesis was to investigate the relationship between 

cardiovascular risk factors and exercise training cardiovascular responses. 

The specific aims of this thesis were to:  

1. Examine influence of a singular cardiovascular risk factor with regular physical 

activity on event outcomes. 

2. Investigate whether a priori endothelial dysfunction alters the 

cardioprotective effects of exercise training, 

3. Investigate the potential mechanisms of acute exercise on (cerebro)vascular 

function following moderate intensity aerobic exercise.  

4. Examine the influence of medication use on the cardioprotective effects of 

exercise. 

 

1.2 Objectives 
 

The aims outlined above will be achieved through the following objectives: 

In line with Aim 1: 

1. Perform analysis of a cohort study to understand the impact of hypertension 

on the dose response relationship between physical activity and stroke. 

 

In line with Aim 2: 
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2. This will use data from previous exercise training interventions in healthy 

individuals, individuals with cardiovascular risk factors and those with 

cardiovascular disease where FMD data were collected pre and post exercise. 

Individuals will be categorised as having either preserved endothelial function 

or reduced endothelial function based on FMD reference intervals (Holder et 

al., 2021) to determine if this impacts on exercise training induced changes in 

vascular function. 

In line with Aim 3: 

3. Investigate the effect of an acute bout of moderate intensity continuous 

cycling on (cerebro) vascular function in individuals with normotension and 

medicated hypertension. 

In line with Aim 4: 

4. In the cohort study (i.e., Aim 1), examine whether the use of antihypertensive 

medication alters the dose response relationship between physical activity 

and stroke. 

5. In the acute exercise study (i.e., Aim 3), examine whether antihypertensive 

medication alters the acute effects of exercise on (cerebro) vascular function. 
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Chapter 2: Literature Review 
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2.1 Overview  
 
Cardiovascular disease (CVD) including cerebrovascular disease is the leading cause of death 

worldwide (World Health Organisation, 2021). CVDs are a group of diseases that affect the 

heart and blood vessels. Specifically, cerebrovascular diseases refer to a group of conditions 

that impair cerebral blood flow to the brain and primarily involves blood vessels in the brain 

(Capildeo et al., 1978). Stroke is the most common manifestation of cerebrovascular disease 

and can have long-term consequences for neurological, neuropsychiatric, and vascular 

outcomes (Singh et al., 2018) as well as mortality. Physical inactivity, poor nutrition, 

dyslipidemia, hyperglycemia, high blood pressure and obesity are traditional risk factors for 

CVD (Bays et al., 2021) and stroke (Boehme et al., 2017). Endothelial dysfunction is a well-

established consequence of CVD risk factors as it has previously been found that the 

magnitude of endothelial dysfunction increases in proportion with the accumulation of CV 

risk factors (Hashimoto et al., 2000). High blood pressure is an important modifiable risk 

factor of CVD/stroke that causes damage the endothelium which results in thickening of the 

artery walls and formation of atherosclerotic plaques (Gonzalez-Guerra et al., 2021, Poznyak 

et al., 2022). Endothelial dysfunction within coronaries/cerebral circulation is a major 

contributing factor CVD events (Hadi et al., 2005, Boulanger, 2016) and cerebrovascular 

disease (Ashby and Mack, 2021). It is important to note that while there are numerous risk 

factors that can lead to endothelial damage and CVD, exercise training is a known therapeutic 

intervention that can help mitigate vascular damage in response to CVD risk factors. However, 

it is possible that a priori cardiovascular health status may alter the cardioprotective effects 

of exercise compared to healthy individuals (Eijsvogels et al., 2016, Moore et al., 2012, Bakker 

et al., 2021). Some studies have found a linear association between PA and mortality 
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reductions (Moholdt et al., 2008, Stewart et al., 2017, Jeong et al., 2019), whereas others 

have reported a reverse J-shaped curve or a U-shaped relationship (Mons et al., 2014, 

Wannamethee et al., 2000, Williams and Thompson, 2014, Keteyian et al., 2012) (Visual 

representation of the relations Figure 2.1).  Recently, a curvilinear association was found in 

healthy and cardiovascular disease risk factor individuals whilst CVD patients demonstrated 

a linear association, suggesting a constant reduction of risk with higher volumes of MVPA 

(Bakker et al., 2021). Therefore, it is important to further investigate what factors of CVD and 

CVD risk factors that may contribute to this altered cardioprotective effects of exercise. 

 

 

 

Figure 2.1 An example graphical representation of dose-response relationships between 

physical activity and cardiovascular mortality that are present within the literature. 
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Curvilinear association indicates that physically inactive individuals have the highest risk for 

adverse outcomes, while the most active individuals have the lowest risk. It is important to 

note that the health benefits of an increase in exercise volume depend on the initial activity 

status of the individual and can depend on health status of the individual (Bakker et al., 2021). 

U and J-shaped relationships suggest a partial loss of health benefits with higher levels of 

physical activity (Mons et al., 2014, Wannamethee et al., 2000, Williams and Thompson, 2014, 

Keteyian et al., 2012). Linear relationships suggest that as physical activity volume increases, 

cardiovascular risk continues to decrease (Moholdt et al., 2008, Stewart et al., 2017, Jeong et 

al., 2019), 

 

This review will summarise: 

1. The importance of vascular function and health  

2. Exercise-induced adaptations of vascular health 

3. Hypertension as a risk factor for stroke 

4. Hypertension and its effect on cerebrovascular function  

5. Exercise-induced adaptations of cerebrovascular function  

 

2.2 Vascular function 

2.2.1. Introduction to vascular function  
 
The vascular endothelium is a monolayer of endothelial cells (EC) on the intima lining the 

blood luminal surface of the whole cardiovascular tree. However, EC display different 

structures and phenotypes in the arteries, veins and capillaries (Ghitescu and Robert, 2002). 

Initially, the endothelium was regarded as a relatively inert cell layer acting as a semi-

permeable barrier between the blood and interstitium. However, key discoveries since the 
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1970s have highlighted the vital importance of the endothelium and have shown that it is an 

active metabolic and endocrine organ (Garland et al., 2011), with a strategic placement 

between blood flow and the artery wall providing a multitude of regulatory roles to maintain 

homeostasis of many (patho)physiological processes (Petty and Pearson, 1989, Durand and 

Gutterman, 2013).  

 

2.2.2 The importance of the endothelium for health  
 
 
The endothelium plays a vital role in maintaining cardiovascular health, with 

pathophysiological alterations in endothelial structure and function underpinning most major 

cardiovascular diseases. The endothelium regulates vascular tone by releasing 

vasoconstrictors (e.g., thromboxane, endothelin-1 and angiotensin) or vasodilators (e.g., 

nitric oxide (NO), prostacyclin (PGI2,), bradykinin, endothelium derived hyperpolarising 

factors (EDHF)) in response to physical and chemical stimuli (Davignon and Ganz, 2004). The 

maintenance of a correct balance between these vasoactive molecules is crucial; imbalance 

leads to an impairment of endothelium-dependent vasodilation, which is the functional 

characteristic of endothelial dysfunction. 

 

NO is of particular interest as it is a potent vasodilator in the vascular system, which is also 

known to control vascular wall inflammation, inhibit platelet aggregation and modulate 

vascular smooth muscle cell proliferation thus protecting the vessel wall against the 

development of atherosclerosis and thrombosis (Moncada and Higgs, 2006). NO is a gaseous 

free radical signalling molecule which is short lived that diffuses to the adjacent muscle layer 

causing relaxation. First identified in the 1980s  (Furchgott and Zawadzki, 1980),  NO is 
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synthesised from L-arginine in endothelial cells by the action of endothelial NO synthases 

(eNOS) (Förstermann, 2006) in a reaction that requires oxygen and the reduced cofactors 

tetrahydrobiopterin (BH4) and nicotinamide adenine dinucleotide phosphate (NADPH) 

(Alkaitis and Crabtree, 2012). NO then diffuses to vascular smooth muscle cells where it binds 

to guanylate cyclase and forms cyclic guanosine monophosphate. This leads to smooth 

muscle relaxation and subsequent vasodilation (Green et al., 2004).  The activity of eNOS and 

the production of NO can be stimulated by increases in intimal shear stress (Pohl et al., 1986). 

Elevation of shear stress, primarily into the antegrade direction, upregulates NO synthesis by 

activating calcium and potassium channels on the endothelial cell surface resulting in 

potassium efflux and calcium influx which increases intracellular calcium. This in turns results 

in  eNOS detaching from caveolin which upregulates the production of NO (Förstermann and 

Sessa, 2012).  

 

2.2.3 Measurement of vascular function  
 

In humans, vascular function can be measured using the flow mediated dilation (FMD) 

technique which is a non-invasive assessment that is able to predict future cardiovascular 

events (Inaba et al., 2010, Ras et al., 2013, Vita and Keaney Jr, 2002, Thijssen et al., 2011) and 

correlates with coronary artery endothelial function (Celermajer et al., 1992, Takase et al., 

1998). FMD is endothelium-dependent and partly nitric oxide (NO)-mediated (Thijssen et al., 

2019). FMD measures changes in brachial artery diameter in response to a period of ischemia 

(typically 5 minutes) by inflating a cuff distal from the imaged artery around the forearm to 

supra-systolic level (Thijssen et al., 2019). Cuff deflation can lead to increases in shear-stress-

mediated augmented NO production in endothelial cells resulting in vasodilation of the artery 
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following an increase in luminal blood flow and internal wall shear stress (Thijssen et al., 

2011). Several meta-analyses have explored the prognostic value of FMD and revealed that a 

1% increase in brachial artery FMD is associated with an 8-13% reduction in CVD risk in 

heterogeneous populations (Ras et al., 2013, Inaba et al., 2010, Matsuzawa et al., 2015). 

 

2.3 Endothelial dysfunction 
 

2.3.1 Pathophysiology of endothelial dysfunction / The role of endothelial dysfunction in 
atherosclerosis/CVD 
 
Atherosclerosis is an inflammatory process which underlies most CVD conditions, resulting in 

the thickening of the artery wall, plaque development and sometimes plaque rupture 

resulting in cardiovascular complications  (Ross, 1999). Endothelial dysfunction is the initial 

step in the pathogenesis of arteriosclerosis and consequently, is widely accepted as an early 

event in the pathogenesis of cardiovascular diseases (Boulanger, 2016). Reduced NO 

bioavailability results in the initiation, progression and complications of atherosclerosis 

through numerous means including lipid damage, inflammatory response, vasoconstriction, 

platelet aggregation, smooth muscle cell proliferation and migration, leukocyte adhesion as 

well as oxidative stress (Chen et al., 2018). A healthy endothelium provides antioxidant, ant-

inflammatory, and antithrombotic functions and contributes to the maintenance of vascular 

tone, serving as a gatekeeper for organ/tissue homeostasis and blood pressure control (Eelen 

et al., 2015, Ross, 1999).  

 

Development of endothelial dysfunction is a well-established response to exposure to 

cardiovascular risk factors. Both traditional and novel CVD risk factors initiate a chronic 

inflammatory process alongside a reduction in vasodilators and anti-thrombotic factors, 
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whilst levels of vasoconstrictors and pro-thrombotic factors increase. Endothelial dysfunction 

occurs in association with CVD risk factors, contributes to inflammation in the vascular wall, 

as well as to increased lipoprotein oxidation, smooth muscle cell proliferation, extracellular 

matrix deposition, cell adhesion, and thrombus formation in conducting arteries (Durier et 

al., 2003, Ross, 1999). Studies have found that the magnitude of endothelial dysfunction 

increases in proportion with the accumulation of CV risk factors (Hashimoto et al., 2000). 

 

Endothelial dysfunction is characterised by an imbalance between vasodilation and 

vasoconstriction, elevated reactive oxygen species (ROS), and proinflammatory factors, as 

well as a deficiency of nitric oxide (NO) bioavailability. Reduced NO bioavailability may result 

from reduced activity of eNOS, uncoupling of eNOS, scavenging of NO by superoxide anions 

and related reactive oxygen species (Endemann and Schiffrin, 2004, Beckman and Koppenol, 

1996, Kissner et al., 1997). ROS may uncouple the eNOS-catalysed reduction of molecular 

oxygen from the oxidation of L-arginine resulting in the production of ROS superoxide anion 

instead of reducing NO (Münzel et al., 2005).  An imbalance of NO and ROS (i.e. elevated 

oxidative stress), may promote endothelial dysfunction. ROS production also occurs in the 

media and adventitia, which also impairs NO signalling within vascular tissues  (Sorescu et al., 

2002, Pagano et al., 1997).  

 

2.3.2 Exercise training and vascular function. 
 
 
It is well established that exercise provides cardioprotective effects and is effective in the 

primary and secondary prevention of CVD (Eijsvogels et al., 2016, Kodama et al., 2009, Alves 

et al., 2016). Remarkably, the exact underlying mechanisms of the cardioprotective effect of 
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exercise are not fully understood (Mora et al., 2007). Part of the magnitude of the CVD risk 

reduction (≤ 59%) can be explained by the beneficial effect of exercise on several CVD risk 

factors (Mora et al., 2007, Taylor et al., 2006, Hamer et al., 2012). These findings imply that 

the cardioprotective effect of exercise is larger than expected based on the improvement in 

these risk factors. The unexplained part of the cardioprotective effect of exercise training is 

often referred to as the risk factor gap (Green et al., 2008). The risk factor gap may be 

explained by changes in vascular function. It is well established that exercise directly impacts 

vascular function as a result of hemodynamic effects (Green et al., 2017). Exercise has 

mechanical effects on arteries due to repeated exposure to increases in blood pressure, blood 

flow and arterial shear stress that occurs during each exercise bout (Green et al., 2017).  

Improved vascular health occurs in response to exercise training and improves vascular 

function through increases in bioavailability of endothelium derived substances such as nitric 

oxide, and modifies arterial structure including outward remodelling and modifying wall-to-

lumen ratios (Green and Smith, 2018). Therefore, direct effects of exercise on the vasculature  

provides a plausible contribution to the reduction in cardiac events associated with exercise 

training (Green et al., 2008).  

 

2.3.3 Importance of acute exercise responses  

 
 
To understand the stimulus contributing to vascular adaptation following exercise training, 

studies have examined the acute impact of exercise on vascular function. An acute bout of 

exercise exerts direct effects on the vasculature via the impact of hemodynamic stimuli such 

as increases in shear stress and transmural pressure (Green et al., 2017) and is likely the 

stimulus for exercise training induced benefits. Research has shown that acute post-exercise 

changes in vascular function can predict exercise training responses (Dawson et al., 2018) 



 29 

therefore, understanding the acute effects of exercise is important as a single bout of acute 

exercise may relate to future clinically relevant cardioprotection (Thijssen et al., 2018).  

 

2.3.4 Impact of acute exercise on vascular function  
 

There is variability among the literature examining the effects of acute exercise on vascular 

function. Measurements taken 30-60 minutes post exercise have reported conflicting findings 

with some studies reporting an increase (Goel et al., 2007, Harris et al., 2008, Harvey et al., 

2005, Johnson et al., 2012, Hanson and Casey, 2023), decrease (Harris et al., 2008, Jurva et 

al., 2006, Rognmo et al., 2008, Caldwell et al., 2023) or no change (Harvey et al., 2005, 

Rognmo et al., 2008, Johnson et al., 2012) in FMD following exercise. Studies that have taken 

multiple FMD measures after exercise training have shown that the timing of the postexercise 

FMD assessment dictate the directionality of the change in FMD following exercise (Dawson 

et al., 2013).  Post exercise FMD is also altered by exercise intensity, with higher exercise 

intensities (>80% V̇O2max) typically resulting in a larger decrease in FMD immediately 

postexercise  (Birk et al., 2012, Johnson et al., 2012), whereas most (Cosio-Lima et al., 2006, 

Padilla et al., 2006, Zhu et al., 2010) but not all (Tyldum et al., 2009, Thijssen et al., 2006) 

studies of low moderate intensity exercise (50–80% V̇o2max) have reported an increase in FMD 

after exercise. Type of exercise also alters post exercise FMD response. A study performing 

30 minute of handgrip dynamic contractions with high contractility demonstrated an 

association between high mean blood pressure during exercise and decreased local vascular 

function following exercise (Gonzales et al., 2011). Furthermore, acute aerobic lower limb 

exercise has been shown to increase (Farsidfar et al., 2008, Harris et al., 2008), decrease 

(McGowan et al., 2006, Harris et al., 2008) or show no change (Silvestro et al., 2002) in FMD 

in individuals with endothelial dysfunction. It has been suggested that postexercise FMD 
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follows a biphasic response with a decrease in FMD immediately after exercise followed by a 

normal to supranormal FMD and ultimate normalization within 24–48 h after exercise 

(Gonzales et al., 2011). The varied responses amongst the literature are likely to be related to 

the study population, the exercise duration, mode and intensity (Dawson et al., 2013) and 

individuals’ cardiorespiratory fitness levels (Landers-Ramos et al., 2023). Various mechanisms 

have been used to explain the changes in FMD such as shear stress, alterations in oxidative 

stress, blood pressure and SNS activity (Dawson et al., 2013) however this still remains 

unclear. Overall, interpretation of post exercise FMD is needs to be taken with caution as the 

FMD response following acute exercise is dependent upon timing of post exercise measure, 

exercise intensity, type of exercise and individual’s cardiovascular health status. 

 

 

2.3.5 Effects of exercise training on vascular function (healthy individuals) 
 
 

Reviews investigating exercise interventions in general healthy adult populations found 

aerobic (Ashor et al., 2015, Early et al., 2017, Campbell et al., 2019), resistance (Early et al., 

2017, Ashton et al., 2020, Zhang et al., 2021, Silva et al., 2021) and combined (Ashor et al., 

2015, Early et al., 2017) exercise training all positively impacted FMD. However, others have 

reported no improvement in vascular function following exercise training in healthy 

individuals (Maiorana et al., 2001, Thijssen et al., 2007, Østergård et al., 2006). The 

differences between studies may be explained by the timing of assessments. It has been 

suggested that the there is an initial improvement in artery function (e.g. FMD) in the initial 

weeks of training, however, as exercise training continues, the structural adaptation (an 

outward remodelling of the artery) normalises shear rate levels which may result in NO-

mediated endothelial function (FMD) returning to initial levels (Tinken et al., 2008). 
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Consequently, FMD may appear unchanged pre to post training, due to a short-term initial 

increase which is no longer apparent longer term due to an increase in artery size.  

 

2.4.6 Effects of exercise training on vascular function in individuals with cardiovascular 
disease risk factors  
 

As highlighted previously, endothelial dysfunction is present in individuals with cardiovascular 

disease risk factors and established cardiovascular disease. Therefore, exercise interventions 

that improve endothelial function in this population may be vitally important. Exercise 

training has been shown to improve cardiovascular disease risk factors which can improve 

endothelial function. However, exercise training-induced change in vascular function do not 

correlate with changes in traditional cardiovascular risk factors, indicating that 

cardioprotective effects of exercise training through improvement in endothelial function are 

independent of improvement in risk factors (Green et al., 2014b).  

 

Exercise training following 8 and 12 weeks of aerobic exercise in individuals with Type 2 

Diabetes Mellitus, vascular function (FMD) is improved (Schreuder et al., 2015, Naylor et al., 

2016). A meta-analysis in overweight and obese older adults who have a high risk for 

developing cardiovascular disease found that regular aerobic exercise for more than 24 weeks 

improved FMD and exercise for more than three times per week improved FMD (Li et al., 

2023). A meta-analysis showed that aerobic, resistance and combined exercise training 

improved endothelium dependent vasodilation in heart failure patients (Vuckovic et al., 2013) 

whilst 12 weeks cardiac rehabilitation has been shown to improve endothelial function in men 

with coronary artery disease (Edwards et al., 2004). FMD increased following 12 weeks water-

based exercise training, but not gym-based circuit exercise training in individuals with 
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coronary heart disease (Scheer et al., 2023). In individuals with mild hypertension, 12 weeks 

of brisk walking 5 to 7 times per week and 12 weeks of cycling have shown to improve blood 

pressure endothelial function in individual with hypertension (Higashi et al., 1999, Moriguchi 

et al., 2005). 

 

2.4 Hypertension  

 

 

2.4.1 Definition of hypertension 
 
 

Blood pressure (BP) is the pressure or force that is exerted on the artery walls, when blood is 

passing or circulating within blood vessels. BP is the product of cardiac output and systemic 

vascular resistance. Cardiac output is determined by stroke volume and heart rate; where 

stroke volume is related to preload, afterload, and myocardial contractility.  Peripheral 

resistance is determined by functional and anatomic changes in small arteries and arterioles. 

Blood pressure can be measured in millimetres of mercury (mmHg) and is typically reported 

as systolic pressure over the diastolic pressure (e.g., 120/80 mmHg). Systolic blood pressure 

(SBP) represents the maximum pressure that the blood exerts on a vessel wall during the 

contraction phase of the cardiac cycle. Diastolic blood pressure (DBP) refers to the pressure 

that the blood exerts during relaxation phase of the cardiac cycle. Hypertension refers to 

persistent elevation of blood pressure. High blood pressure has traditionally been defined as 

140/90 mmHg or greater. However, the American Heart Association has recently revised its 

definition of Stage 1 hypertension to include individuals with SBP between 130 and 139 

mmHg or DBP between 80 and 89 mmHg (Table 2.1). This change was prompted by studies 

demonstrating beneficial effects of lowering BP below the 120/80 mmHg threshold 
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(Lewington et al., 2003, Guo et al., 2013, Whelton et al., 2018) and effectively increased the 

number of Americans categorised as hypertensive from 32% to 46% (Whelton et al., 2018). 

 
Table 2.1 Blood pressure guidelines for normal, evaluated and hypertension from the 

American Heart Association (Whelton et al., 2018). 

BP Classification Systolic Blood Pressure 

(mmHg) 

Diastolic Blood Pressure 

(mmHg) 

Normal <120 <80 

Elevated  120-129 <80 

Stage 1 hypertension 130-139 80-89 

Stage 2 hypertension  ≥140 ≥90 

Hypertension crisis ≥180 ≥120 

 

Hypertension is generally classified into two main types: primary (essential) and secondary 

hypertension. Primary hypertension is high blood pressure that is not related to another 

medical condition and consequently does not have a specific cause. It is often influenced by 

genetic factors, lifestyle choices (e.g., diet, physical activity, and stress) and aging. Conversely, 

secondary hypertension is a result of another medical condition typically related with the 

kidneys, arteries, heart, or endocrine system.  

 

The incidence and prevalence of hypertension is continuing to increase around the world.  

According to the World Health Organisation (WHO), in 2023 an estimated 1.23 billion adults 

aged 30-70 years have hypertension. One of the major global targets for noncommunicable 

diseases is to reduce the prevalence of hypertension by 33% between 2010 and 2030 (World 

Health Organisation, 2023). However, the number of people aged 30-70 with hypertension 



 34 

doubled from 1990 to 2019, from 331 million women and 317 million men in 1990 to 626 

million women and 652 million men in 2019  (Zhou et al., 2021). Hypertension is the most 

common preventable risk factor for cardiovascular disease, including coronary artery disease, 

heart failure, stroke, myocardial infarction, atrial fibrillation, peripheral artery disease as well 

as chronic kidney disease, and cognitive impairment. Consequently, it is the leading single 

contributor to all cause death and disability worldwide (Forouzanfar et al., 2016). Successful 

prevention and treatment of hypertension is key to reducing disease burden, improving the 

lives of the population, and reducing economical cost. In individuals of 40-69 years of age, a 

20 mmHg rise of SBP or a 10 mmHg rise of DBP regardless of baseline values is associated 

with more than a doubling of the risk for stroke or ischaemic heart disease mortality 

(Lewington et al., 2002). Therefore, it is imperative to find interventions that effectively 

reduce blood pressure. 

 

2.4.2 Pathophysiology of hypertension  
 
The pathophysiology of hypertension is not fully understood as it involves multiple different 

pathways (Figure 2.1). In the 1940s, Dr Irvine Page proposed the Mosaic theory of 

hypertension which suggested that hypertension could be mediated by the central nervous 

system, cardiovascular factors, endocrine factors, and perturbations of renal function (Page, 

1949). Page further revised this, stating that that hypertension is caused by multiple factors, 

including neural and chemical perturbations, alterations of vascular calibre and elastance, 

cardiovascular reactivity, blood volume, and viscosity (Page, 1963) (Figure 2.1). Over the 

years, Dr Page modified his paradigm, and new concepts regarding oxidative stress, 

inflammation, genetics, sodium homeostasis, and the microbiome have arisen that allow 

further refinements of the Mosaic Theory further highlighting there are many factors that 
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contribute to hypertension. (Harrison et al., 2021). However, it is clear that the 

pathophysiology of hypertension involves a complex of multiple vascular effectors including 

activation of the sympathetic nervous system, the renin angiotensin-aldosterone system and 

the inflammatory mediators. 

 

Hypertension can lead to cardiovascular disease through several different pathways. Some of 

these have been discussed in more detail, including endothelial dysfunction (See section 

2.4.2.1), oxidative stress (See section 2.4.2.2), increased peripheral resistance and cardiac 

output (See section 2.4.2.3), upregulation of the renin-angiotensin system (See section 

2.4.2.4), and impairment in the sympathetic autonomic nervous system (See section 2.4.2.3). 

 

2.4.2.1 Endothelial dysfunction and Hypertension  
 
 
Although it is well established that endothelial dysfunction is a predictor of atherosclerosis 

and future cardiovascular events, its role for hypertension is less well understood. Endothelial 

dysfunction may precede the development of hypertension (Savoia et al., 2011). Endothelial 

dysfunction may contribute to the increased peripheral resistance by several mechanisms 

that lead to the enhanced constriction and vascular remodelling (i.e., structural, mechanical, 

and functional alterations) of resistance arteries, which is associated to the development and 

complications of hypertension (Savoia et al., 2011, Murray et al., 2021) (See section 2.4.2.3).  

 

In hypertensive individuals, it is possible that in the presence of reduced NO availability, a 

compensatory pathway is activated involving production of a hyperpolarizing factor, to 

sustain endothelium-dependent vasodilation. This compensatory pathway can be further 

depressed by the simultaneous presence of essential hypertension and 
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hyperhomocysteinaemia, another cardiovascular risk factor (Taddei et al., 2001).  Finally, 

reduced NO availability can increase the biological activity of endothelin-1 (ET-1), a potent 

vasoconstrictor and mitogenic substance. Thus, while in healthy conditions the 

vasoconstrictor effect of ET-1 is partially blunted by endothelial ETB-receptor mediated NO 

production, in essential hypertensive patients this protective mechanism is lacking due to 

impaired NO availability.  As NO not only causes vasodilatation but is also a potent inhibitor 

of platelet aggregation, smooth muscle cell proliferation, monocyte adhesion and adhesion 

molecule expression, a dysfunctional endothelium loses its capacity to protect the vessel wall 

against the development of atherosclerosis and becomes a promoter of atherosclerotic 

vascular damage associated with hypertensive disease (Taddei et al., 2001).  

 

2.4.2.2 Increased peripheral resistance and cardiac output  
 
 
Peripheral vascular resistance is characteristically elevated in hypertension because of 

alterations in structure, mechanical properties, and function of small arteries. Remodelling of 

these vessels contributes to high blood pressure and its associated target organ damage 

(Folkow, 1982, Mulvany and Aalkjaer, 1990). The narrowing of blood vessels 

(vasoconstriction) leads to an increased resistance to blood flow in the peripheral (systemic) 

circulation. This increased resistance requires the heart to pump blood with more force to 

overcome the resistance and maintain adequate blood flow to organs and tissues. If there is 

prolonged constriction of smooth muscle within the arterioles, this will lead to hypertrophy 

and thickening of the vessel. Endothelial dysfunction may participate to the increased tone of 

resistance arteries through the activation of the renin-angiotensin system (RAS), ET-1, 

catecholamines and growth factor production leading to vasoconstriction, vascular 
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remodelling and then to increased resistance to blood flow and ultimately to increased 

resistance to blood flow ultimately to increased peripheral blood pressure (Gallo et al., 2022). 

Blood pressure mediation is achieved by a balance of cardiac output and peripheral vascular 

resistance. The heart responds to increased peripheral resistance by a cascade of  increasing 

stroke volume, increasing cardiac output, placing strain on the heart muscle and contributing 

to the development of hypertension. 

 

2.4.2.3 Oxidative stress  
 
 
There are a number of processes that can influence vascular tone or lead to upregulation of 

pro-atherosclerotic processes and pathways that lead to increased inflammation, and 

promotion of growth factors or damage. ROS regulates prostaglandin production and 

signalling, which is important in regulating vascular function. The ROS hydrogen peroxide 

(H2O2) upregulates the production of other vasoconstrictors such as thromboxane, 

prostacyclin and prostaglandin E2 (Hernanz et al., 2014). Oxidative stress prostanoids by 

constitutive (COX-1) and inducible (COX-2) cyclooxygenases which increases vasoconstriction 

and reduces vasodilation  (Wong et al., 2013, Hernanz et al., 2014). COX can also produce ROS 

by oxidising NADPH (Hernanz et al., 2014, Martínez-Revelles et al., 2013). NADPH is also 

increased as a consequence of inflammation. Production of ROS increases the inflammatory 

response (Zhang et al., 2017); inflammation induced by angiotensin II increases vascular ROS 

(NOX and NADPH oxidases) formation (Takac et al., 2012). In hypertension, oxidative stress 

impairs cell signalling and post translation modification (oxidation and phosphorylation) of 

proteins which can cause cell and tissue damage (Touyz et al., 2020). In particular, protein 

phosphatases such as tyrosine phosphatases and protein serine/threonine phosphatases are 
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inactive in the oxidised state, resulting in increased phosphorylation and activation of 

downstream protein targets involved in cell growth and vascular inflammation which may 

contribute to vascular remodelling and hypertension development (Touyz et al., 2020, Tabet 

et al., 2008). 

 

ROS regulate G protein-coupled receptors (GPCR) (Spiegelberg, 2013) and within vascular 

smooth muscle cells, activation of ROS-mediated GPCR influences cell contraction, growth, 

migration, collagen deposition, and matrix metalloprotease activation, cellular processes 

important in regulating vascular tone and structure. GPCR-mediated signalling also stimulates 

activation of transcription factors and proinflammatory genes, chemokine and cytokine 

production and recruitment and activation of inflammatory cells that cause vascular 

inflammation  (Ushio-Fukai, 2009, Mochin et al., 2015) which can contribute to hypertension. 

 

2.4.2.4 Sympathetic Autonomic nervous system   
 
 
The sympathetic (SNS) and parasympathetic (PNS) nervous systems are the two major 

components of the autonomic nervous system which are fundamental in maintenance the 

physiological homeostasis of the cardiovascular system. Impaired sympathetic function is 

firmly established in the development, maintenance and the pathophysiology of many 

cardiovascular diseases including hypertension (Esler et al., 2006, Grassi et al., 2015) through 

stimulation of the heart, peripheral vasculature, and kidneys, causing increased cardiac 

output, increased vascular resistance, and fluid retention (Mark, 1996). The specific cause of 

the increased sympathetic activity in hypertension is only partially known; genetic influences, 
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behavioural (salty food preference), psychosocial (mental stress) and lifestyle (physical 

inactivity) factors all appear to be involved (Dibona and Esler, 2010, Osborn et al., 2007).  

 

Increases SNS activity also causes the release of noradrenaline. In the heart, noradrenaline 

binds to adrenergic receptors, leading to an increase in heart rate (positive chronotropic 

effect) and the force of cardiac contractions (positive inotropic effect). This results in an 

increase in cardiac output, and therefore BP. Noradrenaline also causes increased peripheral 

resistance due to enhance vasoconstriction induced by noradrenaline binding to the alpha-

one receptors  (Beevers et al., 2001, Bolívar, 2013). This contributes to increases in total 

peripheral resistance, which again increases BP. Noradrenaline also causes an increase in 

renin which increases blood pressure as described above (See section 2.4.2.5). Furthermore, 

there is also enhanced renal resorption of salt and water, which results in an increased BP.  

 

The mechanisms of increased sympathetic nervous system activity in hypertension also 

involve alterations in baroreflex and chemoreflex pathways at both peripheral and central 

levels. The SNS is involved in short-term regulation of blood pressure in response to transient 

changes in arterial blood pressure via baroreflex mechanisms (Cowley Jr et al., 1973). One 

hypothesis for the development of hypertension relates to the functional impairment of 

reflexogenic areas, arterial baroreceptors and cardiopulmonary volume receptors in the heart 

and chemoreceptors in the carotid arteries, that physiologically exert inhibitory effects on 

central sympathetic drive (Grassi et al., 2010). Consequently, increased SNS leads to increased 

BP through numerous pathways and is therefore an important mechanism for hypertension.   

 

2.4.2.5 Renin and angiotensin system  
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The renin-angiotensin-aldosterone system (RAAS) is a hormonal system that helps regulate 

blood pressure and fluid balance.  It is stimulated by fluid volume depletion and inhibited in 

fluid overload (Fyhrquist and Saijonmaa, 2008).  Renin, angiotensin and aldosterone have 

central roles in regulating sodium, affecting the pressure-natriuresis relationship and 

therefore blood pressure. Increases in sympathetic nervous system activity can increase the 

activation of the RAAS. Whilst the RAAS is present throughout all tissues of the body, its role 

in systemic blood pressure control lies predominantly in the kidney.  

 

Consequently, the kidney plays a vital role in hypertension. Renin is the rate limiting step for 

the activation of the circulating renin-angiotensin system (RAS) and its synthesis and secretion 

by the kidney is tightly regulated (Guessoum et al., 2021). Renin is a circulating enzyme 

secreted from the granular cells (juxtaglomerular cells which synthesise, store, and secrete 

renin) in the kidney under the stimulation of a decrease in arterial blood pressure, increased 

sympathetic activity in response to a fall in arterial blood pressure or a reduced sodium 

chloride level. Renin is important in the pathophysiology of hypertension as it enables the 

conversion of Angiotensinogen, produced by the liver, to Angiotensin I. Angiotensin I is 

relatively inactive and is converted by Angiotensin Converting Enzyme (ACE) to form 

Angiotensin II in the lungs. In hypertension there may be an overactivation of the RAAS, 

leading to the release of angiotensin II which increases blood pressure by various mechanisms 

including constricting resistance vessels, stimulating aldosterone synthesis and release, and 

renal tubular sodium reabsorption, stimulating thirst and release of antidiuretic hormone and 

enhancing sympathetic outflow from the brain (Oparil et al., 2003).  
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Angiotensin II is also a potent vasoconstrictor that increases peripheral vascular resistance, 

leading to hyperplasia and hypertrophy of vascular smooth muscle cells in resistance arteries, 

ultimately elevating arterial pressure. Angiotensin II also stimulates the release of 

aldosterone from the kidneys which leads to sodium and fluid retention (White, 1994), further 

increasing blood pressure. Angiotensin II also induces the expression of growth factors, 

cytokines, chemokines, and adhesion molecules. All of these are involved in cell 

growth/apoptosis, fibrosis and inflammation (Mezzano et al., 2001, Sadoshima, 2000, Ruiz-

Ortega et al., 2001, Higuchi et al., 2007, Savoia et al., 2011) which contributes to vascular 

remodelling and atherosclerosis. Aldosterone induces vascular dysfunction and remodelling, 

increases generation of reactive oxygen species (ROS) and inflammation (Sun et al., 2002, 

Schiffrin, 2006, Briet and Schiffrin, 2013) which contribute to high blood pressure.  

 

In summary, the RAAS plays a pivotal role in hypertension by contributing to elevation in 

blood pressure (Figure 2.2). The release of renin upregulates the formation of angiotensin II, 

promoting vasoconstriction, increasing peripheral resistance, and stimulates the release of 

aldosterone and antidiuretic hormone, causing the retention of sodium and water. 

Consequently, these processes contribute to an expansion of blood volume and an overall 

rise in blood pressure. In hypertensive individuals, the dysregulation of the RAAS can lead to 

sustained vasoconstriction and fluid retention, accentuating the elevation in blood pressure. 

Medications targeting this system, such as ACE inhibitors and ARBs, are commonly employed 

to mitigate these effects and manage hypertension effectively. 
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Figure 2.2 Renin-angiotensin system: Classical view. ACE: Angiotensin-converting enzyme. 
AT1-R: Angiotensin II type 1 receptor. Taken from: Physiology, Renin and Angiotensin 

system (Fountain et al., 2023). 

 
 

 

2.4.3 Hypertension and Stroke  
 
 
Stroke is one of the main causes of death and disability in many countries 

(Venketasubramanian et al., 2017). Hypertension is the single most important modifiable risk 

factor for stroke; with more than half of all strokes worldwide attributed to hypertension 

(Lawes et al., 2008; O’Donnell et al., 2016). Elevated systolic blood pressure, with or without 

an accompanying increase in diastolic blood pressure, has been shown to increase the risk of 

stroke (Kannel et al., 1981). A meta-analysis of clinical trials showed that with 10 mmHg 

reduction in systolic blood pressure, stroke risk reduced by 41% (Law et al., 2009).  
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2.4.4 Different types of stroke 
 
 
There are two main types of stroke: haemorrhagic and ischemic. Haemorrhagic stroke 

involves bleeding within the brain and results from a variety of conditions including 

uncontrolled hypertension and aneurysms. Two types of haemorrhagic strokes exist: 

intracerebral and subarachnoid, which are associated with brain tissue damage emerging 

from the rupture of a cerebral artery within or on the surface of the brain, respectively. There 

are 2 types of ischaemic stroke: thrombotic and embolic. Thrombotic strokes are caused by a 

blood clot forming in an artery inside or leading to the brain, as a result of atherosclerosis.  

Thrombotic strokes are further stratified into lacunar and nonlacunar strokes. Lacunar 

infarcts are small infarcts in the deep cerebral white matter, basal ganglia, or pons which are 

thought to stem from the occlusion of a small perforating artery feeding the subcortical areas 

of the brain (Bamford et al., 1991). Embolic strokes, occur when an embolus (a piece of 

intravascular itinerant object) breaks loose and travels through the bloodstream to a part of 

the brain and occluding a small cerebral artery reducing cerebral blood flow. Most emboli are 

caused by atrial fibrillation, endocarditis, mitral stenosis, or atherosclerosis (Hisham and 

Bayraktutan, 2013). Hypertension is associated with all ischemic stroke subtypes.  

 

2.4.5 Pathophysiology of hypertension and stroke.  
 
 
The role of hypertension in stroke is complex and multifaceted. Hypertension has been 

associated with causing deleterious effects to the structural integrity of the brain and is the   

number one risk factor for stroke and age-related cognitive decline (Dahlöf, 2007).  

 

2.4.6 Hypertrophy, remodelling and stiffening of cerebral vessels. 
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Increased shear stress on the blood brain barrier (BBB) is likely to contribute to the 

pathophysiology of stroke (Johansson, 1999). Hypertrophy and remodelling are adaptive 

responses aimed at reducing stress on the vascular wall and protecting downstream 

microvessels from the effect of increased pressure (Baumbach and Heistad, 1988, Laurent et 

al., 2005). Hypertension causes chronic increases in shear stress on the endothelium, altering 

endothelial structure and function, which promotes the development of atherosclerotic 

plaques in the cerebral arteries which may lead to arterial occlusions and ischemic injury 

(Dahlöf, 2007, Alistair, 2002). Hypertension alters the structure of cerebral blood vessels by 

producing vascular hypertrophy and remodelling and by promoting atherosclerosis in large 

cerebral arteries and lipohyalinosis in penetrating arterioles (Dickinson, 2001, Faraci and 

Heistad, 1990). Furthermore, smooth muscle cells undergo hypertrophy and hyperplasia and 

grow inward encroaching into the lumen of the artery which increases wall thickness and 

reduces the lumen of the artery (Baumbach and Heistad, 1988). The increase in shear stress 

also promotes the release of several vasoactive substances, such as endothelin, nitric oxide, 

cytokines, and reactive oxygen species which eventually play a key role in hypertrophy, 

remodelling, and stiffening (Yu et al., 2011). The increase in pulse pressure as a result of 

vascular stiffening is a good predictor of stroke (Baumbach and Heistad, 1988). Hypertension 

impairs the function of cerebral blood vessels which increases the risk of stroke (Faraci and 

Heistad, 1990). 

 

2.4.7 Treatment for hypertension  
 

 
Given the importance of hypertension in the pathophysiology of stroke, there is compelling 

evidence that suggest that controlling blood pressure contributes to stroke prevention as well 
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as prevention of other cardiovascular diseases. Lifestyles changes and pharmaceutical 

interventions are used to reduce risk factors such as hypertension and therefore reduce the 

risk of stroke. Lifestyle modifications including diet modifications, weight management and 

increases in physical activity, should be used as a first line treatment  (Pescatello et al., 2015). 

 

Clinical trials for individuals on antihypertensive medication have shown that there are 38% 

fewer strokes in individuals achieving mean blood pressure reductions of 10 to 12 mmHg 

systolic BP and 5 to 6 mmHg DBP (MacMahon, 1996). At present, several antihypertensive 

agents, including diuretics, beta-adrenergic blocking agents (β-blockers), angiotensin-

converting enzyme inhibitors (ACEIs), ARBs, and calcium channel blockers (CCBs) are available 

to effectively lower BP (Hisham and Bayraktutan, 2013). In a meta-analysis of 23 randomised 

trials with stroke outcomes, antihypertensive drug treatment reduced risk of stroke by 32% 

in comparison to no drug treatment (Psaty et al., 2003). Another meta-analysis evaluated 

different classes of drugs used in subjects with a baseline blood pressure >140/90 mmHg to 

prevent stroke. This analysis found thiazide diuretics to have a relative risk (RR) of 0.63, beta-

blockers to have a RR of 0.83, ACE inhibitors to have a RR of 0.65, and CCBs to have a RR of 

0.58. Each drug type reduced the risk of stroke compared to placebo (Wright et al., 2018). The 

studies presented highlight the importance of antihypertensive medication in control blood 

pressure and reducing stroke risk. 

 

2.5 Cerebrovasculature and cerebrovascular function  
 

Stroke is a heterogeneous syndrome caused by multiple disease mechanisms, but all result in 

a disruption of cerebral blood flow with subsequent tissue damage. Transcranial Doppler 
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ultrasound has been used for the evaluation of cerebrovascular disease as it provides insight 

into a wide range of intracranial and extracranial vascular pathological conditions and their 

effects on cerebral haemodynamics (Sarkar et al., 2007).  

 

2.5.1 The cerebrovascular system 
 

Despite only occupying 2-3% of total human body mass, the brain requires 15% of cardiac 

output and ~20% of available oxygen for normal function due to its high metabolic function 

(Willie and Smith, 2011, Claassen et al., 2021). Control of sufficient cerebral blood flow (CBF) 

is critical to maintain normal cognitive function, as both hypoperfusion (insufficient CBF) and 

hyperperfusion (excessive CBF) can cause damage to the brain. Hypoperfusion can cause 

damage through ischemic injury whilst hyperperfusion can result in the breakdown of the 

blood-brain barrier which can cause seizures, headaches, encephalopathy and stroke 

(ischemic and haemorrhagic) (Tzeng and Ainslie, 2014, Fantini et al., 2016). The brain controls 

its own blood flow responds to changes in carbon dioxide (CO2), neural activity and blood 

pressure (Payne, 2016). Differentially, the peripheral vessels are tolerant to changes in flow 

and pressure, responding with vasodilation or vasoconstriction, dependent on the endothelial 

response to a given stimulus (Vlachopoulos et al., 2011). 

 

2.5.2 Anatomy of the cerebral vasculature 
 
 
The cerebral vasculature is made up of highly specialised structures that assure constant brain 

perfusion. Regulation of blood flow to the brain is an extremely complex process as the brain 

has a limited capacity to store energy (Brown and Ransom, 2007). In a normal physiological 

state, total blood flow to the brain is remarkably constant due to part to the prominent 
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contribution of large arteries to vascular resistance (Faraci and Heistad, 1990). Blood flow to 

the brain is supplied by two internal carotid arteries (ICAs) and two vertebral arteries (VA). 

The ICA bifurcate into the middle cerebral artery and anterior cerebral arteries with the ICAs 

carrying ~80% of the total blood flow to the brain. The two VA join distally to form the basilar 

artery (BA) which bifurcates into two posterior cerebral arteries. Proximally, the anterior (ICA 

and its branches) and the posterior circulation (vertebral arteries and its branches) arteries 

come together at the base of the skull to form the circle of Willis (Agarwal and Carare, 2021). 

The circle of Willis gives rise to three pairs of main arteries: Anterior (ACA), middle (MCA) and 

posterior cerebral arteries (PCA) (Figure 2.3).  

 

2.5.3 Regulation and control of the cerebral blood flow 
 
 
CBF is defined as the rate of blood delivered by the arteries to the capillary bed in brain tissue 

and is calculated as the volume of blood in millilitres per 100 g of the cerebral tissue per 

minute (Bertsch et al., 2009).  CBF is regulated by metabolic demand, myogenic and 

neurogenic factors (Ainslie and Duffin, 2009). The myogenic response refers to the active 

behaviour of the vasculature to respond to changes in BP. CBF is dependent on cerebral 

perfusion pressure (CPP) and inversely proportional to cerebral vascular resistance (Ainslie 

and Duffin, 2009, Edvinsson and Krause, 1993). Cerebrovascular resistance refers to the 

resistant forces acting on blood flow through the brain with resistance to flow occurring 

mostly in the cerebral arteries and capillary beds, with increasing vascular tone in turn 

increasing resistance (Ainslie and Duffin, 2009). 
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Transcranial Doppler (TCD) ultrasound provides rapid, noninvasive, real-time measures of 

cerebral blood velocities (CBv) and can be used to assess the physiological health of the 

cerebral blood vessels. TCD ultrasonography is a transmitter that emits pulsed ultrasound 

waves from a probe that can be focused on the vessels of interest. The Doppler shift creates 

a reflection of ultrasound waves from the moving red blood cells within the isolated blood 

vessel that are returned to the receiver unit within the Doppler probe. The Doppler shift is 

the difference between the transmitted and received ultrasound signals (Aaslid, 1986). 

Cerebral vessels can be isonated from four different acoustic windows; Transorbital, 

Transtemproal, Submedibular and Tranforaminal (Figure 2.3). Vessel identification is 

achieved based on knowledge of the circle of Willis (Willie and Smith, 2011). Understanding 

of isonation depths and flow direction of the vessel of interest is vital in order to acquire 

reliable and valid signals (Table 2.2). 
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Figure 2.3. Acoustic windows used in order to isonate cerebral blood vessels. 

 

 

 

Table 2.2 Identification of cerebral arteries using transcranial Doppler Ultrasound. 

 

 

Regulation of blood flow to the brain is an extremely complex process. CBF is largely 

controlled by changes in vascular resistance in parenchymal arterioles. The large pial arteries 

on the surface of the cortex contain multiple layers of vascular smooth muscle cells (Wei et 

al., 1980). These pial vessels branch into penetrating arterioles containing a single layer of 

Vessel  Probe Direction  Depth  Mean velocity Flow Direction 

ACA Anterior 60-80 50 ±11  Away 

MCA Perpendicular 30-60 55 ± 12 Toward 

PCA Posterior 60-70 39 ± 12 Toward 
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vascular smooth muscle cells (Nishimura et al., 2007). The vascular smooth muscle cells will 

then relax or contract depending upon the stimulus. The regulation of CBF involves numerous 

mechanisms that are driven primarily through the following key factors: blood pressure 

(cerebral autoregulation), cerebral metabolism (neurovascular coupling), chemical control 

(cerebrovascular reactivity) and the autonomic nervous system. These mechanisms and 

factors will be discussed below. 

 

2.5.3.1 Blood pressure (Cerebral autoregulation).  
 
 

CA refers to the brains intrinsic ability to maintain a relatively constant blood flow, despite 

changes in arterial BP (or more accurately, cerebral perfusion pressure, CPP) (Paulson, 1990).  

CBF is maintained  despite changing BP due to changes in cerebrovascular resistance (Kety et 

al., 1948, Willie et al., 2014). Arterioles constrict (vasoconstrict) when the pressure increases 

and relax (vasodilate) when pressure decreases. The primary driver of CA is CPP.  As the brain 

depends on a continuous supply of oxygenated blood to prevent cerebral injury, an intact 

cerebral autoregulation is imperative to product against hypo- and hyperperfusion. Impaired 

CA has been observed in patients with traumatic brain injury (Czosnyka et al., 1996, Lang et 

al., 2003, Liu et al., 2015),  ischemic and haemorrhagic strokes (Oeinck et al., 2013) and 

cerebrovascular stenosis (Reinhard et al., 2003). Impaired autoregulation in different 

pathological conditions can result in cognitive dysfunction, neurological damage, worse 

outcome, and increased mortality, even in non-brain injured patients (Longhitano et al., 

2021). 
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The first indication of CA was noted in 1896, when it was stated that ‘In all physiological 

conditions, a rise in arterial blood pressure accelerated the flow of blood through the brain 

and a fall slackens it’ (Bayliss et al., 1895). Lassen in 1959 constructed a plot of average BP 

and total brain blood flow from seven studies involving 11 different patient groups having a 

range of drug- and/or pathology-induced BP levels. This plot suggested that a plateau region 

is present in which CBF appears to be stable between ~60-150 mmHg (Lassen, 1959). 

However, advancements in research have suggested that it should no longer be referred to 

as a plateau phase as more recent studies have shown that the relationship between this BP 

and CBF within this autoregulatory range can vary between an upward or even downward 

slope (Claassen, 2016, Liu et al., 2016, Numan et al., 2014, Lucas et al., 2010) (Figure 2.4). 

 

Figure 2.4  A) The classical view of the relationships between mean arterial pressure (MAP) 
and cerebral blood flow (CBF), i.e. autoregulation (Lassen, 1959). B) an updated view of the 

relationship indicating a small plateau region (Tan, 2012). This indicates a far more pressure-
passive CBF than is conventionally believed, and that more efficacious buffering capacity 
against increases than decreases in perfusion pressure. Taken from (Willie et al., 2014). 

 

CA can be classified as static (sCA) or dynamic (dCA). sCA refers to the relationship between 

BP and CBF when both variables have reached a steady state (Panerai, 1998, Panerai et al., 

1998). sCA evaluates the overall efficiency of the autoregulatory action (i.e. the change in 

cerebrovascular resistance in response to manipulation of ambulatory blood pressure but 

A 
 

B 
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does not address the time in which this change in cerebrovascular resistance is achieved, this 

is where dCA is vitally important as allows for measurements of changes in BP and CBF 

occurring over seconds (Aaslid et al., 1989, Tiecks et al., 1995). dCA looks at the cerebral 

pressure–flow relationship during transient changes in BP, such as during changes in posture 

(Willie et al., 2014). Originally, the foundation of dynamic CA came from a study investigating 

the temporal relationships between middle cerebral artery velocity (MCAv) and mean arterial 

pressure (MAP) during the release of inflated thigh occlusion cuffs that induce rapid transient 

hypotension (Aaslid et al., 1989). However, this was not well tolerated by individuals and is 

subject to variability in BP responses (Willie et al., 2014). Nowadays, dCA is typically assessed 

using the combination of TCD and finger photoplethysmography to examine the dynamic 

response between CBv and BP when transient changes in BP are induced. Simple squat-stand 

or sit-to-stand protocol is now commonly used as it produces transient changes in BP with 

less discomfit than thigh occlusion cuffs (Lipsitz et al., 2000).  

 

2.5.3.2 Cerebral metabolism (neurovascular coupling) 
 
 
CBF is closely linked to metabolic activity, as activation of regions of the brain results in 

changes in local CBF (Willie et al., 2014).  Neurovascular coupling (NVC) describes a close 

temporal and regional linkage between neural activity and CBF responses. The brain is well 

equipped to provide suitable blood flow for a given metabolic demand due to two 

components: extremely high vascularisation, as well as redundant and sophisticated 

regulation of blood flow (Attwell et al., 2010). The neurovascular unit is made up of 3 key 

components: the vascular smooth muscle, the neuron, and the astrocyte gial cell. Changes in 

neural activity causes changes in local blood flow mediated by transmissions through the 
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astrocyte gial cell. The present understanding of the mechanisms underpinning neurovascular 

coupling are not fully understood (Phillips et al., 2016). Activation of the neurovascular unit 

causes the release of glutamate. Both neurons and astrocytes respond to increased 

extracellular glutamate to transmit direct and indirect vasoactive signals for the appropriate 

delivery and distribution of CBF (Attwell et al., 2010). The activation of both neuron and 

astrocytes causes the release of vasoactive substances (NO, adenosine or arachidonic acid) 

causing relaxation of the smooth muscle. Pericytes (small cells expressing contractile tissue 

in the capillaries) may also play a role in the regulation of blood flow during neurovascular 

coupling. Neurons are more often closer to pericytes than arterioles, creating the plausible 

scenario whereby neuronal activation first alters resistance through modulations in pericyte 

tone on capillaries, and signals are then transmitted ‘up-stream’ to arterioles. Pericytes and 

vascular smooth muscle cells hyperpolarise which initiates either vasodilation (via release of 

NO, adenosine or arachidonic acid) or vasoconstriction (release of endothelin or 

thromboxane) of the local cells (Muoio et al., 2014), increasing or decreasing CBF respectively. 

 

NVC is impaired in many clinical conditions including stroke, spinal cord injury, Alzheimer’s, 

diabetes and hypertension (Phillips et al., 2016). A possible explanation for impaired NVC in 

individuals with hypertension is due to increased activation of angiotensin I receptors on 

cerebral blood vessels and increased oxidative stress which inhibits neuronal and astrocytic 

vascular dilators (De Silva and Faraci, 2013, Takeda et al., 2009).  

 

2.5.3.3 Chemical control (cerebrovascular reactivity) 
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Measuring the cerebrovascular response to changes in CO2 concentration reflects an index of 

the ability of the cerebrovascular beds to dilate or constrict Is termed cerebrovascular 

reactivity (Ainslie and Duffin, 2009).  The brain is extremely susceptible to changes in partial 

pressure of arterial carbon dioxide (PaCO2) and hypoxia (Kety and Schmidt, 1948, Ainslie and 

Duffin, 2009). An increase in PaCO2 (hypercapnia) results in cerebral arteriolar vasodilation, 

whilst a decrease in PaCO2 (hypocapnia) will result in vasoconstriction leading to a reduction 

in CBF (Ainslie and Duffin, 2009). Cerebrovascular reactivity (CVR) provides an index of 

reactivity of the intracranial vessels in response to changes in blood flow or other 

physiological factors  i.e. changes in CBv in response to a vasoactive stimulus (Fierstra et al., 

2013). This physiological response can be viewed as a defence mechanism, whereby elevation 

in PaCO2 lead to an increase in CBF  in an attempt to “wash out” CO2 from brain tissue (Ainslie 

and Duffin, 2009). Increased CO2 alters plasma pH which activate K+ channels in the vascular 

smooth muscle which results in the relaxation of cerebral vessels (Jackson, 2005). The 

increase in CBF is limited by the vasodilator reserve of the cerebral vessels i.e. the ceiling for 

this is not much greater than the limits of subjective tolerance to hypercapnia in most 

participants and seems to be in the region of ~15-20 mmHg above an individual’s 

normocapnic baseline (Willie et al., 2012) or 10-15% inhaled CO2 (Sicard and Duong, 2005).  

The typical increase in CBF is approximately 3-6% and the decrease is 1-3% in flow per mmHg 

change in CO2 from rest (Willie et al., 2014).  

 

In clinical and research settings, CVR is often reported as an index of cerebrovascular health, 

as it represents integrative functionality of the cerebrovascular mechanisms of tone 

regulation and cellular pH maintenance (Gupta et al., 2012). The mechanisms responsible for 

the role of CO2 in regulating vascular tone and pH are not fully identified, it could relate to pH 
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levels. More specifically, alterations in CO2 levels cause changes in plasma pH levels. Increases 

in plasma CO2 levels (causes acidosis) activates potassium (K+) channels in the vascular 

smooth muscle which causes dilation (relaxation) of the cerebral blood vessels (Jackson, 2005, 

Ainslie and Duffin, 2009). Studies have also highlighted that shear stress is increased following 

hypercapnia (Ainslie and Duffin, 2009) which can mediate NO vasodilation of the cerebral 

vessels, suggesting that this measure can  be used to quantify cerebrovascular endothelial 

function (Carter et al., 2016).    

 

CVR changes in response to CO2 has been used extensively to assess cerebrovascular 

regulation in healthy and clinical populations. The Rotterdam study in 1695 individuals 

investigated the association between cerebrovascular reactivity and cardiovascular mortality 

(independent of stroke) and found that lower cerebrovascular reactivity to a 5% CO2 stimulus 

was associated with increased risk of all cause death  (Portegies et al., 2014). Reduced CBF  

and lower responses to CO2 stimulus have also been observed in individuals with clinical 

diseases such as atrial fibrillation (Junejo et al., 2019), stroke (Markus and Cullinane, 2001) 

and dementia (SS Meel-van den Abeelen et al., 2014).  Thus, CVR has become a common 

functional test to assess brain vascular health (Burley et al., 2020). 

 

2.5.4 The Selfish Brain Hypothesis 
 
The Selfish Brain Hypothesis proposes that the brain plays a central role in regulating blood 

pressure to ensure adequate cerebral perfusion for metabolic needs which may result in 

increased blood pressure (Hart, 2016). This theory suggests that hypertension is a protective 

mechanism which protects the brain from ischemic damage. The first study to measure CBF 

and cerebrovascular resistance in individuals with hypertension reported that CBF was similar 
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to values reported in young normotensive men however, cerebrovascular resistance was 

elevated in the hypertensive group (Kety et al., 1948). This research group originally 

suggested that the elevation in cerebral vascular resistance was either causal in hypertension 

or a consequence of hypertension. Previous evidence has demonstrated that human vessels 

show hypertrophy and reduced lumen size in individuals with hypertension compared to 

control individuals (Dickinson and Thomson, 1959, Rizzoni et al., 2009). These alterations are 

viewed to be caused by high blood pressure as a mechanism to protect smaller downstream 

arterioles, capillaries, and venules from high pressure. The Selfish Brain Hypothesis suggests 

that cerebral vascular changes (vascular damage, vessel hypertrophy and elevated cerebral 

vascular resistance) could occur before the onset of hypertension (Hart, 2016). The 

hypothesis does not dismiss that vascular hypertension leads to remodelling of the cerebral 

vessels but suggests that other factors could lead to cerebrovascular damage and increased 

cerebrovascular resistance before the onset of hypertension.  This hypothesis suggests that 

congenital cerebral anatomic abnormalities, vascular damage from inflammation and 

increased levels of ROS and/or alterations in the collagen type and elastic content of cerebral 

vessels,  may lead to increased cerebral vascular resistance  before the onset of hypertension 

with high blood pressure causing further cerebrovascular remodelling as the disease 

progresses (Hart, 2016). However, the majority of evidence supporting the Selfish Brain 

Hypothesis has been in animals, with only some preliminary data from this research group 

suggesting that this may also occur in humans. 

 

2.5.5 Cerebrovascular function and the hypertensive brain 
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As highlighted in section 2.4.5, hypertension has been associated with alterations in vascular 

structure and function due to hypertrophy, remodelling and stiffening of cerebral vessels 

which can alter cerebrovascular function. As cerebral blood flow is determined by responses 

of the cerebral arteries, it is important to understand the importance of hypertension on 

cerebrovascular function measures. The focus of this section is to explore how 

cerebrovascular function measures interact with the unique challenges posed by 

hypertension. 

 

 

2.5.5.1 Hypertension and Cerebral autoregulation 
 
 
Cerebral autoregulation is often impaired in hypertensive individuals. Whilst the cerebral 

circulation retains its ability to autoregulate, it shifts the autoregulation curve to the right so 

that higher levels of blood pressure are needed to maintain CBF in the autoregulated range 

(Figure 2.5) (Paulson et al., 1990). These alterations were postulated to be due to altered 

reactivity which may expose individuals with hypertension to periods of decreased CBF 

(Paulson, 1990). The shift in autoregulation to the increase in myogenic tone is induced by an 

increase in Ca2+ sensitivity of myocytes (Chrissobolis and Sobey, 2006). These changes may 

relate to alterations in the structure of the artery wall, reduced vascular lumen and increased 

stiffness of the cerebral resistance vessels (Asmar et al., 1997, Baumbach and Heistad, 1988). 
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Figure 2.5. The range is right shifted in chronically hypertensive patients  (Ruland and 
Aiyagari, 2007).  

 

2.5.5.2 Hypertension and cerebrovascular reactivity 
 
 
In hypertensive  patients,  TCD  measurements  after  vasodilatory stimuli (such as   

intravenously administered acetazolamide, breath holding,  and hyperventilation) have 

indicated decreased reactivity of the cerebral micro-vasculature, (Ficzere et al., 1997, Maeda 

et al., 1994, Magyar et al., 2001, Fujishima et al., 2001, Pieniażek et al., 2001) which can be 

improved by the administration of antihypertensive treatment (Pieniażek et al., 2001).  

 

2.5.5.3 Hypertension and neurovascular coupling 
 
 

Limited research in humans has investigated the effects of hypertension on neurovascular 

coupling. The increase in CBF in posterior parietal and thalamic areas produced by cognitive 
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tasks is reduced in patients with chronic untreated hypertension relative to normotensive 

individuals (Jennings et al., 2005). The attenuated CBF response was associated with a lower 

cognitive performance (Jennings et al., 2005). Overall, there is evidence that hypertension 

may influence CBF, which could impair the structural and functional integrity of the brain. 

 

2.5.6 Cerebrovascular function during exercise  
 
 

It is important to consider what happens to CBF during acute exercise as the response of 

cerebral vasculature is different to other peripheral vasculature due to the smaller vascular 

bed and it being strongly regulated by cerebral autoregulation and PaCO2 (Ogoh and Ainslie, 

2009). Despite an increase of cardiac output of around 300-600% (Jarvis et al., 2007) and 

skeletal muscle blood of 800-100%, (Jorfeldt et al., 1978), CBF only increases around 10-30% 

to maintain adequate substrate delivery (Smith and Ainslie, 2017). Studies using TCD have 

shown that the onset of exercise there is an increase in CBv (Ogoh et al., 2005a, Ogoh et al., 

2007a, Ogoh et al., 2005b, Ogoh et al., 2008). Research suggests that during an acute bout of 

aerobic exercise, blood pressure progressively increases up to maximal intensities by ~20-

30%, whilst CBv increases linearly with exercise intensity up to approximately 60-70% 

maximal oxygen uptake (VO2max) (Smith and Ainslie, 2017). However, during resistance 

exercise rapid fluctuations in blood pressure occur which results in insufficient cerebral 

autoregulation therefore MCAv varies with MAP (Edwards et al., 2002, Romero and Cooke, 

2007). Studies on the MCAv during dynamic resistance exercise are ambiguous with some 

reporting increases (Koch et al., 2005, Moralez et al., 2012, Romero and Cooke, 2007, 

Hartwich et al., 2010, Kim et al., 2007), no change (Edwards et al., 2002) or decreases 

(Dickerman et al., 2000).  In order to ensure that an adequate oxygen delivery to working 
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skeletal muscles during exercise, systemic blood pressure and cardiac output increase which 

challenges the cerebrovasculature (Marsden et al., 2012) highlighting the importance of an 

intact cerebral autoregulation. It is believed that is more proficient in counteracting brief 

hypertension compared to hypotension, possibly due to the dangers associated with 

increased hypertension (Marsden et al., 2012). CA is maintained during mild to moderate 

exercise in young and older adults overall, data suggests that increases in resting CBv is likely 

to contribute to positive cerebrovascular adaptations (Smith and Ainslie, 2017)  

 

CBF at rest is influenced by many factors, however PaCO2 is the primary factor and mediator 

of CBF in response to exercise. PaCO2 increases with exercise until exercise intensity reaches 

about a threshold of ~70-80% VO2max. Individuals will hyperventilate during high intensity 

exercise which induces hypocapnia, causing a reduction in PaCO2 which causes CBFv to 

plateau or decrease towards baseline (Smith et al., 2014). This response to CBF occurs despite 

continued elevations of arterial blood pressure, cardiac output and increasing oxygen 

consumption demands of the brain (Moraine et al., 1993). CVR is increased during aerobic 

exercise, in order to maintain CO2 homeostasis in the brain (Ogoh et al., 2008). 

 

Given that the individual cardiorespiratory responses during incremental exercise (i.e. arterial 

blood pressure, PaCO2 and cardiac output) occur concurrently but independently of one 

another, it is difficult to differentiate the independent influences of PaCO2 and arterial blood 

pressure on CBF regulation during exercise (Smith and Ainslie, 2017). More research is 

warranted to understand the precise mechanisms that affect CBF during exercise in both 

healthy individuals and clinical populations who often have impaired cerebrovascular 
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function especially as exercise interventions are often implemented to improve 

cerebrovascular function (Smith and Ainslie, 2017).  

 

In non-stroke populations, older adults demonstrate an increase in MCAv between 10% and 

30% during low- to moderate-intensity dynamic exercise (Braz and Fisher, 2016). A systematic 

review and meta-analysis reported that individuals after stroke may have attenuated 

cerebrovascular haemodynamics; as measured by the MCAv during acute moderate-intensity 

exercise which show ∼8–12% increase in MCAv during moderate-intensity exercise  (Moncion 

et al., 2022). Aerobic exercise training is beneficial for improving cardiovascular health and 

function after stroke. However, high quality research is needed to examine the potential role 

of exercise training on improving cerebrovascular haemodynamics after stroke (Moncion et 

al., 2022). 

 

Physiological response during resistance exercise (RE) differ compared to aerobic exercise. 

resistance training provides substantial challenges to blood flow regulation due to changes in 

blood pressure. The exact blood pressure response is dependent upon contraction type and 

intensity which are mediated by increases in both systolic and diastolic pressures  

During dynamic RE, rapid fluctuations in blood pressure occur which results in insufficient 

cerebral autoregulation therefore MCAv varies with MAP (Edwards et al., 2002, Romero and 

Cooke, 2007) 

2.5.7 Cerebrovascular function following acute exercise 
 
 

Relatively little is known about the immediate effects of exercise on cerebrovascular blood 

flow and function. A single bout of cardiovascular exercise affects CBF in a number of ways: 
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An increased heart rate results in a higher blood flow that allows for enhanced oxygen, 

excitatory neurotransmitter and nutrient supply to the brain (Olivo et al., 2021). CBF may also 

increase as exercise may induce an increase in cerebral perfusion due to the mental effort 

required and the associated increase in cortical activation (Billinger et al., 2021, Hiura et al., 

2010). 

 

As with peripheral vascular function (FMD), the acute effect of aerobic exercise on CBv are 

inconsistent among the literature with studies reporting increases, decreases or no change in 

CBF following exercise (Robertson et al., 2015, Hellstrom et al., 1996, MacIntosh et al., 2014, 

Williamson et al., 2009, Williamson et al., 2004, Willie et al., 2013, Ainslie et al., 2007). 

Inconsistent results across studies may be due to small sample sizes, differences in 

measurement of different cerebral vessels or regions, variable duration and intensity of the 

exercise stimulus, and differences in timings of post exercise measurements as outlined 

below.  

 

Cerebral Reactivity: Exercise intensity is important to consider when looking at 

cerebrovascular reactivity. Research has shown that in healthy adults, one bout of high 

intensity interval training (25 minutes completed at 85–90% heart rate reserve) significantly 

lowered CVR (7% CO2 closed circuit rebreathing) to hypercapnia immediately and 1 h post 

exercise but was restored to baseline levels 2 h following exercise but remained unchanged 

following moderate intensity exercise (45 minutes completed at 50-60% heart rate reserve  

(Burma et al., 2020).  However, another study found that exercise intensity had no effect on 

CVR to both hypercapnia and hypocapnia 1 and 3 hours post exercise cessation (6% CO2 4-

minute open circuit), following  moderate and high intensity exercise (Weston et al., 2022). It 
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is also important to highlight the difference measurement techniques of CVR used within the 

studies which makes it difficult to truly understand the impact of acute exercise on 

cerebrovascular reactivity.  

 

Cerebral autoregulation: Current understanding of CA immediately following exercise training 

is limited. During the post exercise reduction in BP and heart rate, there is conflicting evidence 

for the stability of CA. The type of exercise may influence CA responses following acute 

exercise. One study found BP was lower in the hour following a 10-min and to a greater 

extent, a 30-min bout of aerobic exercise as compared to sitting whilst MCAv remained 

unchanged suggesting that CA is not impaired following aerobic exercise (Perdomo et al., 

2019). CA was also maintained following mountain marathons (Murrell et al., 2007) and 4 

hours of continuous running (Murrell et al., 2009). However, during the recovery phase 

following dynamic resistance exercise, cerebral autoregulation was temporarily disturbed 

(Koch et al., 2005, Ogoh et al., 2005b). Results are conflicting on the effect of exercise intensity 

of CA. Studies have reported impaired CA following maximal exercise, as assessed by the rate 

of regulation during suprasystolic thigh-cuff release (Bailey et al., 2011). However, following 

moderate intensity exercise, CA has been unaltered (Ogoh et al., 2007b, Perdomo et al., 

2019). Furthermore, CA at the mean phase of MCAv velocity profile was found to be stable 

during the first 10 minutes following the end of mild, moderate and heavy cycling (Ogoh et 

al., 2005b). However, when looking at 3 different time points following acute aerobic exercise 

bout, MCAv was maintained despite the presence of post exercise hypotension and exercise 

induced hypocapnia (Willie et al., 2013).  Differences in findings could be due to different 

methods of CA assessment and the types of exercise performed.  



 64 

 

2.5.8 Impact of exercise training in cerebrovascular function in healthy humans 
 

Exercise training has been shown to have beneficial effects on cerebrovascular health (Bliss 

et al., 2021) including improved endothelial function and cerebral angiogenesis. Even though 

cerebral blood flow declines with age, maintaining a high cardiorespiratory fitness can protect 

individuals against some of the decline in cerebrovascular function (Ainslie et al., 2008). This 

protection is, in part, suggested to be due to established benefits of exercise training on 

cardiorespiratory fitness (Weston et al., 2014). There are conflicting findings when examining 

the effects of exercise training interventions in order to improve CBF and cerebrovascular 

function to counteract this age-related decline. A recent review has suggested that short-

term exercise training has little impact on resting MCAv (Smith et al., 2021). Eight weeks of 

moderate intensity cycling increase CBv in postmenopausal women (Akazawa et al., 2012), 

young health females (Bailey et al., 2016) and sedentary older men (Kleinloog et al., 2019). 

Others have found that 12 weeks of aerobic exercise does not improve CBv in healthy young 

and older individuals (Murrell et al., 2013). Further research has shown that the environment 

that we train in may alter the response of exercise training. Eight weeks of exercise training 

in a thermoneutral environment or a cold environment both showed no change in CBv or CVR, 

however exercise in the cold was shown to enhance dCA. Interestingly, the changes in dCA 

were not directly explained by greater CBv or haemodynamics during acute exercise in young 

healthy males (Miller et al., 2022). In summary, short-term exercise training may improve 

cerebrovascular blood flow and function; however, more research is needed to elucidate the 

type and intensity of exercise needed to elicit these changes.  

 

2.5.9 Impact of Exercise training in cerebrovascular function in clinical populations 
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Clinical populations often have impaired CBF and cerebrovascular function therefore exercise 

interventions that have the potential to improve cerebrovascular function have real potential 

clinical benefit. Eight weeks of aerobic exercise in individuals with chronic obstructive 

pulmonary disease resulted in no change in dCA, CVR or CBv (Lewis et al., 2019). A review in 

stroke survivors exercise training does not appear to significantly change resting 

hemodynamic variables, including MCAv and CBF, although this finding must be interpreted 

with caution because of small sample sizes (Moncion et al., 2022). However, a study showed 

that following 6 months of aerobic treadmill exercise in stroke survivors improved CVR (Ivey 

et al., 2011) yet no such changes were evident following 18 weeks of training in congestive 

heart failure patients (Tanne et al., 2005). Research is limited within clinical populations. More 

research is warranted as responses to exercise training may differ between clinical conditions, 

different exercise modalities and different exercise training durations. 

 

2.6 Summary  
 
 
In summary, exercise is important for improving risk of cardiovascular and cerebrovascular 

events and mortality. However, individuals with cardiovascular disease risk may show altered 

responses to physical activity as they may not demonstrate the same cardiovascular risk 

reduction compared to healthy individuals (Moholdt et al., 2008, Stewart et al., 2017, Jeong 

et al., 2019, Mons et al., 2014). This finding requires more in-depth analysis in order to 

understand why individuals with cardiovascular disease risk factors may show the impaired 

response, either acutely or chronically, but also in relation to the study population that is 

examined. This information is important to optimise, but also to personalise, the benefits of 

exercise training in those need exercise the most. Hypertension is a key modifiable risk factor 
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for cardiovascular disease and stroke (Mills et al., 2020) and can impact cerebral blood flow 

however there is limited evidence on the acute responses of exercise on cerebrovascular 

function. Understanding this can help further understand the chronic adaptations of regular 

exercise training and can contribute to effectiveness of cardioprotective strategies and 

prevent adverse events during and after exercise (Vita and Keaney Jr, 2002, Mittleman et al., 

1993, Siscovick et al., 1984, Whang et al., 2006, Albert et al., 2000, Willich et al., 1993, Smyth 

et al., 2016). 
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Chapter 3: The impact of hypertension on the 
dose-response association between physical 

activity and stroke: A cohort study among 139,930 
adults from the Netherlands. 
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3.1 Introduction 
 
 
Stroke remains a significant health problem, with a predicted increased incidence of 34% 

between 2015 and 2035 (Stevens et al., 2017). This highlights the need for preventive 

strategies to lower the risk for stroke, and there by reducing the health and socio-economic 

effects pertaining to stroke.  

 

Several studies found potential health benefits of physical activity (PA) in the prevention of 

stroke (Tajiri et al., 2019, Jeong et al., 2017, Kono et al., 2015). For example, ≥30 minutes of 

moderate-to-vigorous (MV) PA during 1 to 2 times per week resulted in a 16% risk reduction 

for the risk of stroke compared to inactive individuals (Jeong et al., 2017). Similarly, 3 to 

4 times/week and ≥5 times/week of MVPA sessions were also associated with 21 and 22% a 

lower risk of stroke compared to inactivity, respectively (Jeong et al., 2017). In addition to the 

risk of stroke, MVPA is also associated with a lower risk of developing hypertension, an 

important modifiable risk factors for stroke (Pinckard K, 2019). Some studies have suggested 

that the positive responses to PA may become stronger with the prevalence of risk factors, 

such as hypertension (Wannamethee and Shaper, 1992, Moholdt et al., 2008, Mons et al., 

2014, Stewart et al., 2017, Jeong et al., 2019). Supporting this, a recent study in 142,493 adults 

found that individuals with cardiovascular risk factors may have larger benefits of MVPA 

(Bakker et al., 2021), as the dose-response association between MVPA and major 

cardiovascular events and mortality became stronger and contained larger risk reductions in 

individuals with risk factors compared to individuals without risk factors or with established 

CVD. The dose-response relation between physical activity and the risk for stroke, therefore, 
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may be affected by presence of hypertension, one of the key risk factors. Furthermore, anti-

hypertensive pharmacological treatments may also interfere with the benefits of exercise 

training on the risk for clinical events.  

 

Therefore, the aim of our study was to examine the dose-response association between 

MVPA and stroke and to determine whether this association differed between those with a 

priori hypertension and normotension. Secondly, we aimed to evaluate whether the use of 

anti-hypertensive medication alters this dose-response association. In line with recent work, 

we expect that those with hypertension will demonstrate a stronger inverse association 

between MVPA and the risk of stroke. In addition, we hypothesize that anti-hypertensive 

medication may attenuate the benefits of MVPA on stroke, as recent exercise training studies 

evaluating the impact of drugs on exercise mediated cardiovascular adaptations was blunted 

with simvastatin (Mikus et al., 2013) and angiotensin converting enzyme inhibitors whilst 

angiotensin-converting (Sjúrðarson et al., 2022).  

 

3.2 Methods 
 
 

3.2.1 Participants  
 

This study used data from the Lifeline Cohort Study. Lifelines is a multi-disciplinary 

prospective population-based cohort study examining in a unique three-generation design 

the health and health-related behaviours of 167,729 persons living in the North of the 

Netherlands. It employs a broad range of investigative procedures in assessing the 

biomedical, socio-demographic, behavioural, physical and psychological factors which 

contribute to the health and disease of the general population, with a special focus on multi-
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morbidity and complex genetics (Stolk et al., 2008, Scholtens et al., 2015). All individuals who 

lived in the northern Netherlands were eligible to take part, other than those with 1) severe 

psychiatric or physical illness (e.g.  individuals with cancer and associated reduced life 

expectancy), 2) life expectancy <5 years; and 3) lack of fluency in Dutch. Participants who 

were 18 years old were include (N=152,737). Participants were excluded (N=12,807) due to 

1) missing data for PA, blood pressure and CVD health status; 2) limited ability to be physically 

active; 3) inability to merge individual data with registry data; and 4) the presence of 

cardiovascular disease (Supplemental Figure 3.1). The Strengthening the Reporting of 

Observational Studies in Epidemiology (STROBE) guideline was used to report our findings 

(Supplemental Table 3.1). All participants provided written informed consent. The Lifelines 

Cohort study was conducted according to the principles of the Declaration of Helsinki and 

approved by the University Medical Centre Groningen Medical Ethical Committee. 

 

3.2.2 Experimental measures 
 
 

Physical examination and questionnaire. Participants visited one of the Lifeline research sites 

for a physical examination and completed a baseline questionnaire between 2006 and 2013. 

Baseline data were collected for 167,729 participants, aged from 18 to 93 years. Every 1.5 

years a follow up questionnaire was administered to assess the occurrence of a stroke.  

 

The physical examination included anthropometric assessment, blood pressure (BP) 

measurements and blood draw. Anthropometrics included height (Stadiometer) and weight 

(Standard weighing scale), which were used to calculate body mass index (BMI; kg/m2). Ten 

blood pressure measurements were taken during a 10-minute period using an automated 
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sphygmomanometer (Dynamap, PRO 100 or PRO 100V2) placed around the upper right arm 

(or the left arm if contraindications were present) with participants in a seated position, the 

two last successive blood pressures were averaged. Blood samples were taken after >8 hour 

fasting for measurements of low-density lipoprotein (LDL), glucose and serum creatinine. 

Renal function (estimated glomerular filtration rate, eGFR) was estimated (Foundatio, 2002). 

 

Baseline questionnaires included questions on demographics, health status and lifestyle. 

Demographics included age, sex, postal code, income, and education level. Income was 

estimated using the postal codes and data of Statistics Netherlands (Statistics Netherlands, 

2020) when not reported. Education level was categorised in low, moderate, and high. 

Medical history included self-reported information on medication use, presence of CVD, 

comorbidities and other illnesses including cancer, arthritis, multiple sclerosis, and Parkinson 

disease. Lifestyle factors included smoking status, alcohol consumption, and hours of sleep 

per night. Smoking status was categorised as currently, previously, and never. High alcohol 

consumption was defined as >14 drinks/week or >4 drinks/day for men and >7 drink/week or 

> 3 drink/day for women (Fleming, 2004).  

 

Habitual Physical Activity Volumes. Baseline physical activity was assessed using the Short 

Questionnaire to Assess Health-enhancing Physical Activity (SQUASH). SQUASH divides 

habitual physical activity into transportation, occupation, household and leisure domains, and 

asks for the duration and intensity of an individual’s typical weekly activities over the past 3 

months (Wendel-Vos et al., 2003). Weekly physical activities were converted to the average 

amount of metabolic equivalent of task (MET) minutes per week based (Ainsworth et al., 

2011). MET minutes were calculated by multiplying the MET values of each activity by the 
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duration (i.e., minutes/week). Only activities with 3 MET value were included, since these 

activities relate to moderate to vigorous activities as specified in the World Health 

Organisation PA guidelines (Bull et al., 2020). Individuals were categorised into 4 quartiles of 

least (Q1) to most (Q4) physically active based on self-reported MVPA volumes. Q1 included 

the least active individuals who spent <1830 MET min/week, Q2 included individuals with 

1830-3617 MET min/week, Q3 included individuals with 3618-7175 MET min/week and Q4 

included individuals with >7175 MET min/week.  

 

Clinical outcomes. The primary endpoint was the occurrence of a stroke. Hospital registry data 

of statistics Netherlands were used to determine the primary outcome. When hospital 

registry data were not available, self-reported stroke during follow-up were used instead. 

Self-reported stroke was measures after a median follow-up of 1.1, 2.1, and 3.8 years. The 

date at which the questionnaire was completed, was used for the event date of self-reported 

stroke. Participants were followed until the first stroke event. Participants who did not reach 

the endpoint were censored at the end of the last assessment or at the date they died, 

whichever occurred first. 

 

3.2.3 Hypertension  
 
 
Hypertension. Participants were divided as hypertensive or normotensive based on the BP 

evaluation performed at baseline, whilst using the recent classifications of hypertension 

following the updated National Institute for Health Care Excellence (NICE) guidelines (i.e., 

130/80 mmHg). In addition, those who reported being diagnosed by a physician with 

hypertension and used blood pressure lowering medication were included in the 
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hypertensive group. Those who did not report being diagnosed with hypertension and had a 

baseline blood pressure of ≤129/79 mmHg were categorised into the normotensive group.  

Medicated. For our secondary analysis, we have divided the hypertensive group into a 

medicated and non-medicated group. Individuals were categorised into the medicated group 

if they were prescribed Angiotensin Converting Enzyme (ACE) inhibitors, angiotensin blockers, 

beta blockers, diuretics, or calcium antagonists. 

 

3.2.4 Statistic analysis 
 
 
Baseline characteristics were described for the normo- and hypertensive group. Normally 

distributed data were presented with mean (± standard deviation; SD) and non-normally 

distributed data were presented with the median (interquartile range; Q25 to Q75).  

 

Stratified Kaplan–Meier curves and log-rank tests were performed to assess differences in the 

outcome between the quartiles of physical activity. Multivariable Cox regression model was 

conducted to estimate the association between physical activity and stroke using hazard 

ratios (HRs) with 95% confidence intervals (CIs). First, an unadjusted model was performed 

(model 1).  Model 2 was adjusted for age (years), sex (male/female), body mass index (BMI; 

(kg/m2)), income (per 1,000 euros), education level (low/moderate/high), smoking (pack 

years), kidney function (glomerular filtration rate, mL/min/1.73m2), glucose (mmol/L) and 

low-density lipo-protein (LDL; mmol/L). Model 3 included the variables of model 2 and was 

additionally adjusted for systolic blood pressure (mmHg), diastolic blood pressure (mmHg), 

use of acetylsalicyclic acid, anti-platelets and anti-hypertensive medication. The analyses 

were performed for the total population and were stratified for hypertensive and 

normotensive individuals. We also tested interaction in terms of blood pressure 
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(normotensive versus hypertensive) and the 4 quartiles of MVPA. In addition, to examine 

whether medication use altered the dose-response association of MVPA in hypertensive 

individuals, we performed stratified analyses and tested the interaction term.  

 

Since the number of missing values was relatively small (<14%), the complete case was used 

for the analyses. All statistical analyses were performed in R version 3.5.2. P values < 0.05 

were considered statistically significant.  

 

3.3 Results  
 

3.3.1 Participants  
 

In total, 139,930 participants were included in our analysis. 41% of the population was male 

with an overall mean age of 41 (13) years (Table 3.1). The median follow up was 6.75 years 

[Q25 5.83; Q75 7.92] with a total number of 640 strokes (0.46%; Figure 3.1). Individuals with 

hypertension were more often male, older, had a lower education level and higher BMI, used 

more often medication, and had more comorbidities. Within the hypertensive group, 

medicated individuals were more often female, older, had a lower education level, and had 

more comorbidities compared to non-medicated (Supplemental table 3.3). 
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Table 3.1. Baseline characteristics for the total population (n=139,949) and individuals with 
normotension (N=78,309) and hypertension (n=61,621). Data are presented as mean (SD), 

median [Q25,Q75], and n (%). 
 Total population 

N=139,930 
Normotensive 

N= 78,309 
Hypertensive 

N= 61,621 
P-value 

normotensives vs 
hypertensives 

General characteristics     

Sex (male) 57,457 (41%) 24,479 (31%) 32,978 (54%) <0.001 
Age  44.12 (12.61) 40.67 (11.69) 48.51 (12.37) <0.001 
Income x 1000/year  27 [25, 30] 27.10 [25.00, 

30.30] 
27.00 [25.00, 

29.90] 
<0.001 

Education level 
   low  
   moderate  
   high 

 
39,828 (29%) 
55,134 (40%) 
41,845 (30%) 

 
18,085 (24%) 
32,465 (42%) 
26,207 (34%) 

 
21,743 (36%) 
22,669 (38%) 
15,638 (26%) 

<0.001 

BMI (median [IQR]) 25 [23, 28] 24.30 [22.30, 
26.90] 

26.70 [24.40, 
29.50] 

<0.001 

Lifestyle characteristics     

Smoking status  
   Never 
   Previous  
   Current 

 
64,616 (47%) 
44,804 (32%) 
28,977 (21%) 

 
38,288 (50%) 
22,187 (29%) 
16,872 (22%) 

 
26,328 (43%) 
22,617 (37%) 
12,105 (20%) 

<0.001 

Alcohol consumption (high) 32,162 (24.3) 17,616 (24%) 14,546 (25%) <0.001 
Medication use     

Antiplatelet  176 (0.1%) 73 (0.1%) 103 (0.2%) <0.001 
Anti-hypertensive  7,568 (5%) 197 (0.3%) 7,371 (12%) <0.001 
Anti-coagulant  759 (0.5%) 256 (0.3%) 503 (0.8%) <0.001 
Acetylsalicylic acid  2,386 (2%) 677 (0.9%) 1,709 (3%) <0.001 
Beta-blocker  6,330 (5%) 952 (1%) 5,378 (9%) <0.001 
Calcium antagonists  2,244 (2%) 261 (0.3%) 1,983 (3%) <0.001 
Diuretics  4,859 (4%) 170 (0.2%) 4,689 (8%) <0.001 
Statins  6,322 (5%) 1622 (2%) 4,700 (8%) <0.001 
Alternative cholesterol 
lowering medication 

311 (0.2%) 97 (0.1%) 214 (0.3%) <0.001 

Anti-diabetics  2,113 (2%) 520 (0.7%) 1,596 (2.6%) <0.001 
Health characteristics     

Diagnosed hypertension 12,291 (9%) 0 (0%) 12,291 (20%) <0.001 
Diagnosed 
hypercholesterolemia 

17,983 (13%) 6,352 (8%) 11,631 (19%) <0.001 

Diagnosed diabetes 3,405 (2%) 835 (1%) 2,570 (4%) <0.001 
Systolic blood pressure  124 [115, 134] 116 [110, 122] 136 [130, 144] <0.001 
Diastolic blood pressure  73 [67, 79] 68 [65, 73] 81 [74, 85] <0.001 
Total cholesterol 5.00 [4.40, 5.70] 4.80 [4.20, 5.50] 5.20 [4.60, 5.90] <0.001 
LDL cholesterol  3.23 (0.91) 3.07 (0.88) 3.42 (0.92) <0.001 
HDL cholesterol 1.40 [1.20, 1.70] 1.50 [1.30, 1.80] 1.40 [1.20, 1.60] <0.001 
Triglycerides  0.97 [0.71, 1.39] 0.87 [0.65, 1.19] 1.14 [0.82, 1.62] <0.001 
Renal function  98 [87, 100] 100 [90, 100] 95 [84, 100] <0.001 
Data is presented as mean (SD), median [Q25, Q75] and n (%).  
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Figure 3.1 Unadjusted Kaplan–Meier estimates of stroke occurrence for quartiles (Q) of moderate-to-vigorous physical activity during follow-
up stratified for total population(A), individuals with normotension (B), and individuals with hypertension (C), individuals with hypertension 
who are not taking anti-hypertensive medication (D) and individuals with hypertension who are taking antihypertensive medication. 

(A) Total Population  (B) Normotension  (C) Hypertension  

  
 

 (D) Hypertension without antihypertensive medication (E) Hypertension with antihypertensive medication  
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3.3.2 Physical activity and the risk of stroke 
 
 
There was a significant negative and linear trend between MVPA and stroke risk for the total 

population and in the hypertensive subgroup, which disappeared partly after adjusting for 

confounding factors (Model 2 and 3; Table 3.2). After adjustments for confounders (model 3) 

and using MVPA categories, a significantly lower HR was found in Q3 compared to the least 

active individuals (Q1) within the total population and in individuals with hypertension (Table 

3.2 and Figure 3.2). No significant association was found in Q2 and Q4 compared to Q1. 

Although we found no significant association between MVPA and stroke risk in normotensive 

individuals, estimated HRs were largely comparable to the hypertensive participants. In 

addition, there was no significant interaction between each of the MVPA quartiles for stroke 

risk and normotension versus hypertension (P>0.05), suggesting that dose-response curves 

between MVPA and stroke are not different between normotensive and hypertensive 

individuals.  

 

3.3.3 Physical activity and stroke risk in hypertensives: impact of medication use  
 
 

Within hypertensive individuals, after adjustment for confounders, there was a significant 

reduction in Q3 compared to Q1 for MVPA and stroke risk in those without medication 

(Supplemental 3.2 and Figure 3.2). In medicated hypertensive individuals, no significant 

association was found between PA and stroke risk, with estimated HRs being slightly higher 

compared to the non-medicated hypertensive population (Supplemental 3.2 and Figure 3.2). 

However, the p-value for interaction between PA and medication use was non-significant 

(P>0.05).  
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Table 3.2. Hazard ratios (HR) with 95% confidence intervals (95% CI) for the association 

between moderate-to-vigorous physical activity and stroke. 
Total PA (MET 
min/week) 

N sample N outcomes Model 1 (unadjusted) 
HR with 95% CI, P value 

Model 2* 
HR with 95% CI, P value 

Model 3# 
HR with 95% CI, P value  

Total population 

Continuous 139,930 640 1.00 [1.00-1.00] 1.00 [1.00-1.00] 1.00 [0.999-1.00] 

P for linear trend   0.002 0.28 0.35 

Quartiles 
Inactive Q1<1830 
Q2 1830-3617 
Q3 3618-7175 
Q4 >7175 

 
34,958 
35,008 
34,974 
34,990 

 
192 
151 
155 
142 

 
REF 
0.79 [0.64-0.98], P = 0.03 
0.81 [0.66-1.01], P = 0.06 
0.75 [0.60-0.93], P = 0.009 

 
REF 
0.87 [0.69-1.09], P = 0 .22 
0.74 [0.58-0.94], P = 0.01 
0.93 [0.73-1.18], P = 0.53 

 
REF 
0.87 [0.69-1.10], P = 0.23 
0.75 [0.59-0.95], P = 0.02 
0.94 [0.74-1.20], P = 0.64 

Normotension  

Continuous 78,309 173 1.00 [1.00-1.00] 1.00 [1.00-1.00] 1.00 [1.00-1.00] 

P for linear trend   0.80 0.82 0.83 

Quartiles  
Inactive Q1<1830 
Q2 1830-3617 
Q3 3618-7175 
Q4 >7175 

 
      19,138 

19,913 
19,437 
19,821 

 
                   47 

40 
41 
45 

 
REF 
0.82 [0.54-1.25], P = 0.36 
0.87 [0.57-1.32], P = 0.51 
0.94 [0.62-1.41], P = 0.76 

 
REF 
0.80 [0.51-1.26], P = 0.34 
0.76 [0.48-1.19], P = 0.23 
0.97 [0.63-1.51], P = 0.91 

 
REF 
0.79 [0.50-1.25], P = 0.32 
0.75 [0.48-1.18], P = 0.22 
0.97 [0.62-1.51], P = 0.90 

 Hypertension 

Continuous  61,621 467 1.00 [0.999-1.00] 1.00 [1.00-1.00] 1.00 [1.00-1.00] 

P for linear trend   >0.001 0.26 0.29 

Quartiles  
Inactive Q1<1830 
Q2 1830-3617 
Q3 3618-7175 
Q4 >7175 

 
15,820 
15,095 
15,537 
15,169 

 
145 
111 
114 

97 

 
REF 
0.80 [0.63-1.03], P = 0.08 
0.81 [0.63-1.03], P = 0.09 
0.70 [0.54-0.92], P = 0.008 

 
REF 
0.89 [0.68-1.16], P = 0.39 
0.73 [0.56-0.97], P = 0.03 
0.91 [0.68-1.21], P = 0.51 

 
REF 
0.89 [0.68-1.17], P = 0.41 
0.74 [0.56-0.98], P = 0.03 
0.92 [0.69-1.23], P = 0.56 

 
*Model 2 is adjusted for age, sex, BMI, income, educational level, alcohol consumption, smoking, kidney 
function, serum glucose, low-density lipoprotein cholesterol. # Model 3 is adjusted for age, sex, BMI, 
income, education level, alcohol, smoking (pack years), kidney function, BMI, serum glucose, systolic 
blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol., use of acetylsalicylic acid, 
anti-platelets, antihypertensive medication.  
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Figure 3.2. Forrest plot of the quartiles (Q) of MVPA associated with stroke risk for the total 

population and stratified for blood pressure and medication use. 
 

 
 

HRs were adjusted for age, sex, BMI, income, education level, alcohol, smoking (pack years), 

kidney function, BMI, serum glucose, systolic blood pressure, diastolic blood pressure, low-

density lipoprotein cholesterol., use of acetylsalicylic acid, anti-platelets, antihypertensive 

medication (model 3). 95% CI, 95% confidence interval; HR, hazard ratio.  
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3.4 Discussion  
 
 

Previous research has demonstrated the importance of PA on stroke risk reduction, however 

emerging research has suggested that the dose-dependent association of regular PA may be 

altered in the presence of cardiovascular risk factors and/or medication use. This study 

presents the following findings. First, we reinforce the benefits of regular PA, as engagement 

in MVPA is associated with a lower risk for stroke, which remained significant upon 

adjustment for potential confounders. Second, the shape of the dose-response association 

does not importantly differ between hypertensive (n=61,621) and normotensive (n=78,309) 

individuals. However, the association remained only significant in the hypertensives after 

stratification. Thirdly, the benefits of regular MVPA seem to be only stronger in non-

medicated individuals with hypertension, but further studies are necessary to confirm this 

preliminary result. Our findings highlight that a physically active lifestyle is beneficial for 

reducing stroke risk. 

 

Our study reinforces findings from previous studies highlighting that more PA is associated 

with a reduction in the risk for stroke in the general population. For example, a study in the 

USA, with a median follow up of 18.8 years and 648 ischemic stroke events, showed a 

significant reduction in ischemic stroke (and other subtypes) with increasing PA levels among 

middle-aged men and women. Another prospective cohort study in South Koreans with 13 

years follow-up showed that exercising between 3–4 or 5–6 times/week showed the lowest 

stroke risk compared to physically inactive individuals (Kim et al., 2019). In contrast to others, 

our study further examined whether the association between MVPA and stroke depends on 

BP levels. We found that the shape of the dose-response association between MVPA and 
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stroke risk was not significantly different between individuals with normotension or 

hypertension. Nevertheless, the association was not significant in the normotensive group. A 

possible explanation for this observation is due to the low event rate present in the 

normotensive group (i.e., >60% less events in the normotensives versus the hypertensives). 

In addition, compared to other studies, our follow-up time was shorter (i.e., median 6.8 years) 

and we included a relatively young population, which suggests that a longer follow-up in the 

normotensives who have a lower a priori risk for stroke may be required. Furthermore, HRs 

in Q4 in the present study are higher that Q3, however this may be explained by possible 

measurement error in MVPA classification, Specifically, Q4 may contain individuals who 

exaggerated their PA levels but due to the nature of questionnaires and the absence of an 

objective PA measurement we can only speculate. Importantly, our findings show that the 

presence of hypertension does not attenuate the dose-response relationship between MVPA 

and stroke. This finding supports previous studies examining the effect of PA and 

cardiovascular disease and mortality (Bakker et al., 2021, Joseph et al., 2019). Our study 

provides an important public health message; that benefits from a physically active lifestyle 

in relation to stroke remain equally present in those who have already developed 

hypertension.  

 

For our secondary aim, we compared the effects of PA on stroke risk between medicated and 

unmedicated hypertensive individuals. Whilst reinforcing our initial results, in that PA is 

associated with lower risks for stroke in unmedicated hypertensive individuals, such effects 

were not observed in medicated individuals with hypertension. One potential explanation of 

the latter observation is that the sample size and event rate of the medicated hypertensives 

was relatively low. Although the medicated hypertensive individuals might be underpowered, 
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the analysis showed higher HRs in this subgroup, which might suggest an attenuated and 

smaller effect of MVPA on the risk of stroke in the medicated group of individuals with 

hypertension. One potential explanation could be that those within the medicated group had 

higher BP levels and/or disease severity. Previous research has suggested that those with 

established CVD may not benefit to the same extent as healthy individuals (Bakker et al., 

2021, Stewart et al., 2017, Jeong et al., 2019). In addition, the attenuated effect may relate 

to the use of medication itself. However, previous work is conflicting whether 

antihypertensive medication may interfere or potentiate the benefits of PA or exercise 

training (Dimeo et al., 2012, Sumukadas et al., 2014, Baptista et al., 2018, Sjúrðarson et al., 

2022). Apart from the antihypertensive medication, other drugs that are commonly 

prescribed to hypertensive individuals such as statins (21% in our medicated hypertensives) 

may also have an effect on the benefits of PA (Mikus et al., 2013). Therefore, further research 

is warranted to understand whether antihypertensive medication affects the benefits of PA 

on stroke risk. Nonetheless, we believe it is important to emphasise that, even in the presence 

of hypertension and medication use, other research has suggested that when combined, 

exercise and medication strengthen the BP effects of medication alone and should be 

recommended and implemented as indicated according to existent professional treatment 

algorithms (Whelton et al., 2018, Pescatello et al., 2021).   

 

A particular strength of this study is that it includes a large population (n=139,930) with 

outcome data based on national hospital registry data. One potential limitation of our study 

is that MVPA was self-reported, which is susceptible for overestimating true PA volumes 

(Celis-Morales et al., 2012). Nonetheless, categorising individuals across quartiles allowed 

comparison between the least active individuals and those engaged in larger volumes of 
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MVPA, and ultimately self-reported MVPA data is likely to underestimate the true effect of 

MVPA on health benefits (Celis-Morales et al., 2012). Another limitation relates to the 

relatively low event rate of stroke in the normotensive population, and relatively small sample 

size of medicated hypertensive individuals. Nonetheless, HRs in both populations, albeit with 

larger confidence intervals, provide insight into the effects of PA.  

 
 

3.5 Conclusion 
 
 
Our study reinforces the benefits of regular MVPA on stroke risk reduction, especially in 

hypertensive individuals. However, we found that the shape of dose-dependent association 

between MVPA and risk of stroke was not different between individuals with hypertension 

and normotension. Furthermore, our data provide preliminary support that in individuals 

with hypertension, the use of antihypertensive medication may be associated with a smaller 

benefit of MVPA on the risk of stroke, albeit effects of PA in this subgroup have unlikely 

disappeared. Future studies are warranted to better understand the effects of regular MVPA 

on the risk of stroke in medicated hypertensive individuals and the potential underlying 

mechanisms, which can aid in optimising the benefits of MVPA in the prevention of stroke. 
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Chapter 4: Relation between Endothelial 
Dysfunction and Exercise Training- Mediated 

Adaptation in Cardiovascular Risk Factors, 
Cardiorespiratory Fitness, and Vascular Health in 

Humans: A secondary analysis. 
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4.1. Introduction  
 
 
Cardiovascular disease (CVD) is the leading causes of death worldwide and is one of the most 

serious health problems throughout the world (Mensah et al., 2019, Roth et al., 2020). 

Regular exercise training and/or physical activity is a conventional and non-pharmological 

strategy that effectively reduces the risk for development and progression of cardiovascular 

disease (Fiuza-Luces et al., 2018). Benefits of exercise are only partly explained through 

improvements in traditional cardiovascular disease risk factors, e.g., blood pressure (Huang 

et al., 2013), body weight (Leung et al., 2008), glucose homeostasis (MacLeod et al., 2013), 

cholesterol (Dunn et al., 1997), and cardiorespiratory fitness (Blair et al., 1995). Benefits of 

exercise training also relate to improvements in vascular health, including endothelial 

function (Green et al., 2008, Green et al., 2017, Tinken et al., 2010, Ashor et al., 2015). 

 

Endothelial function, measured as flow mediated dilation (FMD%), is largely nitric oxide (NO)-

mediated (Green et al., 2014a) and predicts future CV events (Green et al., 2011). It is 

therefore considered an early marker of future atherosclerotic vascular risk and a non-

invasive window into vascular health status. Recently, age and sex-specific flow mediated 

dilation (FMD) reference intervals for healthy individuals have been published (Holder et al., 

2021). It has been consistently reported that age and sex-specific differences in FMD are 

present (Celermajer et al., 1994, Taddei et al., 1995, Seals et al., 2011, Yao et al., 2014, 

Hopkins et al., 2015) with sex altering the age-related decline in FMD (Holder et al., 2021). 

FMD references intervals that account for these differences allow for a clinical interpretation 

of FMD.  
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Some epidemiological evidence suggests that individuals with cardiovascular disease (CVD) 

gain less benefit from regular physical activity, in terms of relative risk reduction for all-cause 

mortality and morbidity, than apparently healthy individuals (Moholdt et al., 2008, Mons et 

al., 2014, Jeong et al., 2019). In addition, a recent study demonstrated that cardiovascular 

(CV) health status alters the dose-response between moderate to vigorous physical activity 

(MVPA) and incident morbidity and mortality among 143,070 adults (Bakker et al., 2021). 

Healthy individuals and those with CVD risk factors presented with a curvilinear relation, 

whilst those with established CVD presented a more gradual, linear relation, suggesting a 

smaller risk reduction from regular physical activity in those with CVD (Maiorana et al., 2011, 

Green et al., 2014a). This could have implications for the benefits of exercise training and 

interventions in these individuals. 

 

Whilst a priori cardiovascular health status may impact reductions in risk factors and CV 

mortality and morbidity, currently, it is not known whether a priori endothelial dysfunction 

impacts upon exercise-training adaptation in CVD risk factors and fitness. Therefore, the aim 

of this study was to investigate whether a priori endothelial dysfunction is associated with 

distinct training-induced improvement in traditional CVD risk factors, cardiopulmonary 

fitness, or vascular function by performing a secondary analysis in a large cohort of 338 

individuals who performed supervised exercise training. Supported by previous work on 

endothelial (dys)function (Maiorana et al., 2011, Green et al., 2014b), it was hypothesised 

that those with a priori endothelial dysfunction would show smaller improvements in CV risk 

factors and cardiopulmonary fitness compared to those with a priori preserved endothelial 

function.  
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4.2 Methods 

 

4.2.1 Participants  
 
Endurance exercise training studies performed in our laboratories (Liverpool, Perth, 

Nijmegen) which met the following criteria were included in this analysis : 1) completion of 

moderate-intensity supervised exercise ≥ 8 weeks; 2) the exercise sessions consisted of 

endurance (aerobic) exercise involving large muscle groups or combined aerobic and 

resistance exercise (CARE) sessions; 3) exercise training was performed ≥ 2 times per week 

with a duration of ≥30minutes; 4) measurements of baseline FMD and age were available to 

categorize a priori endothelial function based on Holder et al., 2021 equations; 5) endothelial 

function (FMD) measurements were performed strictly adhering to expert consensus 

guidelines (Thijssen et al., 2019, Thijssen et al., 2011); 6) the exercise study was approved by 

the local ethics committees and conformed to the standards of the Declaration Helsinki. 

Participants were asked not to modify their diet and lifestyle factors during the programme, 

no studies controlled the participants’ diet throughout their study. Smokers were excluded 

as well as studies which included children, adolescents, or pregnant women.  Additionally, 

any changes in brachial artery diameter or FMD that was >3 times the overall standard 

deviation were removed.  This led to the inclusion of 19 studies (Table 1) with 338 participants 

for this secondary analysis, with a wide range of different health statuses included: healthy 

young, older sedentary, individuals with non-alcoholic fatty liver disease (NAFLD), polycystic 

ovary syndrome (PCOS), type 2 diabetes, elite rowers, and individuals with CVD risk. Please 

see Table 1 for further details.  

 

We performed a power calculation, to achieve a power of 80% with level of significance of 5% 



 88 

(two side) based on the ability to detect a 1% difference in the change in FMD over time 

between the two groups, with a standard deviation of the difference of 2.5%, we need to 

include at least 99 participants in each group. 

 
 

4.2.2 Research design 
 
 
Participant characteristics and traditional CV risk factors were recorded pre and post exercise 

training. All physiological measures pre and post the exercise intervention were performed 

following an overnight fast and participants were asked to abstain from strenuous exercise 

for >24 hours and caffeine and alcohol for >12 hours before testing. Post measurements were 

completed 1-4 days following the last exercise session. Presence of pre-training endothelial 

dysfunction was determined using published FMD reference values (Holder et al., 2021). 

Specifically, individuals were categorised as possessing “reduced endothelial function, R-EF” 

when pre-training FMD was lower than the age- and sex specific FMD reference values using 

the 50th percentile as the cut-off value (Holder et al., 2021) and preserved endothelial 

function (P-EF) when at or above the 50th percentile for age- and sex specific FMD reference 

values.   

 

4.2.3 Experimental measures 
 
 
Participant characteristics Participant characteristics were measured pre and post the 

exercise training intervention. Height, weight, body mass index (BMI), waist circumference 

and waist to hip ratio were measured using standard methods. Body fat percentage was 

measured either via dual X-Ray Absorptiometry (DXA) or skin fold measurements using 

standard techniques. Measurements of blood pressure were conducted after ≥5-minute rest 
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in a seated or supine position using a manual or automated sphygmomanometer and were 

repeated at least twice and were averaged (Supplemental table 4.1). 

 

Cardiopulmonary fitness Peak oxygen consumption (VO2peak) was measured during a maximal 

graded exercise test on a treadmill, a cycle ergometer or a rower was used. VO2peak values are 

presented relative to body weight (ml/kg/min) (Supplementary Table 4.1).  

 

Endothelial function FMD assessments were performed in a quiet, temperature-controlled 

laboratory at the same time of day to avoid diurnal effects. Participants were asked to avoid 

alcohol, caffeine consumption and vigorous exercise for ≥12 hours before testing. Participants 

rested for ≥15 minutes in the supine position. The participants’ arm was extended and 

positioned at an angle ∼80 degree from the torso. A rapid inflation and deflation pneumatic 

cuff was positioned on the forearm and inflated to suprasystolic pressure to induce ischemia. 

B-mode images were obtained with a ≥7.5 MHz multifrequency linear array probe attached 

to a high-resolution ultrasound machine was used to image the brachial artery in the distal 

one-third of the upper arm. One study used a Megas ultrasound device (Esaote, Firenze, Italy), 

whilst all other studies used either the Aspen Acuson (Mountain view, CA, USA) or a Terason, 

t3000, (Aloka, Burlington, MA, USA) (Supplemental table 4.1). Baseline diameter, flow and 

shear stress measurements were recorded for ≥1 minute before the forearm cuff was inflated 

for 5 minutes. Diameter and flow recordings resumed 30 seconds prior to cuff deflation and 

continued for 3 minutes post deflation.  FMD was calculated as peak artery diameter following 

hyperaemia, expressed as % increase. All analysis was performed using custom designed edge 

detection and wall tracking software which is largely independent of investigator bias 

(Woodman et al., 2001).  
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Cardiovascular blood parameters Venous blood samples were taken to assess fasted glucose, 

total cholesterol, high density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) 

cholesterol as well as triglycerides. The blood samples were analysed in accredited laboratory 

facilities.  

 

4.2.4 Statistical analysis 
 
 
The effect of a priori endothelial function on improvements in endothelial function and CVD 

risk factors in response to exercise training were determined using a two-way mixed design 

general linear model, with a within subject factor of time (pre- versus post-training) and a 

between subject factor of group (endothelial function vs endothelial dysfunction). Data 

analysis was performed using SPSS (Version 26; SPSS Inc., Chicago, IL). Statistical significance 

was delimited at P < 0.05 and exact P values are cited (P values of ‘0.000’ provided by the 

statistics package are reported as <0.001). 

 

4.3 Results 
 
 
A total of 338 participants were included in the study. Following the age- and sex-based 

reference values, we classified 123 (56 female, 67 male) participants as possessing preserved 

endothelial function (P-EF) and 215 (69 female, 146 male) as having a priori reduced 

endothelial function (R-EF). The duration of exercise training varied, with n=127 having 

undertaken an 8-week exercise intervention (P-EF: n=40, R-EF: n=87), n=164 completed a 12-

week intervention (P-EF: n=58, R-ED: n=106), n=15 completed a 16-week intervention (P-EF: 

n=5, R-EF: n=10), and n=32 completed a ≥24-week intervention (P-EF: n=20, R-EF: n=12). 
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Details of the exercise training interventions are summarised in Table 4.1. Exercise intensity 

was prescribed as a percentage of VO2max or heart rate reserve. Where the exercise 

intervention was progressive, an average intensity was calculated, data is presented as 

decimals. 

 

 

4.3.1 Baseline characteristics 
 
 

Prior to training, no differences between P-EF versus R-ED in general characteristics or in 

cardio-respiratory fitness were found (Table 4.2). Regarding traditional CVD risk factors, we 

found significantly higher baseline systolic blood pressure, triglycerides and fasted glucose 

levels in R-EF, whilst no differences were found for diastolic or mean blood pressure, 

cholesterol, LDL and HDL (Table 4.2). As a consequence of the group allocation, the R-EF-

group demonstrated a significantly lower FMD%, compared to those with P-EF.  

 

4.3.2 Impact of exercise training  
 
 
Cardiovascular risk factors. Exercise training caused modest but significant reductions in body 

weight, BMI, percentage body fat, waist circumference, blood pressure (diastolic, systolic and 

mean) and total cholesterol (all P<0.05). The magnitude of these changes were not different 

between preserved P-EF and R-ED (Table 4.3). Exercise training did not significantly alter 

serum levels of glucose, triglycerides, HDL and LDL (Table 4.3).  

 

Cardiorespiratory fitness. Exercise training improved cardiorespiratory fitness in those with 

preserved endothelial function and with reduced endothelial function (F1,291 = 136.199, 
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P<0.001). This effect of training on VO2peak was not significantly different between groups with 

both groups showing a significant improvement (interaction, F1,291 = 1.402, P=0.237) (Table 

4.3). 

 

Brachial artery diameter and endothelial function Brachial artery FMD increased over time in 

response to exercise training (F1,335=10.092, P=0.002), which differed between groups 

(interaction effect; F1,335=42.942, P<0.001) (Table 2). Post-hoc tests indicated little change in 

FMD% in preserved EF, whilst an increase was found in R-EF (P<0.001).  Exercise training 

significantly increased resting brachial artery diameter (F1,322 = 9.334, P=0.002). The 

magnitude of this increase in resting diameter following exercise training was not different 

between groups (F1,322=0.056, P=0.813). 
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Table 4.1 Study characteristics of included studies. NAFLD: Non-alcoholic fatty liver disease, PCOS polycystic ovary syndrome T2D type 2 

diabetes.*Unpublished 

 

Author (year) Group size  

(P-EF/R-EF) 

Study Population Type of exercise Training 

weeks  

Frequency 

(days/week)   

Duration 

(minutes) 

Intensity 

Tinken 2008 12 (4/8) Healthy young males Aerobic 8 3 30 0.8 

Black 2009 11(4/7) Older sedentary males and females Aerobic  12 4 30 0.3 

Birk 2012 9 (3/6) Healthy men, recreationally active Aerobic  8 3 30 0.8 

Pugh 2016 9 (3/6) NAFLD males and females Aerobic 16 3.5 37.5 0.45 

Sprung 2013 6 (2/4) PCOS Aerobic 16 3.5 37.5 0.45 

Buckley 2018 13 (4/9) Increased CVD risk CARE 12 1-3   0.5-0.75 

Buckley 2020 33 (8/25) Increased CVD risk CARE 12 1-3  0.5-0.75 

Miller 2022 17 (7/10) Healthy Aerobic 8  2.5 55 0.7 

Maxwell 2021 10 (4/6) CVD Risk Aerobic 8 3 50 0.7 

Thijssen 2007 8 (5/3) Older men Aerobic  8  3 30 0.7 

Schreuder 2014a 13 (3/10) Older men CARE 8  3 60 0.725 

Schreuder 2014b 23 (6/17) Healthy and T2D CARE 8 3 60 0.725 

Poelkens* 13 (12/1) Healthy and CVD risk Aerobic 26 3 45 0.725 

Scholten 2012 37 (19/18) Pre-eclamptic women, control Aerobic 12 3/2.5 60/55 0.725 

Brenda 2015 14 (7/7) Manifest CVD Aerobic  12 2 45 0.83 

Green 2003 35 (8/27) CVD risk and manifest CVD CARE 8  3 55 0.8 

Naylor 2006 25 (8/17) Elite Rowers CARE 12 13 135  

Haynes 2021 19 (8/11) Older subjects Aerobic  24 3 32.5 0.512 

McKeown* 31 (8/23) Healthy CARE 12 2.5 60 0.75 
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Table 4.2 Participant characteristics of the study population stratified by endothelial 
function into preserved endothelial function (P-EF, n=123) and reduced endothelial function 

(R-EF, n=215). 
The preserved endothelial function group consisted of 58 healthy participants, 46 

cardiovascular disease risk, 19 manifest cardiovascular disease. The reduced endothelial 

function group consisted of 88 healthy participants, 74 cardiovascular disease risk, 19 

manifest cardiovascular disease. When n is different to P-EF, n=123 and R-EF, n=215 this has 

been stated as n=P-EF, R-EF in the table

Participant characteristics 
P-EF 

(n=123, 58 healthy, 46 
CVD risk, 19 CVD) 

R-EF 
(n=215, 88 healthy, 

74 CVD risk, 19 CVD) 

P values  

 Age (years) 46 ± 17 48 ± 17 0.297 

Sex (% male) 54 68 0.016 

 Height (m) 1.73 ± 0.08 1.73 ± 0.10 0.815 

 Weight (kg, n=115-202)  84.6 ± 19.4 88.0 ± 87.4 0.487 

Body mass index (kg/m2 ,n=115-202) 28.2 ± 5.9 29.2 ± 5.4 0.500 

Waist:Hip (n=107-186) 0.88 ± 0.07 0.93 ± 0.09 0.162 

Waist circumference (cm, n=45-61) 97.37 ± 15.21 102.72 ± 15.68 0.289 

VO2peak (mL/kg/min, n=107-186) 30.36 ± 11.31 29.98 ± 12.41 0.751 

Vascular function  

 Flow-mediated dilation (%) 8.80 ± 2.58 3.69 ± 1.58 <0.001 

 Baseline diameter brachial artery (mm, n=110-214) 3.72 ± 0.82 4.16 ± 0.80 <0.001 

Health Characteristics  

Systolic blood pressure (mmHg, n=96-166)  123 ± 14 131 ± 16 <0.001 

Diastolic blood pressure (mmHg, n=96-166)  74 ± 9 77 ± 11 0.118 

Mean Arterial Pressure (mmHg, n=113,202)  91 ± 10 94 ± 11 0.108 

Total Cholesterol (mmol/L, n=69-119)  4.84 ± 1.09 4.99 ± 1.18 0.192 

LDL Cholesterol (mmol/L, n=59-83)  2.97 ± 0.96 2.98 ± 0.86 0.319 

HDL Cholesterol (mmol/L, n=66-107)  1.26 ± 0.37 1.20 ± 0.35 0.310 

Triglycerides (mmol/L, n=59-86)  1.20 ± 0.68 1.69 ± 1.12 0.009 

Glucose (mmol/L,56-69)  5.32 ± 1.43 6.18 ± 2.65 0.002 
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Table 4.3 Characteristics of the groups divided by endothelial function into the preserved endothelial function (P-EF) group and participants 
with reduced endothelial function (R-EF) before and after exercise interventions. P-values were determined using a two-way mixed design 

ANOVA. Data is presented as mean ± SD (95% Confidence interval). 
 P-EF R-EF 

 
P-value 

 Pre  Post Pre Post Group Time Group*Time 

Weight (kg) 85.3 ± 19.6 
(81.8-88.7) 

84.5 ± 19.2 
(81.1-87.9) 

87.6 ± 18.6 
(85.0-90.3) 

87.12 ± 18.4 
(84.5-89.7) 

0.257 <0.001 0.446 

Body mass index (kg/m2) 28.5 ± 5.9 
(27.5-29.6) 

28.3 ± 5.8 
(27.3-29.3) 

29.1 ± 5.5 
(28.3-29.9) 

28.9 ± 5.3 
(28.2-29.7) 

0.334 <0.001 0.367 

Body Fat (%) 35 ± 8 (33-37) 34 ± 8 (32-36) 34 ± 9 (32-36) 33 ±9 (31-35) 0.708 <0.001 0.278 

Waist:Hip  0.88 ± 0.07 
(0.86-0.91) 

0.87 ± 0.09 
(0.85-0.90) 

0.95 ± 0.09 
(0.93-0.97) 

0.92 ± 0.09 
(0.90-0.95) 

0.001 0.001 0.132 

Waist Circumference (cm) 98.6 ± 15.4 
(91.0 – 103.0) 

96.77 ± 16.6 
(88.0-101.0) 

103.9 ± 14.3 
(94.8-104.3) 

101 ± 173 (93.1-
103.3) 

0.440 <0.001 0.210 

Systolic blood pressure (mmHg) 124 ± 14 (120-
127) 

119 ± 14 
(116-121) 

130 ± 16 
(128-133) 

126 ± 14 
(124-128) 

<0.001 <0.001 0.737 

Diastolic blood pressure (mmHg) 74 ± 9  
(72-77) 

71 ± 9 
(69-73) 

76 ± 11 
(75-78) 

74 ± 10 
(73-76) 

0.037 <0.001 0.233 

Mean arterial pressure (mmHg) 91 ± 10 
(89-93) 

87 ± 10 
(85-89) 

93 ± 11 
(92-95) 

90 ± 10 
(89-92) 

0.013 <0.001 0.309 

 VO2peak (mL/kg/min) 30.01 ± 11.18 
(27.71- 32.30) 

32.84 ± 11.10 
(30.52-35.16) 

30.18 ± 12.52 
(28.44-31.92) 

32.49 ± 12.80 
(30.73-34.25) 

0.954 <0.001 0.237 

Glucose (mmol/L) 5.32 ± 1.40 
(4.79-5.85) 

5.30 ± 1.25 
(4.87-5.73) 

6.26 ± 2.53 
(5.93-6.79) 

6.01 ± 2.02 
(5.73-6.42) 

0.005 0.132 0.193 

Triglycerides (mmol/L) 1.19 ± 0.68 
(0.96-1.42) 

1.18 ± 0.68 
(0.98-1.34) 

1.60 ± 1.0 
(1.41-1.79) 

1.53 ± 0.85 
(1.37-1.71) 

0.006 0.433 0.567 

Total cholesterol (mmol/L) 4.80 ± 1.05 
(4.57-5.05) 

4.72 ± 1.1 
(4.49-4.96) 

4.96 ± 0.99 
(4.77-5.14) 

4.80 ± 0.94 
(4.62-5.98) 

0.460 0.004 0.413 

 High-density lipoprotein (mmol/L) 1.26 ± 0.37 
(1.18-1.34) 

1.27 ± 0.36 
(1.19-1.35) 

1.17 ± 0.31 
(1.11-1.24) 

1.18 ± 0.30 
(1.12-1.24) 

0.076 0.456 0.896 

 Low-density lipoprotein (mmol/L) 2.91 ± 0.94 
(2.67-3.14) 

2.89 ± 0.99 
(2.66-3.12) 

3.07 ± 0.85 
(2.88-3.26) 

2.95 ± 0.82 
(2.75-3.14) 

0.476 0.071 0.197 

 Flow-mediated dilation (%) 8.63± 2.78 
(8.29-9.02) 

8.21 ± 3.62 
(7.71-8.72) 

3.70 ± 1.51 
(3.42-3.98) 

4.99 ± 2.24 
(4.61-5.36) 

<0.001 0.002 <0.001 
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 Diameter (mm) 3.73 ± 0.82 
(3.58-3.89) 

3.81 ± 0.79 
(3.66-3.97) 

4.16 ± 0.80 
(4.05-4.27) 

4.23 ± 0.85 
(4.17-4.34) 

<0.001 0.002 0.813 
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Figure 4.1 Cardiovascular risk factor responses of BMI (a), VO2peak (b), Mean arterial 
pressure (c), Cholesterol (d), Brachial artery (BA) diameter (e) and Flow mediated 

dilatation (FMD%) (f) in those with endothelial function and endothelial dysfunction 
group following exercise training. 

*denotes a significant effect of time. 
·Denotes a significant effect of group and time. 

†denotes a significant effect of group, time and interaction. 

 

 

4.4 Discussion 
 

The aim of the present study was to investigate whether a priori endothelial function status 

is associated with distinct training-induced improvement in traditional CV risk factors, 

cardiorespiratory fitness, and vascular function. To this end, analysis was performed on 338 

participants who all underwent supervised exercise training across three laboratories, with 

pre- and post-training evaluation of endothelial function, cardiovascular risk factors and 

fitness.  Overall, this data suggest that exercise training improved cardiorespiratory fitness, 

flow-mediated dilation and some (i.e. body weight, BMI, body fat percentage, waist 

circumference and blood pressure) but not all (i.e. fasting glucose, HDL, LDL and triglycerides) 

cardiovascular risk factors. After dividing the group into a priori reduced endothelial function 

(R-ED; n=215) and preserved endothelial function (P-EF; n=123), this study found comparable 

improvements in cardiovascular risk factors and physical fitness following exercise training in 

both groups. Interestingly, only those with a priori endothelial dysfunction demonstrated 

improvement in endothelial function (FMD%) after exercise training, whereas no change was 

found in subjects with P-EF who started with higher endothelial function, supporting previous 

findings (Green et al., 2014b).  Overall, this study suggests that the benefits of exercise 

training on many clinically important risk factors are independent of a priori endothelial 
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dysfunction status; although a period of 8-12 weeks of moderate intensity exercise may not 

enhance endothelial function in those with P-EF.  

 

Previous epidemiology research has shown that moderate to vigorous physical activity is 

beneficial for reducing adverse outcomes, however the shape of the association is dependent 

upon health. A curvilinear association between healthy and individuals with CV risk factors 

and PA whilst a linear association was found between individuals with CVD (Bakker et al., 

2021). This supports the present study’s findings that individuals do benefit from physical 

activity however, the response may be different between those with have reduced 

endothelial function and preserved endothelial function. A unique aspect of this study was 

the classification of individuals into endothelial function or dysfunction by comparing 

individuals’ FMD-values with recently published age- and sex- specific reference intervals for 

FMD (Holder et al., 2021). Sex and age specific recommendations were important to consider 

as higher FMD in females, but also the steeper decline in FMD with age, compared with males 

may relate to differences in sex hormones, especially since oestrogen has been linked to 

cardioprotective properties (Miller and Duckles, 2008). Adopting this approach, this dataset 

observed a relatively large population with a priori reduced endothelial function (63.6%), 

which is the direct consequence of the inclusion of a substantial number of training studies in 

clinical populations and those with CV risk factors (Table 4.1). Findings from this study are in 

line with our previous observations (Maiorana et al., 2003, Green et al., 2004, Green et al., 

2014b) in that regular exercise training is capable of improving endothelial function, 

especially in those with a priori endothelial dysfunction (Walsh et al., 2003, Maiorana et al., 

2011, Green et al., 2014b) (Table 4.3). Indeed, endothelial dysfunction is related to chronic 

exposure to CV risk factors (Sorensen et al., 1994, Ford et al., 2009) and CVDs (Al Suwaidi et 
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al., 2001, Hetzel et al., 2005) Furthermore, findings from our study are in line with our 

previous observations (Maiorana et al., 2003, Green et al., 2004, Green et al., 2014b) in that 

regular exercise training is capable of improving endothelial function, especially in those with 

a priori endothelial dysfunction (Green et al., 2003, Maiorana et al., 2011, Green et al., 2014b) 

(Table 3).  

 

The key finding from this study is that exercise training is associated with improved CVD risk 

factors and enhanced physical fitness; an observation that is not related to a priori endothelial 

status. Previous work found that improvements in cardiovascular risk factors also occur 

irrespective of changes in physical fitness (Hartman et al., 2018). In fact, lower pre-training 

values for fitness and impaired CV risk factors or vascular function, are associated with larger 

training induced improvements in endothelial function in both males and females (Maiorana 

et al., 2003, Green et al., 2004, Green et al., 2014b). These previous studies and the results of 

the present study provide evidence to support the potency of supervised exercise training 

interventions to improve cardiovascular risk factors in those with a priori higher risk and/or 

endothelial dysfunction (Bakker et al., 2021). Indeed, those with CVD and CV risk factors 

typically are also characterised with endothelial dysfunction (Grover-Páez and Zavalza-

Gómez, 2009, Jay Widmer and Lerman, 2014), demonstrates smaller benefits from regular 

physical activity in terms of relative risk reduction for all-cause mortality and cardiovascular 

events. Key differences relate to study design, with our study examining changes in risk 

factors within participants following (supervised) exercise training in groups of strictly 

selected and defined groups of healthy individuals, CVD risk and CVD. Accordingly, effects 

from our work can be directly related to exercise training. Studies adopting an 

epidemiological approach are strong in the volume and number of participants, but causal 
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links are difficult to make, whilst levels of physical activity are estimated using (subjective) 

questionnaires. Such differences may contribute to the distinct findings between intervention 

studies and epidemiological cohort observations.  

 

This study has potential clinical implications; it further highlights the importance and benefits 

of exercise in healthy and CVD populations. Although those with reduced endothelial function 

had more cardiovascular disease risk factors at baseline, significant increase in FMD and 

improvements in risk factors were found in this population. Improvements in FMD are vital 

due to its prognostic value (Green et al., 2011), with a meta-analysis suggesting that per 1% 

higher FMD, the risk of experiencing a cardiovascular event is 13% lower (Inaba et al., 2010). 

Endothelial dysfunction is an independent predictor of future cardiac events in patients with 

and without established coronary artery disease (Neunteufl et al., 2000, Vita and Keaney Jr, 

2002). In the current study, both groups showed improvements in multiple cardiovascular 

disease risk factors thus highlighting the importance of exercise training in both clinical and 

healthy populations. Nonetheless, it is important to highlight that individuals with endothelial 

dysfunction, even following the comparable improvements in cardiovascular risk factors 

following exercise training, presented with higher cardiovascular risk factors compared to 

those in the preserved endothelial function group. As this difference remained present 

following exercise training, this may contribute to observations from epidemiological studies, 

but also highlight the importance to remain physically active. 

 

Some limitations of this study must be discussed. Firstly, controversy exists about what cut-

off value represents true endothelial dysfunction, especially in relation with coronary artery 

endothelial function (Anderson et al., 1995). However, this study quantified presence of 
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endothelial dysfunction using the recently published age- and sex-based reference value data 

(Holder et al., 2021). Importantly, these reference values were constructed based on 

laboratories that adopted guideline-based approaches and similar methodology to evaluate 

the FMD (Anderson et al., 1995, Takase et al., 1998, Broxterman et al., 2019). Furthermore, 

not all FMD data was allometrically scaled due to some papers being published before 

allometric scaling guidelines.  Whilst a strength of our study is the detailed evaluation of 

fitness, cardiovascular risk factors and vascular health, a limitation is that we were unable to 

relate these changes directly to future clinical endpoints (e.g. mortality, morbidity). Finally, 

our analysis only included studies in which participants completed endurance exercise or 

combined aerobic and resistance training, therefore results from this study cannot be 

extrapolated to resistance training or high intensity interval training. 

 

4.5 Conclusion  
 

In conclusion, this study found that regular exercise training, irrespective of the presence of 

a priori endothelial dysfunction, improves physical fitness and cardiovascular risk factors, 

whilst only those with a priori endothelial dysfunction demonstrated improvement in 

endothelial function.  Therefore, this study further highlights the importance of exercise 

training, even in those with endothelial dysfunction, to improve clinically relevant markers of 

cardiovascular risk.  

 



 103 

 

Chapter 5: The effects of acute exercise on 
(cerebro) vascular function in individuals with 
normotension and medicated hypertension. 
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5.1 Introduction  
 

According to the World Health Organisation (WHO), in 2023 an estimated 1.23 billion adults 

aged 30-70 years had hypertension with the prevalence of hypertension increasing globally 

(Mills et al., 2020). One of the major global targets for noncommunicable diseases is to reduce 

the prevalence of hypertension by 33% between 2010 and 2030 (World Health Organisation, 

2023). Since hypertension is the leading modifiable risk factor of cardiovascular and 

cerebrovascular disease and death worldwide, both pharmological and lifestyle interventions 

are needed for prevention and management (Valenzuela Ruiz et al., 2020). Regular exercise 

is a highly effective way to mitigate the risk of cardiovascular (Eijsvogels et al., 2016, Lee et 

al., 2012, Bakker et al., 2021) and cerebrovascular disease (Wang et al., 2015).  Although 

everybody benefits from regular engagement in exercise training, the protective effects of 

exercise against cerebrovascular disease/events may be somewhat smaller in the presence of 

antihypertensive medication (see Chapter 3). 

 

Exercise training is known to have beneficial effects on endothelial function, which crucially 

appears to be mediated by exercise-induced increases in shear stress (Tinken et al., 2010). 

This is seen in both peripheral vascular function (Birk et al., 2012, Green et al., 2017, Maiorana 

et al., 2003) and cerebrovascular function (Bliss et al., 2021). As the benefits of prolonged 

exercise training may be related to the repeated exposures following a single bout of exercise 

(Dawson et al., 2018), it is important to understand the immediate changes in blood flow and 

endothelial function following a single bout of acute exercise (Thijssen et al., 2018). Whilst 

the acute peripheral vascular responses are well reviewed (Dawson et al., 2018, Dawson et 
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al., 2013, Bond et al., 2015), relatively little is known about the immediate effects of exercise 

on cerebrovascular blood flow and function.   

 

Cardiovascular and cerebrovascular diseases are due in part to structural and functional 

changes in the vasculature. FMD assessments are used to determine endothelial function in 

peripheral arteries (Thijssen et al., 2011, Thijssen et al., 2019). Research has tried to develop 

a cerebral endothelial flow mediated dilation test in humans (Carter et al., 2016, Hoiland et 

al., 2017). Previous research from this research group has found that cerebrovascular (ICA) 

and peripheral (brachial artery) artery endothelium dependent and -independent 

vasodilatory function are not correlated which is likely due to differences in baseline and 

shear stimulus (Carr et al., 2021).  

 

Cerebral autoregulation (CA) refers to control of cerebral tissue blood flow (CBF) in response 

to changes in perfusion pressure. Due to the challenges of measuring intracranial pressure, 

CA is often described as the relationship between mean arterial pressure (MAP) and CBF. 

Research in individuals with hypertension and medicated hypertension suggests that the 

cerebral circulation preserves its ability to autoregulate, although the upper and lower limits 

of cerebral autoregulation are shifted to higher levels (Strandgaard and Paulson, 1995, Pavy-

Le Traon et al., 2002). Cerebrovascular reactivity (CVR) is another commonly used measure of 

cerebrovascular function as it measures the extent of change in cerebral blood velocity in 

response to a stimulus and is thought to be an indication of vascular reserve and regulatory 

efficiency within the brain (Ito et al., 2003, Nur et al., 2009). The acute effects of exercise on 

CVR are not well understood. Only two studies, both performed in healthy individuals, have 

investigated the effects of moderate intensity continuous exercise on CVR.  The studies show 
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conflicting findings with absolute CVR being unchanged 1-hour following thirty-minutes of 

moderate intensity-continuous cycling (Weston et al., 2022), whilst 45-minute moderate-

continuous cycling exercise decreased CVR by 16% 1-hour post-exercise (Burma et al., 2020). 

A possible explanation for the differences between studies may relate to the method used to 

determine CVR (Koep et al., 2022). No previous studies examined the acute effects of exercise 

in those with cardiovascular risk, such as hypertension. This is relevant as CVR is diminished 

in hypertensive individuals (Settakis et al., 2003a, Settakis et al., 2003b) which may influence 

the acute-exercise response.  

 

As findings from Chapter have shown that medicated hypertensive individuals may have 

attenuated benefits to exercise training, a potential mechanistic explanation for this 

observation relates to altered acute responses to exercise. Understanding the acute 

responses of exercise may help to understand how exercise may lead to the altered exercise-

training responses. Hypertensive individuals may have different responses compared to 

normotensive individuals due to hypertension-induced remodelling of cerebral arteries with 

increases in wall thickness/lumen ratio (Baumbach and Heistad, 1989) and increased 

autonomic function (Grassi and Ram, 2016). Previous research has shown that the dynamics 

of cerebral autoregulation are well preserved in hypertensive individuals, with no difference 

according to the efficiency of treatment of hypertension (Pavy-Le Traon et al., 2002). 

Furthermore, some antihypertensive medications improve peripheral vascular function, (Koh 

et al., 2004, Ghiadoni et al., 2007) which may result in similar peripheral vascular function to 

healthy individuals. 
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Therefore, the purpose of this study was to examine the acute effects of moderate-intensity 

continuous cycling exercise on cerebrovascular function (i.e., cerebrovascular reactivity 

(CVR)), and specifically whether there is a difference in these responses between a control 

group and treated hypertensive individuals. To better understand these acute effects of 

exercise, we also examined resting cerebral autoregulation, CBv during exercise, in addition 

to the effects on post-exercise peripheral vascular function.  It was hypothesised that CVR to 

hypercapnia would be increased post-exercise compared to baseline (Ogoh et al., 2008), with 

this increase attenuated in individuals who are treated for hypertension. It was also 

hypothesised that cerebral autoregulation, cerebral blood flow velocity during exercise and 

post-exercise FMD would not be different between groups. 

 

 

5.2 Methods 
 

5.2.1 Participants 
 
Seventeen participants volunteered to participant in this study. Participants were included in 

the control group if they were aged between 45-65 years old, blood pressure of <130 mmHg 

systolic and/or <85 mmHg diastolic and has no known cardiovascular or cerebrovascular 

disease.  Individuals were diagnosed as hypertensive by their General Practitioner and were 

prescribed any antihypertensive medication for at least three months were included. 

Individuals were excluded if they had a history of stroke (including TIAs), myocardial 

infarction, thrombosis, congenital heart disease, type 2 diabetes, or currently smoking or 

pregnant. Participant were recruited and informed of the study protocol verbally and in 

writing before providing written informed consent. The study was approved by Liverpool John 

Moores University ethics committee (approval number 23/SPS/014) and conformed to 
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standards set out by the Declaration of Helsinki with the exception of being registered in a 

database. Limited research has investigated the effect of acute exercise on cerebrovascular 

function (using TCD techniques) between two groups and in particular groups with 

cardiovascular disease or risk factors. Based on a study looking at the effects of acute exercise 

on MCAv in individuals with diabetes, the to achieve a power of 80% and an  level of 5% the 

minimal sample per group would be 4 participants (Alwatban et al., 2020). However, the two 

previous papers that have studied the effects of acute exercise on cerebrovascular reactivity 

using a repeated measures design have reported data from 9 and 10 participants (Burma et 

al., 2020, Weston et al., 2022). For this study, the research team will aim for 10-15 per group 

prior to publication. 

 

5.2.2 Research design 
 

Participants undertook one visit at the LJMU laboratory. Participants arrived following an 

overnight fast and refraining from alcohol and exercise for 24 hours and caffeine for 12 hours. 

Lab visits were performed in a quiet, temperature-controlled laboratory (23±1⁰C) at a similar 

time of day (morning) to avoid diurnal effects. Participants rested in a supine position for ~15 

minutes before resting blood pressure was taken. Approximately 5 minutes following blood 

pressure measurements, measures of peripheral vascular function and cerebrovascular 

vascular were performed. A 30-minute acute exercise bout was performed followed by 30 

minutes rest in a supine position. Measures of peripheral vascular function and 

cerebrovascular reactivity were repeated 30 minutes following exercise cessation (Figure 

5.1).  
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Figure 5.1. Schematic of the study design protocol. Abbreviations: FMD, flow mediated 
dilation; SA, static autoregulation; NVC, neurovascular coupling; CVR, cerebrovascular 

reactivity; dCA, dynamic cerebral autoregulation.  

 

5.2.3 Experimental measures 
 

Anthropometric measurements Participants height (SECA Stadiometer 231) and weight (SECA 

scales) were measured, and BMI was calculated. Automatic brachial artery blood pressure 

(Dinamap V100, numed health care, UK) was measured on the right arm, with measurements 

being repeated three times with a resting period of 2 minutes in between and subsequently 

values were averaged.  

Peripheral vascular function Measurements of brachial artery flow mediated dilatation (FMD) 

were performed strictly adhering to expert consensus guidelines (Thijssen et al., 2019, 

Thijssen et al., 2011). This is a measure of endothelial-dependent and nitric oxide mediated 

function, which has been shown to be predictive of future cardiovascular risk (Inaba et al., 

2010, Green et al., 2011, Ras et al., 2013). Participants rested for ≥15 minutes in the supine 

position. The participants’ left arm was extended and positioned at an angle ∼80 degree from 

the torso. A rapid inflation and deflation pneumatic cuff (D.E. Hokanson, Bellevue, WA) was 
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position on the forearm of the imaged arm distal to the olecranon process to provide a 

stimulus to forearm ischaemia. Images of the left brachial artery were acquired using high-

resolution ultrasound (T3300; Terason, Burlington, MA) for one minute rest prior to cuff 

inflation. Analysis of brachial artery diameter was performed using custom designed edge 

detection and wall tracking software which is largely independent of investigator bias 

(Woodman et al., 2001). The cuff was inflated to supra-systolic for 5 minutes and then 

released. Images of the brachial artery were recorded 30 seconds before cuff deflation and 

for 3 minutes thereafter. The area under the curve for shear rate was calculated from the 

point of cuff deflation until the time of peak dilation (SRAUC) (Pyke and Tschakovsky, 2007). 

FMD was calculated as peak artery diameter following hyperaemia, expressed as % increase 

using an allometric model (Atkinson et al., 2013).  

Static Autoregulation Ten minutes following FMD measurements, simultaneous middle 

cerebral artery (MCAv) and posterior cerebra (PCAv) artery blood velocities were continuously 

measured through the temporal window using transcranial Doppler ultrasonography (TCD) 

following standardised procedures (Willie et al., 2011). Two 2-MHz Doppler probes (DWL, 

DiaMon, Compumedics, Singen, Germany) were adjusted until an optimal signal was 

identified and held in place using an adjustable head frame (DWL, DiaMon, Compumedics, 

Singen, Germany). Participants were instrumented with a two-way valve mouthpiece (Hans 

Rudolph) from which end tidal CO2 (PETCO2) was measured using a calibrated gas analyser 

(ML206 ADinstruments, Colorado Springs, USA). Continuous beat-by-beat blood pressure was 

obtained from a Finometer Pro (Finapres Amsterdam, Netherlands) on the right hand. Heart 

rate acquired from a five-lead electrocardiogram.  All data were sampled at 50 Hz with the 
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data acquisition system PowerLab via the interface LabChart 8 (ADinstruments, Colorado 

Springs, USA). 

Neurovascular coupling Two minutes following static autoregulation, neurovascular coupling 

measures were performed. Visual stimulation consisted of looking at a checkerboard image. 

A two-minute baseline of both eyes closed and eyes open was completed before five cycles 

of 40s of looking at the image and 20s eyes closed. MCAv and PCAv were measured 

throughout the test. These data were not analysed for this thesis.  

Cerebrovascular reactivity to CO2 Five to ten minutes following neurovascular coupling 

measures, CVR measures were performed. CO2 reactivity was assessed whilst lying in the 

supine position. Bilateral MCAv was measured for the CO2 reactivity test and to account for 

the influence of potential changes in mean arterial pressure on CVR outcomes from pre to 

post exercise, beat-by-beat blood pressure was noninvasively measured via finger 

plethysmography. Following a 1-minute recorded baseline, participants were switched to 5% 

CO2, 21% Oxygen, and balanced nitrogen from a prefilled Douglas bag (Douglas Bag, Hans 

Rudolph, Oxford) for 4 minutes. Participants were instructed to breathe at their normal 

breathing rate. Resting MCAv, PETCO2 and MAP were calculated as the mean of the minute of 

baseline. This response was taken as the peak response as a 30 second rolling average of 

MCAv. Data was extracted in 1 second time bins from LabChart. A 30 second rolling average 

was calculated in Microsoft Excel from the onset of gas inhalation with the peak 30 second 

rolling average being used to calculate CVR (Koep et al., 2022).   Cerebrovascular CO2 reactivity 

was calculated as both absolute and relative change from baseline MCAv per unit increase 

(mmHg) in PETCO2. using the equations: 
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𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐶𝑉𝑅 =  
Δ𝑀𝐶𝐴𝑉

Δ𝑃𝐸𝑇𝐶𝑂2
 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐶𝑉𝑅 =
%MCAv change from baseline 

Δ𝑃𝐸𝑇𝐶𝑂2
 

 

Where Δ is the change from baseline to the 30 second rolling average MCAv peak. To account 

for the influence of MAP on MCAv, the ratio between MCAv and MAP was expressed as the 

cerebrovascular resistance (CBVR = MAP/MCAv). Cerebrovascular conductance (CVCi)) was 

then calculated (MCAv/MAP).  

Cerebral dynamic autoregulation (Squat stand manoeuvres) Ten minutes following CVR, 

dynamic cerebral autoregulation (dCA) was assessed following guidelines by using squat-to-

stands to induce transient changes in BP (Claassen et al., 2016). Participants performed low 

frequency squats (0.10 Hz) for five minutes. Movements were performed at 0.10Hz to create 

physiologically relevant changes in BP that present challenges to the autoregulatory system 

that are typically experienced in everyday life (Simpson and Claassen, 2018).  During the 

manoeuvres, all participants were instructed to keep their eyes open and to avoid strenuous 

beathing patterns. Data were analysed using Transfer Function Analysis (TFA) in accordance 

with most recent guidelines (Claassen et al., 2016). Data from 5-minute recording of squat-

stands manoeuvres were extracted from Labchart beat-to-beat using ECG tracing. TFA was 

applied using Ensemble (Version 1.0.0.28, Elucimed, Wellington, New Zealand) to calculate 
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associate power (normalised and absolute gain) and timing (phases) and linearity (coherence) 

at the point estimate of the driven frequency (0.10Hz) (Claassen et al., 2016). Gain (absolute) 

represents the damping effect of CA on the magnitude of BP oscillations whilst normalised 

gain refers to the same output as gain, except blood flow velocity values are normalised by 

dividing beat-to-beat values by the mean value (Van Beek et al., 2008). Phase describes the 

time delay between input (MAP) and output (MCAv) while coherence describes the linearity 

between MAP and MCAv (Van Beek et al., 2008).  All TFA parameters were included for 

subsequent analysis as coherence exceeded 0.4. TFA parameters of BP oscillations are 

averaged across the very low (VLF; 0.02-0.07 Hz), low (LF; 0.07-0.2 Hz) and high (HF; 0.2-0.4) 

frequency domains. For dCA, forced  oscillations at 0.10 Hz were employed for this study, this 

falls within the ranges of the LF domain therefore LF was reported as dCA is highly active 

within this frequency of squats (Zhang et al., 1998).  

Acute exercise Participants performed 30 minutes of exercise on a cycle ergometer (Corvial, 

Lode, Netherlands) at 50-60% HRmax [220-(age x 0.7)] at 60-70 rpm. During the exercise bout 

MCAv, PETCO2, HR (Polar, FT1, Finland) and rating of perceived exertion (RPE, Borg Scale) was 

recorded every 10 minutes during the exercise bout.  

 

5.4.2 Statistical analysis  
 

Analysis was performed using SPSS (Version 29; SPSS Inc, Chicago, IL). Baseline characteristics 

between the control group and medicated hypertension group was analysed using an 

independent samples t-test. A two-way mixed design ANOVA was used to evaluate group 

differences in (cerebro)vascular function (FMD and absolute/relative CVR) pre- and 30-minute 

post exercise, with group (control and medicated hypertension) and time (pre and 30 min post 
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exercise) used as main effects. A two-way mixed design ANOVA was used to evaluate the 

potential impact of group (and medicated hypertension) on changes in MAP, MCAv, HR, RPE 

during exercise (0,5,10,15,20,25,30 minutes). Given the possible change in baseline brachial 

artery diameter and post-deflation shear rate area under the curve, acute changes in FMD% 

were also analysed using allometric scaling methods (Atkinson et al., 2013). Statistical 

significance was delimited at P<0.05 and exact P values are cited. 

5.3 Results 

 

5.3.1 Participants 

A total of 17 participants were included in this study, 10 participants (6 male and 4 female) 

were classified in the control group and 7 participants (5 male and 2 female) were diagnosed 

with hypertension and were prescribed antihypertensive medication which are listed in 

Table 5.1. 
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Table 5.1. Baseline characteristics for the normotension and medicated hypertension group. 
Values are means ± SD. 

 

Abbreviations; ACE inhibitor, Angiotensin-converting enzyme; ARB blocker, Angiotensin 
receptor blockers. 
 

 

 
 

5.3.2 Resting conditions 
 

Baseline characteristics. There was no significant difference in age, height, weight, BMI, SBP, 

DBP and MAP (taken from automatic blood pressure cuff) between the normotensive control 

and medicated hypertension group (all P>0.05) (Table 5.1).  

Baseline characteristics Control 
(4 females, 6 

males) 

Medicated 
hypertension 

(2 females, 5 males) 

P value 

Age (years) 54 ± 7 55 ± 6 0.618 

Height (cm) 170 ± 14 168 ± 9 0.103 

Weight (kg) 73.02 ± 15.22 87.34 ± 14.11 0.873 

Body mass index (kg/m2) 25.17 ± 3.97 30.74 ± 7.30 0.081 

Resting heart rate (bmp) 64 ± 13 67 ± 9 0.193 

Systolic blood pressure 
(mmHg) 

128 ± 9 136 ± 13 0.326 

Diastolic blood pressure 
(mmHg) 

79 ± 10 81 ± 12 0.455 

Mean arterial pressure 
(mmHg) 

99 ± 8 103 ± 7 0.930 

Medications 

N = 2 Calcium channel blocker 

N = 1 ACE inhibitors 

N = 1 ARB blocker 

N = 1  ACE inhibitor and calcium channel blocker 

N =2  β-blocker and ACE inhibitor 
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Baseline haemodynamics. There was no significant difference in MAP, MCAv, PETCO2, 

cerebrovascular resistance, SBP, DBP between the control and medicated hypertension group 

(all P>0.05) (Table 5.2).  

Table 5.2 Baseline haemodynamics (taken during measurements for static autoregulation) 
for the control and medicated hypertension group. Values are means± SD.  

 

Abbreviations; MAP, mean arterial pressure; MCAv, middle cerebral artery blood velocity, 
PETCO2, partial pressure of end tidal carbon dioxide; CVRi, cerebrovascular resistance index, 
CVCi, cerebral vascular conductance indexe, SBP, systolic blood pressure; DBP, diastolic 
blood pressure. 

 

Cerebrovascular function. For static autoregulation, baseline blood pressure power was 

significantly higher in the medicated hypertensive group across all frequencies (P<0.05) for 

spontaneous oscillations of MCAv (Table 5.3). Baseline blood pressure power (power spectral 

density) was only significantly different between groups in the high frequency for PCAv 

(P=0.034).  Transfer function analysis demonstrated a significantly greater low frequency gain 

in the control group (P=0.001) whilst there was no significant difference in gain, normalised 

gain, coherence, and phase between the groups (Table 5.3). Regarding dynamic 

autoregulation, parameters of cerebral autoregulation (low frequency gain, normalised gain, 

phase, and coherence) were not significantly different between the medicated hypertensive 

group and the control group (P>0.05, Table 5.4). 

 Control Medicated 
hypertension 

P value 

Resting Data 

MAP (mmHg) 71 ± 10 72 ± 7 0.519 

MCAv (cm.s-1) 58.18 ± 11.42 49.21 ± 15.08 0.238 

PETCO2 (mmHg) 43.88 ± 5.51 39.97 ± 5.33 0.907 

CVRi 0.59 ± 0.15 0.522 ± 0.19 0.93 

CVCi 0.59 ± 0.16 0.54 ± 0.18 0.555 

SBP (mmHg) 128 ± 9 136 ± 13 0.933 

DBP (mmHg) 79 ± 10 81 ± 9 0.292 
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Table 5.3 Power spectral and transfer function analysis of cerebral autoregulation during spontaneous changes in BP and CBFv. 

 Control 
 

Medicated hypertension  P Values 

Power Spectrum 

Baseline MCAv power (cm/s2) 

VLF (10/7) 10.86 ± 9.69 6.48 ± 5.96 0.259 

LF (10/7)  6.09 ± 6.00 7.69 ± 11.51 0.282 

HF (10/7) 4.85 ± 7.19 8.08 ± 15.57 0.139 

Baseline BP power (mmHg2) 

VLF (10/7) 16.19 ± 9.23 31.39 ± 33.13 0.008 

LF (10/7) 10.75 ± 9.22 25.81 ± 30.30 0.009 

HF (10/7) 6.37 ± 8.23 22.47 ± 30.90 0.005 

Transfer Function  

Spontaneous Oscillations 

VLF gain (cm.s.mmHg) (10/5) 0.72 ± 0.32 0.54 ± 0.18 0.333 

VLF Normalised gain (%.mmHg-1) 
(10/5) 

1.18 ± 0.28 1.43 ± 0.28 0.302 

VLF phase (radians) (10/5) 0.82 ± 0.70 0.19 ± 0.74 0.967 

VLF coherence (10/7) 0.57 ± 0.15 0.44 ± 0.14 0.730 

LF gain (cm.s.mmHg) (10/6) 0.72 ± 0.18 0.68 ± 0.19 0.938 

LF Normalised gain (%.mmHg-1) 
(10/6) 

1.18 ± 0.28 1.42 ± 0.28 0.865 

LF coherence (10/7) 0.70 ± 0.21 0.59 ± 0.27 0.716 

LF phase (radians) (10/6)   0.414 

HF gain (cm.s.mmHg) (10/6) 1.45 ± 1.79 0.71 ± 0.28 0.197 
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HF Normalised gain (%.mmHg-1) 
(10/6) 

2.36 ± 2.73 1.46 ± 0.37 0.183 

HF coherence (10/7) 0.60 ± 0.29 0.57 ± 0.29  0.605 

HF phase (radians) (10/6) 0.35 ± 0.68 -0.05 ± 1.15 0.539 

Baseline PCAv power (cm/s2) 

VLF (5/6) 5.43 ± 3.28 5.80 ± 6.91 0.454 

LF (5/6) 3.31 ± 2.70 6.24 ± 9.44 0.185 

HF (5/6) 2.3 ± 3.12 7.12 ± 13.28 0.127 

Baseline BP power (mmHg2) 

VLF (5/6) 13.14 ± 6.56  21.02 ± 20.37 0.188 

LF (5/6 10.94 ± 10.70 16.75 ± 20.29 0.212 

HF (5/6) 7.00 ± 9.07 21.15 ± 33.64 0.034 

Transfer Function  

Spontaneous Oscillations 

VLF gain (cm.s.mmHg) (5/4) 0.44 ± 0.79 0.43 ± 0.17 0.107 

VLF Normalised gain (%.mmHg-1) 
(5/4) 

0.99 ± 0.36 1.21 ± 0.21 0.478 

VLF phase (radians) (5/4) 1.24 ± 0.61 0.30 ± 0.76 0.681 

VLF coherence (5/6) 0.48 ± 0.10 0.43 ± 0.14 0.549 

LF gain (cm.s.mmHg) (5/6) 0.54 ± 0.05 0.53 ± 0.12 0.001 

LF Normalised gain (%.mmHg-1) 
(5/6) 

1.22 ± 0.24 1.39 ± 0.18 0.272 

LF phase (radians) (5/6) 0.66 ± 0.55 0.35 ± 0.26 0.330 

LF coherence (5/6) 0.63 ± 0.26 0.64 ± 0.17 0.270 

HF gain (cm.s.mmHg) (4/6) 0.54 ± 0.05 0.53 ± 0.12 0.121 
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HF Normalised gain (%.mmHg-1) 
(4/6) 

1.11 ± 0.15 1.29 ± 0.48 0.094 

HF phase (radians) (4/6) 0.28 ± 0.45 0.39 ± 0.63 0.737 

HF coherence (5/6) 0.59 ± 0.32 0.56 ± 0.26 0.295 

Data presented as mean±SD. Abbreviations; VLF, very low frequency; LF, low frequency; HF, high frequency; MCAv, middle cerebral artery 
velocity; BP, blood pressure 

 

Table 5.4 Power spectrum densities of forced oscillations in mean arterial pressure and cerebral blood flow velocity during squat-stand 
manoeuvres (0.10Hz, low frequency). 

 Control Medicated hypertension P value 

Power Spectrum 

BP power (mmHg2) 390.16 ± 177.25 534.88 ± 282.93 0.310 

Baseline MCAv power (cm/sec2) 336.30 ±182.5 130.94 ± 69.91 0.048 

Transfer Function  

LF gain (cm.s.mmHg) 0.87 ± 0.32 0.54 ± 0.16 0.245 

LF Normalised gain (%.mmHg-1) 1.35 ± 0.28 1.35 ± 0.35 0.798 

LF coherence  0.73 ± 0.16 0.74 ± 0.24 0.243 

LF phase (radians) 0.46 ± 0.37 0.18 ± 0.36 0.918 

Data presented as means ± SD. Abbreviations; LF, very low frequency; LF, low frequency; HF, high frequency; MCAv, middle cerebral artery 
velocity; BP, blood pressure 
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5.3.3 During exercise  
 

MCAv (F2.386,4.825, P= 0.016), Heart rate (F3.130, 71.787, P<0.001) and RPE (F2.808,90.103, P<0.001) all 

increased during the exercise bout with a main effect of time (Figure 5.2) but there was no 

significant group or interaction effect. There was no effect of group, time or interaction on 

MAP and PETCO2 during the exercise bout all P>0.05. 
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Figure 5.2: Middle cerebral artery velocity (MCAv) (a), PETCO2 (b), MAP (c), heart rate (d), RPE 
(e) in response to moderate intensity cycling in individuals in the group and medicated 
hypertension group. Error bars represent SD. * indicated a significant effect of time P<0.05. 
Abbreviations; MCAv, Middle cerebral artery velocity, PETCO2, end tidal volume of CO2; MA, 
mean arterial pressure; HR, heart rate; bpm, beats per minute; RPE, rate of perceived exertion. 

- 0 minutes represents starting values whilst seated on the cycle ergometer.  
 

5.3.4 The effects of acute exercise on cerebral and peripheral vascular function 
 

Cerebrovascular function. There was a significant interaction effect between groups for resting 

MCAv (F1.00,13.00 = 6.31, P=0.026).  The control group showed a reduction in resting MCAv (8.98 

cm/s) from pre-exercise to 30-minute post exercise, whilst the medicated hypertensive group 

showed an increase in resting MCAv (4.34 cm/s) from pre to post exercise (Table 5.5). Upon 

correction for differences in blood pressure, we found no significant effect of group (control 

and medicated hypertension), time (pre to post exercise) or interaction for cerebrovascular 

conductance (all P>0.05) (Table 5.5). 

There was a significant interaction effect (F1,13= 4.801, P=0.02) between group and the change 

across time for CVR. Post-hoc analyses revealed that absolute CVR decreased by 0.6 

cm/s/mmHg in the control group, but increased by 1.03 cm/s/mmHg in the medicated 

hypertensive group (Table 5, Figure 5.3).  
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Table 5.5 Cerebrovascular reactivity to 5% carbon dioxide. 
 

Variable  Control 
Pre exercise  

Control 
30 min post 
exercise 

Medicated 
Hypertension 
Pre exercise 

Medicated 
Hypertension  
30 min post 
exercise 

Time Group Time*Condition 

Baseline  

MCAV  (cm/s) 67.21 ± 14.19 58.23 ± 14.92 48.62 ± 11.86  52.96 ± 7.85 0.397 0.103 0.026* 

PETCO2max (mmHg) 44.29 ± 5.54 43.92 ± 5.64 40.38 ± 3.96 41.08 ± 4.45 0.862 0.231 0.589 

MAP (mmHg) 80 ± 21 85 ± 23 85 ± 19 81 ± 31 0.933 0.960 0.548 

CBVR 1.25 ± 0.42 1.51 ± 0.44 1.82 ± 0.42 1.62 ± 0.79 0.812 0.212 0.081 

CVCi 0.92 ± 0.42 0.71 ± 0.19 0.59 ± 0.18  0.77 ± 0.42 0.895 0.355 0.107 

30s rolling average 

MCA (cm/s) 87.44 ± 19.55 73.73 ± 19.24 64.93 ± 17.22 73.37 ± 21.04 0.468 0.273 0.08 

PETCO2 (mmHg) 52.03 ± 4.29 51.32 ± 4.29 48.65 ± 5.06 48.12 ± 4.76 0.158 0.197 0.843 

MAP (mmHg) 94 ± 17  90 ± 24 98 ± 12 94 ± 26 0.584 0.714 0.952 

Absolute CVR 
(cm/s/mmHg) 

2.77 ± 1.24 2.17 ± 0.67 1.85 ± 0.60 2.88 ± 1.76 0.572 0.834 0.047* 

Relative CVR 
(%/mmHg) 

4.01 ± 1.22 3.96 ± 1.67 3.86 ± 0.99 5.20 ± 2.59 0.328 0.398 0.297 

Absolute CVRCO2MAP 

(cm.s,mmHg-1.mmHg-1) 
0.81 ± 1.31 0.50 ± 0.78 0.60 ± 1.37 0.50 ± 1.13 0.701 0.831 0.844 

Relative CVRCO2MAP 

(%cm.s/mmHg-1.mmHg-1 
0.95 ± 1.43 0.50 ± 0.74 0.79 ± 1.60 0.50 ± 1.13 0.514 0.883 0.889 

CVRi 1.13 ± 0.30 1.21 ± 0.32 1.26 ± 0.78 1.15 ± 0.84 0.890 0.889 0.267 

CVCi 0.93 ± 0.20 0.64 ± 0.07 0.75 ± 0.33 0.64 ± 0.04 0.183 0.541 0.540 
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Abbreviations; MCAv, middle cerebral artery velocity; PETCO2, partial pressure of end tidal carbon dioxide; MAP mean arterial pressure; CVRi 
cerebrovascular resistance index; CVCi,  conductance index to carbon dioxide; CVR cerebrovascular reactivity; CVRCO2MAP mean arterial pressure 
reactivity to carbon dioxide.  
*Indicated significance P<0.05 
 
 
 

 
Figure 5.3. Individual data points (black lines) and mean (red line) for absolute CVR pre and post exercise for control (A) and medicated 
hypertensive (B) groups. 
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Peripheral vascular function There was no significant effect of group (control and medicated 

hypertension), time (pre to post exercise) or interaction effect on FMD (Table 5.6). 
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Table 5.6 Vascular function for participants with normotension and medicated hypertension 
 

 Control 
Pre exercise 

Control 
30 min post 
exercise 

Medicated 
hypertension 
Pre exercise 

Medicated 
hypertension 
30 min post 
exercise  

Group  Time Interaction 

Baseline 
Diameter (mm) 

3.70 ± 0.54 3.77 ± 0.57 4.41 ± 0.91 4.29 ± 1.03 0.108 0.781 0.309 

Peak Diameter 
(mm) 

3.95 ± 0.54 4.02 ± 0.58 4.63 ± 0.80 4.53 ± 0.94 0.096 0.867 0.368 

FMD (%) 6.75 ± 2.75 6.59 ± 3.19 5.59 ± 3.83 6.32 ± 3.76 0.647 0.644 0.466 

FMD (mm) 0.25 ± 0.09 0.24 ± 0.11 0.22 ± 0.12 0.24 ± 0.11 0.141 0.929 0.639 

Time to Peak (s) 48.30 ± 29.83 38.09 ± 18.24 55.86 ± 22.83 52.26 ± 8.03 0.186 0.371 0.665 

Shear AUC (103) 16488.83 ± 
8058.94 

13366.77 ±  
6563.705 
 

 

12460.41 ±  
8956.656 
 

17579.18 ±  
7486.338 
 

 

0.959 0.644 0.094 

Abbreviations: Shear AUC; Shear rate area under the curve, FMD; Flow mediated dilatation.



 127 

5.4 Discussion  
 

The aim of the current study was to investigate the acute effects of moderate-intensity 

continuous cycling on cerebrovascular function, but also to examine whether there is a 

difference in responses between a control group and treated hypertensive individuals. This 

study found that individuals who are treated for hypertension demonstrated a distinct 

response for post exercise levels of MCAv and absolute CVR compared to the control group. 

The differences in responses between the two groups are unlikely related to baseline 

autoregulation or blood flow changes during exercise, as both groups showed similarity in 

these responses. This study also found no change in peripheral vascular function in either 

group following acute exercise. Overall, findings from this study suggest that individuals 

treated for hypertension have a different post-exercise cerebrovascular response.   

In the present study cerebrovascular reactivity decreased following acute exercise in healthy 

individuals.  Only two previous studies, both performed in healthy individuals, have examined 

the effects of acute exercise on CVR.  Burma and colleagues examined 45-minute moderate-

continuous cycling exercise (at ~50% heart-rate reserve) and reported a decreased relative 

hypercapnic slope (7% CO2 closed circuit rebreathing) by 20% immediately following exercise 

and 16% 1 hour post-exercise in healthy individuals (Burma et al., 2020). This finding is 

comparable to the control group within our study, which showed a small decrease (0.6 

cm/s/mmHg) in absolute CVR 30 minutes post moderate intensity cycling. Conversely, 

another study found that 30 minutes of moderate intensity continuous exercise did not 

change absolute CVR (6% CO2 for 4 minutes) 1 hour post-exercise cessation (Weston et al., 

2022). The differences in outcomes between studies may relate to the method used to assess 

CVR when comparing open circuit breathing (Weston et al., 2022) or 7% CO2 closed circuit 
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rebreathing (Burma et al., 2020). There are recent concerns regarding the variability or 

changes in MCAv during open circuit hypercapnic challenges. (Koep et al., 2021, Burley et al., 

2020). CVR in the present study was analysed using a reliable approach from Koep et al (2022). 

In addition, there may be a dynamic post-exercise response, as reported in peripheral vascular 

function (Dawson et al., 2013), and as such the timing of assessments post-exercise may 

influence the findings. Further work is needed to examine post-exercise responses in CVR in 

healthy individuals.  

A key finding in this study is the different post-exercise response for CVR in medicated 

hypertensive individuals compared to control. The increase in CVR following acute exercise in 

medicated hypertensive individuals may be attributed to the effects of antihypertensive 

medication. Mean absolute CVR increased in individuals who are treated for hypertensive 

following acute exercise, whilst in controls CVR decreased.  As this study observed no 

difference at baseline in static and dynamic autoregulation (gain, phase or coherence) 

between groups, and no difference in cerebral perfusion or exercise haemodynamics (MCAv, 

MAP, PETCO2, HR) at rest or during exercise between healthy individuals and those with 

medicated hypertension, it is unlikely that differences in post-exercise responses are due to 

altered cerebral autoregulation at baseline. More specifically, the differences in post exercise 

response in CVR between the medicated hypertensive group and healthy individuals may be 

influenced by the effects of exercise on vascular dynamics and autonomic regulation. The 

Selfish Brain hypothesis of hypertension suggests that that brainstem hypoperfusion triggers 

increased sympathetic nervous system activity and blood pressure as a mechanism to 

maintain cerebral perfusion (Hart, 2016). Individuals with hypertension have altered 

autonomic nervous activity, with an increased sympathetic output and decreased 
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parasympathetic tone, compared to healthy individuals (Grassi and Ram, 2016). Acute 

exercise can further modulate autonomic function, increasing sympathetic activity and 

decreasing parasympathetic activity (Robinson et al., 1966, Ekblom et al., 1972, Fagraeus and 

Linnarsson, 1976). In medicated hypertensive individuals, this shift in autonomic balance 

following exercise may lead to a more pronounced increase in CVR, reflecting enhanced 

sympathetic-mediated vasodilation but it currently unknown what effects increased 

sympathetic nervous system activation has on the cerebrovasculature.  

This study also found no difference in resting peripheral vascular function between the 

normotensive and medicated hypertensive group. Previous work found that FMD was lower 

in individuals with essential hypertension compared to normotensives despite good blood 

pressure control (Furumoto et al., 2002). Given that blood pressure has been shown to be 

negatively associated with FMD in unmedicated individuals (Holder et al., 2021), the use of 

antihypertension medication may explain why there is no difference in peripheral vascular 

function between the two groups. Previous work has demonstrated that angiotensin 

converting enzyme inhibitors (ACEIs) and angiotensin II receptor blockers (ARBs) improve 

FMD (Koh et al., 2004, Ghiadoni et al., 2007). Furthermore, the individuals in the control group 

in the present study were older and could have been pre-hypertensive, which may offer a 

potential explanation for the lack of a difference between groups.  

This study demonstrated that acute exercise did not affect FMD in either group. There is 

variability among the literature examining the effects of acute exercise on vascular function. 

Measurements taken 30-60 minutes post exercise have reported conflicting findings with 

some studies reporting an increase (Goel et al., 2007, Harris et al., 2008, Harvey et al., 2005, 

Johnson et al., 2012, Hanson and Casey, 2023), decrease (Harris et al., 2008, Jurva et al., 2006, 
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Rognmo et al., 2008, Caldwell et al., 2023) or no change (Harvey et al., 2005, Rognmo et al., 

2008, Johnson et al., 2012) in FMD following exercise. Studies that have taken multiple FMD 

measures after exercise training have shown that the timing of the postexercise FMD 

assessment can alter the findings (Dawson et al., 2013).  Exercise intensity can also influence 

post exercise FMD (Dawson et al., 2013). Serval studies  (Dawson et al., 2013, Dawson et al., 

2018, Birk et al., 2012, Johnson et al., 2012, Katayama et al., 2013) but not all (Iwamoto et al., 

2018, Dawson et al., 2008) have reported that acute endurance exercise leads to a decrease 

in FMD when performed at higher intensities, therefore our moderate intensity exercise may 

not have been sufficient to elicit a decrease.   

Increase in cerebrovascular function post-acute exercise was not mirrored by changes in 

peripheral vascular function. This supports previous research that reported no significant 

correlation between resting peripheral and cerebral shear-mediated endothelial function at 

rest (Carr et al., 2020). Findings from the present study support the idea that peripheral and 

cerebrovascular function (measured in the MCA) responds differently to acute exercise which 

has also been demonstrated in work examining the acute effects of HIIE on cerebrovascular 

and peripheral vascular function (Weston et al., 2014). Non-exercise interventions have also 

shown peripheral and cerebrovascular function measures to respond differently; sugar 

sweetened-beverage consumption increased brachial artery FMD but did not change CVR in 

adolescents (Koep et al., 2021). Collectively, these data provide further support that findings 

from the periphery cannot be extrapolated to cerebrovascular reactivity when measured 

using TCD.  

Whilst the relevance of acute exercise responses are not fully understood, previous research 

has shown that acute peripheral vascular responses to exercise stimulus may predict vascular 
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adaptation (Dawson et al., 2018). Dawson et al found a significant positive correlation 

between the immediate exercise-induced change (post–pre) in FMD and the change in FMD 

after training (Dawson et al., 2018). The training-induced change in FMD was positively and 

significantly correlated to acute exercise-induced changes in mean shear. However, 

correlation does not imply causation and it is currently unknown if the drop in FMD is related 

to the transient period of risk for cardiovascular events that has been previously reported for 

one hour following exercise (Whang et al., 2006, Smyth et al., 2016). Understanding the acute 

effects of exercise may predict future clinical cardioprotective responses (Thijssen et al., 

2018). To date it is unknown what an increase, decrease or no change in (cerebro) vascular 

parameters following exercise means for future cardiovascular risk. Interestingly, in Chapter 

3, it was found that individuals who were prescribed antihypertensive medication may also 

demonstrate impaired cardioprotective effects of physical activity on the risk of stroke, 

compared to normotensive individuals. However, it cannot be speculated that the different 

association on stroke risk is due to differences in acute exercise responses of cerebrovascular 

reactivity between the control and medicated hypertensive group, further research is 

warranted.  

There are several strengths to this study including that FMD was analysed according to 

published guidelines in which FMD being scaled allometrically (Atkinson et al., 2013) and CVR 

was analysed using a reliable approach from an open circuit CO2 breathing test (Koep et al., 

2022). However, this study does present with limitations; the first notable limitation was the 

small sample size. The use of TCD as a surrogate measure of CBF presents with challenges as 

this method does not allow for directly measured changes in vessel diameter in response to 

changes in PETCO2. Research demonstrates that MCAv diameter to remain constant in 
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response to modest changes in CO2 (± 5 mmHg) but this remains debated (Brothers and 

Zhang, 2016, Hoiland and Ainslie, 2016) as well as during acute moderate changes in BP (Giller 

et al., 1993, Serrador et al., 2000). Furthermore, as measurements have only been taken at 

one time point following exercise (30 minutes), this means we are not examining the time-

course of potential post exercise changes. Measurements at more time points need to be 

taken to examine the full time-course changes. Furthermore, VO2max was not measured which 

may influence cerebral blood flow and CVR (Barnes et al., 2013, Intzandt et al., 2020, Thomas 

et al., 2013) although this effect is not clear. 

 

5.5 Conclusion  
 
To summarise, findings from this study suggest that acute cerebrovascular responses 

following a bout of moderate intensity exercise may be different between healthy individuals 

and medicated hypertensives which was shown by a reduction in absolute CVR in the control 

group and increases in medicated hypertensives. The results need to be interpreted with 

caution due to the small sample size but warrant future studies to understand the time-course 

and potential implications of responses to cerebrovascular function in individuals with 

treated hypertension. 
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Chapter 6: Synthesis of Findings 
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6.1 Aims of Thesis  
 
The overarching aim of this thesis was to further investigate the heterogeneity of 

cardiovascular responses to exercise training. For this purpose, a range of clinical conditions, 

interventions and assessments of cardiovascular health were included in the thesis.  The work 

described in the present thesis was designed to examine the interaction between 

cardiovascular risk factors and exercise on the cardioprotective effects associated with 

regular exercise. In order to examine this topic, Chapter 3 investigated the impact of 

hypertension (a leading cardiovascular risk factor) on the dose-response association between 

regular physical activity and cardiovascular events (stroke) and explored whether medication 

altered this relationship.  Secondly, this thesis investigated whether a priori endothelial 

dysfunction is associated with distinct exercise training-induced improvements in traditional 

cardiovascular disease risk factors, cardiopulmonary fitness, or vascular function. Finally, 

Chapter 5 aimed to investigate the potential mechanistic explanations on the impact of 

antihypertensive medication use on vascular responses to acute exercise.  

 

6.2 Summary of Major findings 
 
 
The novel work undertaken in this thesis has generated new knowledge which could inform 

future clinical practice. The main findings of this thesis are: 

1. Regular physical activity reduces stroke risk in the total population. The dose response 

association does not differ between normotensive and hypertensive individuals. 

However, the use of antihypertensive medication may be associated with a smaller 

benefit of regular physical activity on stroke risk (chapter 3). 
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2. The benefits of exercise training on cardiovascular risk factors seems similarly present 

across multiple clinical groups and does not seem to be affected by a priori endothelial 

function status (chapter 4). 

3. Acute exercise leads to immediate changes in cerebral blood flow velocity and 

cerebrovascular function following exercise, with medicated hypertensive individuals 

demonstrating distinct acute effects of moderate intensity exercise on 

cerebrovascular function and cerebral blood velocity compared to controls (chapter 

5).   

 

6.3 General discussion of major findings 
 

6.3.1 A priori heath status does not alter the cardioprotective effect of increased physical 
activity. 
 
This thesis aimed to investigate what factors may alter the cardioprotective effects of 

exercise. Whilst increased PA is accepted as a lifestyle intervention to improve cardiovascular 

health in most populations, the heterogeneity of the response and the mechanisms 

underpinning improved cardiovascular health are still not fully known. The interaction 

between cardiovascular risk factors and endothelial function is complex, with changes in one 

impacting the other. However, it is possible that there are independent and possibly additive 

effects of endothelial dysfunction and CVD risk factors following increased PA/exercise 

training. It is widely acknowledged that regular PA is strongly associated with a reduced risk 

of noncommunicable diseases and mortality (Eijsvogels et al., 2016, Lee et al., 2012). Data 

from the general population indicate that the benefits of PA on mortality and morbidity follow 

a curvilinear dose–response relationship (Eijsvogels et al., 2016, Moore et al., 2012, Kraus et 

al., 2019, Arem et al., 2015). However, individuals with established CVD patients show 

conflicting results as some studies found a linear association between PA and mortality 
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reductions (Moholdt et al., 2008, Stewart et al., 2017, Jeong et al., 2017) whereas others 

demonstrate the presence of a reverse J-shaped or U-shaped relationship (Mons et al., 2014, 

Wannamethee et al., 2000, Williams and Thompson, 2014, Keteyian et al., 2012).  The 

cardiovascular health status may influence the benefits of MVPA as larger volumes of MVPA 

are linked to greater health benefits in healthy participants compared to individuals without 

CVD (Jeong et al., 2019, Bakker et al., 2021). Presence of cardiovascular risk factors has also 

been shown to alter the association between MVPA and incident major adverse 

cardiovascular events and mortality, as a curvilinear association was found in healthy 

individuals and individuals with cardiovascular disease risk factors, whilst CVD patients 

demonstrated a linear relationship (Bakker et al., 2021).  A novel aspect of this thesis is the 

focus on the relationship between MVPA and stroke risk, whilst investigating the effect of a 

singular cardiovascular risk factor on this dose response association between MVPA and 

stroke (i.e., hypertension, Chapter 3). Findings from Chapter 3 and Chapter 4 reinforcing 

importance of regular physical activity, regardless of a priori health status, due to its 

cardioprotective effects. 

 

6.3.2 Medication use may alter the cardioprotective effect of acute exercise and exercise 
training.  
 
Whilst it was found that exercise training was beneficial in hypertensive individuals to reduce 

stroke risk, there is still variation in individual responses. As antihypertensive medication is 

prescribed to individuals with hypertension when lifestyle interventions have not reduced 

blood pressure, it is important to understand the impact of antihypertensive medication use 

on exercise training responses. Findings of Chapter 3 and 5 suggested that, although exercise 

training has benefits in most individuals, the use of medication may alter both the acute 

effects of exercise (Chapter 5) as well as the cardioprotective effect of regular exercise 
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(Chapter 3). There is no consensus among the literature on the impact of medication use on 

the cardioprotective benefits of exercise. The influence of antihypertensive medication is 

likely to be multifactorial due to different antihypertensive medications affecting different 

pathophysiological pathways.  

 

There is limited research that has investigated the impact of ACE inhibitor on exercise training 

functional responses, with the majority of research investigating the impact in older 

individuals with functional impairment. Twenty weeks of ACE inhibitor treatment alone 

(compared to placebo) has been shown to improve 6-minute walking distance in elderly 

people with functional impairment (Sumukadas et al., 2007) and heart failure (Hutcheon et 

al., 2002) whilst others have shown no improvement in physical function (Cesari et al., 2010, 

Zi et al., 2003). A two-year cohort of older individuals with hypertension demonstrated that 

exercise is an effective strategy to reach hypertensive and functional status goals, 

independently of the ACE inhibitor therapy (Baptista et al., 2018). However, chronic 

treatment of ACE inhibitor alone reduced upper body strength and aerobic endurance 

(measured by senior fitness test battery) (Baptista et al., 2018) while others did not find any 

association between ACE inhibitor treatment and markers of physical performance (Cesari et 

al., 2010, Spira et al., 2016) or exercise-induced adaptations (Sumukadas et al., 2014). An 8-

week randomised control trial of normotensive untrained participants receiving either ACE 

inhibitor or placebo found that high-intensity physical activity increases whole-body maximal 

oxygen uptake and skeletal muscle endurance independent of ACE inhibitor treatment in 

normotensive adults. However, the administration of ACE inhibitor impairs the exercise-

induced increase in lean mass and left atrial volume and compromises total haemoglobin 

mass (Sjúrðarson et al., 2022).  On the other hand, older individuals with mild to moderate 
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functional impairment following a 12- month exercise intervention which involved strength, 

flexibility, and balance training, reported more pronounced training-induced improvements 

(following a 12-month exercise intervention) in walking speed and mobility (measured using 

Short Physical Performance Battery test)  in older individuals with mild to moderate functional 

impairment receiving ACE inhibitors compared to nonusers (Buford et al., 2012). Within this 

study, individuals taking ACE inhibitors alongside other antihypertensive medication were 

categorised within the ACE inhibitor group therefore results need to be interpreted with 

caution. More research is warranted to understand the impact of ACE inhibitors on exercise 

induced adaptation in order to understand why we have preliminary found that the use of 

antihypertensive medication may be associated with smaller cardioprotective benefits when 

combined with exercise. The majority of research has investigated the impact of ACE 

inhibitors on exercise-induced adaptations in older individuals with functional impairment, 

more research is warranted to investigate this impact in individuals with hypertension in 

order to clearly understand the impact that ACE inhibitors may have. 

 

Angiotensin type-1 receptor (AT1) and bradykinin receptor B2 are widely expressed (Deminice 

et al., 2020, Figueroa et al., 1996, Matsumoto et al., 2000, Minshall et al., 1995), and their 

activation partially mediates adaptations to exercise training (Barauna et al., 2008, Massidda 

et al., 2014). ACE inhibitors have a range of effects including reduced circulating angiotensin 

II and increased plasma bradykinin concentration (Su et al., 1999) therefore, ACE inhibitors 

may alter exercise adaptations. ACE inhibitors inhibit the conversion of angiotensin I to 

angiotensin II which indirectly impacts the impact of AT1 receptor signalling. Reduction of 

angiotensin II results in vasodilation of the blood vessels (Sudhir et al., 1996). ACE inhibition 

has been demonstrated to partially normalise impaired vasodilation after long-term but not 
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short-term administration (Drexler et al., 1989, Wilson and Ferraro, 1985). The increased 

vasodilation may be beneficial in improving blood flow to active muscles (thus enhancing 

oxygen delivery and nutrient delivery) meaning that those taking this medication may 

experience improved exercise tolerance due to enhanced muscle perfusion.  Improvements 

in leg blood flow after ACE inhibition parallel increases in exercise capacity in heart failure 

patients (Drexler et al., 1989). On the other hand, the reduced vasoconstriction may alter the 

redistribution of blood flow to active muscles and non-exercising tissue during exercise. 

Angiotensin II is also involved in cardiac remodelling via activation of AT1 receptors,  

consequently taking ACE inhibitors has been shown to impair cardiac hypertrophy (Barauna 

et al., 2008). Whilst this may be beneficial in some cardiovascular conditions, it may impact 

cardiac adaptations that normally occur in response to exercise-induced stress, potentially 

altering the beneficial effects of exercise on cardiac structure and function. Overall, ACE 

inhibitor treatment may alter exercise-induced adaptations via multiple different pathways 

including reducing circulating angiotensin II and increased plasma bradykinin. 

 

Beta blockers and calcium channel blockers are also commonly prescribed to individuals with 

hypertension. β-blockade has been found to compromise exercise performance, impair 

thermoregulation during exercise (Gordon and Duncan, 1991) as well as attenuate the 

exercise effectiveness on lowering lipids (Duncan et al., 1989) and can adversely affect or 

attenuate the acute response to exercise and trainability to aerobic exercise (Pollock et al., 

1991). These effects of beta-blockers may theoretically attenuate the exercise-induced 

hermetic stimuli and diminish the ability to benefit and adapt to exercise training. This is 

supported by studies examining responses during submaximal exercise, as the use of beta-

blockers alone or in combination with other antihypertensive medications was associated 
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with lower SBP, DBP and HR (Kokkinos et al., 2006). In a 6-week exercise training study (5 

days/week, 45 min/day, at least 75% peak heart rate), 39 men were assigned oral propranolol, 

atenolol or matched placebo. Peak oxygen consumption increased significantly with training 

in all three groups.  Similarly, peak work rate and duration of work increased in all 3 

groups. Thus, cardiovascular training effects can be produced in healthy men despite the 

presence of beta blockers (Savin et al., 1985). Sixteen weeks of aerobic exercise training in 

healthy individuals, 17 to 34 years of age, receiving either placebo, propranolol (160 mg/day) 

and atenolol (100 mg/day). All groups reduced their submaximal steady-state heart rates 

consequent to training; submaximal oxygen uptake was slightly reduced; submaximal stroke 

volume was increased only in the placebo and atenolol groups; submaximal cardiac output 

was generally lower; and arterial-mixed venous oxygen difference was increased after 

training and maximal treadmill time were increased in all three groups after training (Wilmore 

et al., 1985). Furthermore, in a randomised control trial on cardiovascular effects of an 

endurance training programme in elderly hypertensives with or without beta-blocker were 

randomly assigned to sedentary activity or a heart rate controlled twelve-week treadmill 

exercise programme. In the exercise group, the training significantly decreased systolic and 

diastolic 24-hour ABP, blood pressure on exertion (100 W) and increased endothelium-

dependent vasodilation (flow-mediated vasodilation, FMD) and physical performance both in 

the presence and absence of beta-blockade. Mean training heart rate was significantly lower 

in the patients on beta-blockers. These findings suggest that endurance training evokes 

comparable cardiovascular benefits in the presence and absence of beta-blockade including 

a marked improvement of endothelial function (Westhoff et al., 2007). Collectively, the 

highlighted exercise training studies demonstrate that despite the presence of beta-blockers, 

cardiovascular adaptations can still occur following exercise training. 
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Furthermore, another explanation for the difference in normotensive and medicated 

hypertensives may be due to the pathophysiology of hypertension. Specifically, those with 

hypertension require relatively greater increases in arterial pressure, heart rate, and 

sympathetic efferent activity during exercise compared to normotensive 

individuals (Anderson et al., 1989, Aoki et al., 1983, Floras and Hara, 1993). Such excessive 

elevations in blood pressure and sympathetic activity may attenuate the efficiency of acute 

responses to exercise, but also has potential detrimental effects. Combined, such effects may 

attenuate adaptation to exercise training. For example, elevated sympathetic tone and 

endothelial dysfunction may contribute to increased vascular resistance (due to impaired 

vasodilation), potentially impacting blood flow regulation and increasing the workload on the 

heart, as appropriate systemic vascular function during exercise is essential for counteracting 

excessive rises in arterial blood pressure and decreasing left ventricular afterload (Munir et 

al., 2008). Individuals with hypertension have demonstrated an impairment in exercise 

induced vasodilation (Miyai et al., 2000, Stewart et al., 2004) which elevate the ratio of 

pulsatile pressure to pulsatile flow and cause a greater rise in systolic BP during exercise. 

(Schultz and Sharman, 2014). Impaired vasodilation may also limit blood flow to working 

muscles during exercise which may result in reduced exercise capacity and endurance in 

hypertensive individuals compared to normotensive individuals. Systemic vascular resistance 

measured during exercise was the strongest predictor of future CV events, irrespective of BP 

at rest or during exercise (Fagard et al., 1996). Consequently, this may explain why those with 

hypertension may show an altered response to exercise compared to healthy individuals. 

However, there is a lack of studies directly examining the influence of the pathophysiology of 

hypertension on exercise induced adaptations. 
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Disease severity (which links into endothelial health and risk factors) may offer a potential 

explanation for the differences seen between individuals with normotension and medicated 

hypertension. Previous research has suggested that those with established CVD may not 

benefit to the same extent as healthy individuals (Stewart et al., 2017, Jeong et al., 2017, 

Bakker et al., 2021). Studies have found that the magnitude of endothelial dysfunction 

increases in proportion with the accumulation of CV risk factors (Hashimoto et al., 2000). 

Chapter 3 is a large epidemiology study from data collected in The Netherlands. General 

practitioners in the Netherlands prescribe antihypertensive medication to individuals based 

on a SCORE model (which includes sex, age, smoking status, BP, cholesterol) (Piepoli et al., 

2016). Depending on the SCORE, general practitioners will start treating the patient with 

medication, with low scores receiving only lifestyle advice and higher scores receiving 

medication, Therefore, it is possible that the hypertensive individuals who were prescribed 

antihypertensive medication may have a greater number of risk factors to untreated 

hypertensives, which could explain why findings of this thesis have demonstrated that 

individuals who are prescribed antihypertensive medication have an altered cardioprotective 

response compared to healthy individuals.  

 

6.3.3 The role of the endothelium in the response to exercise training. 
 

The heterogeneity in individuals' response to increased physical activity may also relate to 

the initial health of the cardiovascular system. More specifically, it is possible that have a 

‘dysfunctional’ endothelium may impact on its ability to positively responded to increased 

physical activity and exercise training. Early animal studies have found that removing the 

endothelium abolished the ability of the arteries for acute (Berdeaux et al., 1994) and chronic 
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(Langille and O'Donnell, 1986) adaptation. Also in humans, damage to the endothelial 

function impairs vasodilatory function (Tryfonos et al., 2020, Dawson et al., 2010). 

Nonetheless, it is well established that exercise provides cardioprotective effects and is 

effective in the primary and secondary prevention of CVD. Benefits of exercise training are 

explained through improvements in traditional cardiovascular disease risk factors, e.g., 

hypertension  (Haung et al., 2013), obesity (Yung et al., 2009), diabetes (MacLeod et al., 2013), 

cholesterol (Dunn et al., 1997, Kodama et al., 2007), and cardiorespiratory fitness (Blair et al., 

1995), but also seem related to improvements in vascular health, including endothelial 

function (Green et al., 2008, Tinken et al., 2010, Ashor et al., 2015, Green et al., 2017, Pedralli 

et al., 2020). The endothelium is central to acute and chronic adaptations of the heart and 

arteries to exercise training (Green et al., 2017) with damage to the endothelial function has 

been shown to impair dilator function (Tryfonos et al., 2020, Dawson et al., 2010). Individuals 

with CVD demonstrate poor endothelial function carrying a prognostic relevance for the risk 

of ischemic and coronary events. The impaired endothelial function in CVD patients may 

contribute to a smaller hemodynamic stimulus (i.e., small increase shear stress) and 

subsequently, smaller adaptive response. However, findings from Chapter 4 question 

whether the a priori endothelial dysfunction indeed leads to an attenuated effect. First, 

Chapter 4 found that those with lower a prior endothelial dysfunction demonstrated greater 

adaptations in vascular function following exercise training. This finding is in line with 

previous observations (Maiorana et al., 2003; Green et al., 2004, 2014b) in that regular 

exercise training is capable of improving endothelial function, especially in those with a priori 

endothelial dysfunction (Walsh et al., 2003; Maiorana et al., 2011; Green et al., 2014b) which 

may relate the greater capacity to improve function when it starts at a lower baseline.   
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Individuals’ cardiovascular health status has also been shown to alter the dose-response 

relationship between MVPA and incident morbidity and mortality (Bakker et al., 2021). A 

novel part of Chapter 4 of this thesis was that I was able to categorise individuals as reduced 

endothelial function and preserved endothelial function based on recently published age and 

sex-based reference value data (Holder et al., 2021). Chapter 4 found comparable 

improvements in cardiovascular risk factors and physical fitness in response to exercise 

training in both groups highlighting that exercise training is beneficial and has 

cardioprotective effects in both healthy and individuals with endothelial dysfunction. 

However, only those with a priori reduced endothelial function demonstrated improvement 

in endothelial function (FMD%) following exercise training which may therefore suggest that 

exercise is more beneficial in those with a priori endothelial dysfunction. Furthermore, 

endothelial dysfunction can also lead to vascular remodelling resulting in narrowing of the 

vessel diameter and increasing artery thickness. Regular exercise training has been shown to 

increase artery diameter and reduce arterial wall thickness, contributing to improved vascular 

health and may contribute to the cardioprotective effect exercise in healthy individuals and 

those with cardiovascular risk (Thijssen et al., 2012). Chapter 4 does not measure changes in 

artery diameter or wall thickness pre and post exercise training which may provide an 

incomplete assessment of the impact of exercise training in determining overall vascular 

health and cardiovascular risk. Future work is needed to look at structural adaptations 

alongside the functional adaptations.  
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6.3.4 Acute mechanisms that may affect the cardioprotective effect of exercise training. 
 

As with exercise training responses, acute exercise responses to a given intervention shows a 

large heterogeneity in response. As chronic benefits of exercise may be related to the 

repeated acute responses following a single bout of exercise (Dawson et al., 2018) 

understanding the acute effects of exercise on endothelial (thus (cerebro) vascular) function 

is important (Thijssen et al., 2018). During acute exercise, the vasculature is exposed to 

multiple physical stimuli during exercise including increases in shear stress (Niebauer and 

Cooke, 1996, Tinken et al., 2009), blood pressure (Okamoto et al., 2006, Okamoto et al., 2008) 

and compressive forces all of which can independently influence endothelial function. 

Therefore, understanding the acute effects of exercise on peripheral and cerebrovascular 

function in may have offered an explanation to why some individuals show smaller benefits 

of regular physical activity compared to others. Findings from Chapter 5 have suggested that 

both control healthy individuals and individuals who are treated for hypertension present a 

similar baseline peripheral vascular function and a similar response in peripheral vascular 

function post-acute exercise. However, differences are apparent in the acute response 

cerebrovascular function following acute exercise. Individuals who are medicated for 

hypertension demonstrated elevated MCAv for longer following exercise. In addition, 

individuals with normotension demonstrated reduction in absolute CVR whereas increases 

were shown in medicated hypertensives. 

 

The mechanisms underpinning differences in post exercise response in CVR between the 

medicated hypertensive group and healthy individuals may be influenced by the effects of 

exercise on vascular dynamics and autonomic regulation. Individuals with hypertension have 
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altered autonomic nervous activity compared to healthy individuals (Grassi and Ram, 2016). 

Acute exercise can further modulate autonomic function, increasing sympathetic activity and 

decreasing parasympathetic activity (Robinson et al., 1966, Ekblom et al., 1972, Fagraeus and 

Linnarsson, 1976). In medicated hypertensive individuals, this shift in autonomic balance 

following exercise may lead to a more pronounced increase in CVR, reflecting enhanced 

sympathetic-mediated vasodilation. In contrast, healthy individuals may exhibit a decrease in 

CVR due to a different autonomic response pattern or a more rapid restoration of baseline 

autonomic balance post-exercise. However, it can only be speculated as post exercise 

measures of autonomic function were not measured. The difference in responses to acute 

exercise between the two groups may begin to offer an explanation as to why individuals who 

are medicated for hypertension demonstrate a different dose response association (Chapter 

4), however further research is warranted.  

 

It is currently unknown what the acute responses on cerebrovascular function mean in 

relation to chronic adaptation or acute transient risk. Previous research has suggested that 

acute peripheral responses to exercise predict chronic adaptation  (Dawson et al., 2018) 

therefore understanding the acute effects of exercise may predict future clinical 

cardioprotective responses (Thijssen et al., 2018). Acute responses to exercise may also 

represent a transient period of cardiovascular event risk up to one hour post exercise but the 

magnitude of short term relative risk varied across studies (Mittleman et al., 1993, Siscovick 

et al., 1984, Whang et al., 2006, Albert et al., 2000, Willich et al., 1993, Smyth et al., 2016). 

However, it is currently unknown what an increase, decrease or no-change in cerebrovascular 

function following acute exercise means for a transient risk in stroke.  
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6.4 Methodological considerations and limitations  
 
 
There are a number of strengths in the methodology of this thesis. The participants recruited 

for Chapter 3 give a good representation of individuals in the UK, Netherlands and Australia 

in both healthy individuals, those with established CVD and those with cardiovascular risk 

factors. Based on this, the findings of Chapter 3 are applicable to a wide cohort and not limited 

to one participant group.  Individuals recruited for Chapter 4 give an excellent representation 

of individuals living in the Netherlands and include large numbers of individuals with 

normotension (n=78,309) and hypertension (n=61,621). 

 

The laboratory-based studies included in this thesis (including the studies used in the 

secondary analysis for chapter 3) were performed under strict inclusion and exclusion criteria 

in addition to control of diet and exercise prior to laboratory visits. Measurements were 

performed adhering to the most recent published guidelines for each measurement. FMD 

were performed according to the latest peer reviewed consensus guidelines, and analysed 

using custom-designed edge-detection and wall tracking analysis software which maximised 

the accuracy, validity and prognostic value of FMD outcomes. FMD data was also analysed 

according to published guidelines in which FMD being scaled allometrically (Atkinson et al., 

2013). dCA measurements and TFA analysis were all performed following cerebral 

autoregulation network recommendations  (Claassen, 2016).  Within the literature, there are 

many different methods used to measure and analyse cerebrovascular reactivity. Analysis 

was also performed according to a recommendation following research suggesting that the 

most reliable interpretation of CVR data is an absolute CVR calculated as either a 30s or a 1s 

peak (Koep et al., 2022). 
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Despite these methodological strengths, there are a number of limitations that need to be 

noted. In Chapter 3 measurements of MVPA were self-reported which may have resulted in 

overestimation of MVPA levels (Celis-Morales et al., 2012). The major methodological 

limitation is the use of TCD to measure CBF and cerebrovascular function. TCD provides 

measurement of CBFv as an index of CBF but it doesn’t not provide any information regarding 

changes in blood vessel diameter which can affect measurement accuracy of CBF with TCD 

(de Heus et al., 2018). However, research has suggested that MCAv Is a reliable index of CBF 

if the isonated vessel maintains a constant diameter across time and experimental conditions 

(Ainslie and Hoiland, 2014). Research has shown that dilation of extra-cranial arteries matches 

dilation in the cerebrovasculature (Smith et al., 2019). Assessments of internal carotid arteries 

was employed during the CO2 reactivity test; however, it was difficult to obtain clear images 

of the internal carotid on every individual and given the small sample size, we would have 

been statistically under powered to preform analysis on the images obtained. The use of 

additional imaging techniques such as functional magnetic resonance imaging and arterial 

spin labelling have been used to detect changes in global and regional perfusion, however 

their temporal resolution is currently too low to assess the dynamics of dCA (Heus et al., 2019) 

such as during exercise and they are either expensive or invasive techniques. The MCA 

diameter is unlikely to change under resting conditions or during moderate changes in BP 

(Serrador et al., 2000), similar to that induced during repeated squat stands manoeuvres. 

MCA diameter alterations in responses to changes in blood CO2 remains a highly controversial 

topic (Brothers and Zhang, 2016, Hoiland and Ainslie, 2016). Studies have highlighted that 

MCA diameter may remain constant during modest changes in PETCO2 but no definitive 

threshold has yet been described (Verbree et al., 2014). Based on this uncertainty, it is 
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important to acknowledge that the MCAv data during hypercapnia may have underestimated 

flow as a result of potential MCA diameter changes.  

 

6.5 Summary  
 
Overall, the thesis findings reinforce the cardioprotective effects of exercise in healthy 

individuals and those with cardiovascular risk factors. Our findings demonstrate that exercise 

training is beneficial on many clinically important cardiovascular risk factors which is 

independent of a priori health status as those with endothelial dysfunction and hypertension 

demonstrate a similar response to exercise training and regular physical activity compared to 

individuals with endothelial function and normotension. However, the use of 

antihypertensive medication may alter the cardioprotective effects of exercise as benefits of 

regular MVPA on stroke risk appears to only be stronger in non-medicated individuals with 

hypertension. This thesis offers primarily findings that suggest that individuals who are taking 

antihypertensive medication may demonstrate an altered cerebrovascular response to acute 

exercise compared to normotensive individuals which may begin to explain why those with 

antihypertensive medication may attenuate the association between long term PA and stroke 

risk. More research is warranted to understand the mechanisms on vascular responses to 

exercise which may underpin this altered response.  

 

6.6 Recommendations for clinical practice and future studies 
 
 
The findings of this thesis further highlight the importance of exercise training for 

cardioprotection. However, findings from Chapter 3 and Chapter 5 highlight that the use of 

antihypertensive medications may interfere with the effects of exercise, related to acute 
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exercise responses (Chapter 5) up to the ultimate health benefits (Chapter 3). Several 

potential areas for future research have emerged following the researched detailed in this 

thesis.  

1. Findings reinforce the importance in exercise in the total population including those 

with cardiovascular disease risk factors. Collectively, findings of this thesis suggest that 

PA recommendations should not follow a ‘one-guideline-fits-all’ approach as the use 

of antihypertensive medication may influence the responses to exercise. This 

highlights the need to investigate further prescription of personal exercise training 

programmes. A large, randomised control trial comparing the efficacy of different 

types of exercise (e.g., aerobic training, resistance training, combined training) among 

individuals with cardiovascular disease risk factors, stratified by antihypertensive 

medication use. Assess outcomes such as blood pressure control, cardiovascular 

fitness, muscle strength, and medication side effects. 

2. Further investigation is needed to understand the potential mechanisms that explain 

why individuals who are treated for hypertension demonstrate an altered response to 

exercise and physical activity compared to healthy individuals. Future research should 

investigate the specific pathophysiology pathways affected by antihypertensive 

medication use that may impair exercise induced adaptations which is dependent 

upon which antihypertensive medication that is prescribed. Animal model studies 

could be used to investigate specific molecular pathways affected by different 

antihypertensive medications in relation to exercise-induced adaptations. This could 

involve studying changes in gene expression, protein signalling pathways, 

mitochondrial function, or oxidative stress markers in response to medication 

treatment and exercise stimuli. In humans, a randomised control trial comparing the 
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effects of different classes of antihypertensive medications on exercise-induced 

adaptations. Participants could be randomized to receive different antihypertensive 

medications or placebo, and their exercise performance and physiological responses 

(e.g., cardiovascular function, muscle metabolism) could be assessed before and after 

a structured exercise intervention. 

3. As prescribing antihypertensive medication may impact stroke risk reduction, future 

research should be focused on investigating how much of the benefit from regular 

exercise training and physical activity does antihypertensive medication take away 

and whether it is worth to stop taking the antihypertensive medication if the benefits 

of exercise outweigh the benefits of medication itself. A longitudinal database study, 

similar to the study presented in Chapter 4, should be conducted cohorts of individuals 

with hypertension from different countries who are stratified by physical activity 

levels and antihypertensive medication. The study should analyse the incidence of 

stroke and other cardiovascular events in relation to levels of physical activity, 

medication adherence and any alterations in antihypertensive medication use (i.e. 

discontinuation or dosage adjustments). 

4. Based on the work in chapter 5, further research is warranted to understand the time 

course response to acute exercise in individuals who are treated for hypertension and 

whether this alters exercise training responses and stroke risk reduction and whether 

acute exercise responses predict long term adaptation. 
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Supplemental Table 3.1 STROBE Checklist. 
Strengthening the Reporting of Observational Studies in Epidemiology. 
 
 

 
Item 
No Recommendation 

Page No 

Title and abstract 1 (a) Indicate the study’s design with a commonly used term 
in the title or the abstract 

Title and abstract 
paragraph 2 

(b) Provide in the abstract an informative and balanced 
summary of what was done and what was found 

abstract 

Introduction 

Background/rationale 2 Explain the scientific background and rationale for the 
investigation being reported 

Introduction, paragraph 
1-3 

Objectives 3 State specific objectives, including any prespecified 
hypotheses 

Introduction, paragraph 3 

Methods 

Study design 4 Present key elements of study design early in the paper Study population, 
paragraph 1 

Setting 5 Describe the setting, locations, and relevant dates, 
including periods of recruitment, exposure, follow-up, and 
data collection 

Study population , 
paragraph 1 

Participants 6 (a) Give the eligibility criteria, and the sources and 
methods of selection of participants. Describe methods of 
follow-up 

Study population, 
paragraph 1 and Clinical 
outcomes, paragraph 1 

(b) For matched studies, give matching criteria and 
number of exposed and unexposed 

 - 

Variables 7 Clearly define all outcomes, exposures, predictors, 
potential confounders, and effect modifiers. Give 
diagnostic criteria, if applicable 

Methods, all paragraphs 

Data sources/ 
measurement 

8*  For each variable of interest, give sources of data and 
details of methods of assessment (measurement). 
Describe comparability of assessment methods if there is 
more than one group 

Methods, all paragraphs 

Bias 9 Describe any efforts to address potential sources of bias Statistical analyses, all 
paragraphs 

Study size 10 Explain how the study size was arrived at Study population, 
paragraph 1 

Quantitative variables 11 Explain how quantitative variables were handled in the 
analyses. If applicable, describe which groupings were 
chosen and why 

Statistical analyses, 
paragraph 2 

Statistical methods 12 (a) Describe all statistical methods, including those used to 
control for confounding 

Statistical analyses, all 
paragraphs 

(b) Describe any methods used to examine subgroups and 
interactions 

Statistical analyses, 
paragraph 2 to 4 

(c) Explain how missing data were addressed Statistical analyses, 
paragraph 3 

(d) If applicable, explain how loss to follow-up was 
addressed 

Clinical outcomes, 
paragraph 1 

(e) Describe any sensitivity analyses Statistical analyses, 
paragraph 4 

Results 
 

Participants 13* (a) Report numbers of individuals at each stage of study—
eg numbers potentially eligible, examined for eligibility, 

Study population 
(methods), paragraph 1 



 154 

confirmed eligible, included in the study, completing 
follow-up, and analysed 

and Study population 
(results), paragraph 1 

(b) Give reasons for non-participation at each stage Study population 
(methods), paragraph 1 
and Study population 
(results), paragraph 1 and 

(c) Consider use of a flow diagram S1 fig  

Descriptive data 14* (a) Give characteristics of study participants (eg 
demographic, clinical, social) and information on 
exposures and potential confounders 

Study population 
(results), paragraph 1 and 
table 1 

(b) Indicate number of participants with missing data for 
each variable of interest 

- 

(c) Summarise follow-up time (eg, average and total 
amount) 

Clinical outcomes, 
paragraph 1 

Outcome data 15* Report numbers of outcome events or summary measures 
over time 

Clinical outcomes, 
paragraph 1 

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-
adjusted estimates and their precision (eg, 95% confidence 
interval). Make clear which confounders were adjusted for and why 
they were included 

Health benefits of MVPA 
to Dose-response 
relationship of domain-
specific MVPA and Tables 
2, S2 t/m S12 

(b) Report category boundaries when continuous variables were 
categorized 

Statistical analyses 
paragraph 2 

(c) If relevant, consider translating estimates of relative risk into 
absolute risk for a meaningful time period 

- 

Other analyses 17 Report other analyses done—eg analyses of subgroups and 
interactions, and sensitivity analyses 

Health benefits of MVPA, 
paragraphs 2 and 3  

Discussion 

Key results 18 Summarise key results with reference to study objectives Discussion, paragraph 1 

Limitations 19 Discuss limitations of the study, taking into account sources of 
potential bias or imprecision. Discuss both direction and magnitude 
of any potential bias 

Strengths and limitations, 
paragraph 1 

Interpretation 20 Give a cautious overall interpretation of results considering 
objectives, limitations, multiplicity of analyses, results from similar 
studies, and other relevant evidence 

Cardiovascular health 
status and MVPA benefits 
to Leisure versus non-
leisure MVPA 

Generalisability 21 Discuss the generalisability (external validity) of the study results Cardiovascular health 
status and MVPA benefits 
to Strengths and 
limitations  

Other information 

Funding 22 Give the source of funding and the role of the funders for the 
present study and, if applicable, for the original study on which the 
present article is based 

Title page, 
funding/support 

*Give information separately for exposed and unexposed groups. 
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Supplemental table 4.2. Baseline table of individuals with hypertension 

General characteristics Hypertensives without 
medication 
(N=48,452) 

Hypertensives with 
medication 
(N=13,169) 

P-value 
 

Sex (male) 27,584 (57%) 5,394 (41%) <0.001 

Age  46.43 (11.90) 56.16 (10.95) <0.001 
Income x 1000/year  27 [25.00, 30.00] 26.80 [24.90, 29.70] <0.001 

Education level 
   low  
   moderate  
   high 

 
15797 (33%) 
18620 (39%) 
12943 (27%) 

 
5,946 (47%) 
4,049 (32%) 
2,695 (21%) 

<0.001 

BMI (median [IQR]) 26.40 [24.20, 29.10] 27.90 [25.40, 31.10] <0.001 

Lifestyle characteristics    

Smoking status  
   Never 
   Previous  
   Current 

 
21,246 (44%) 
16,474 (34%) 
10,256 (21%) 

 
5,082 (39%) 
6,143 (47%) 
1,849 (14%) 

<0.001 

Alcohol consumption 
(high) 

11,824 (26%) 2,722 (21%) <0.001 

Medication use    

Antiplatelet  47 (0.1%) 56 (0.4%) <0.001 
Anti-hypertensive  0 (0.0%) 7,371 (56%) <0.001 
Anti-coagulant  175 (0.4%) 328 (3%) <0.001 
Acetylsalicylic acid  549 (1%) 1,160 (9%) <0.001 

Beta-blocker  0 (0.0%) 5,378 (41%) <0.001 
Calcium antagonists  0 (0.0%) 1,983(15%) <0.001 

Diuretics  0 (0.0%) 4,689 (36%) <0.001 
Statins  1886 (4%) 2,814 (21%) <0.001 
Alternative cholesterol 
lowering medication 

95 (0.2%) 119  (0.9%) <0.001 

Anti-diabetics  592 (1%) 1,004  (8%) <0.001 
Health characteristics    

Diagnosed hypertension 0 (0.0%) 12,291 (93%) <0.001 

Diagnosed 
hypercholesterolemia 

7,657 (16%) 3,974 (30%) <0.001 

Diagnosed diabetes 1,142 (2%) 1,428 (11%) <0.001 

Systolic blood pressure  136.00 [131.00, 143.00] 135.00 [125.00, 146.00] <0.001 

Diastolic blood pressure  81.00 [75.00, 86.00] 78.00 [72.00, 85.00] <0.001 
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Total cholesterol 5.20 [4.60, 5.90] 5.20 [4.50, 5.90] <0.001 
LDL cholesterol  3.44 (0.92) 3.36 (0.93) <0.001 
HDL cholesterol 1.40 [1.20, 1.70] 1.40 [1.10, 1.60] <0.001 
Triglycerides  1.11 [0.80, 1.58] 1.26 [0.91, 1.76] <0.001 
Renal function  96.41 [86.10, 100.00] 88.45 [76.94, 97.76] <0.001 

 
 

Supplemental Figure 4.1. Flow chart of included study population. 
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Supplemental Table 4.1 Methods of FMD, Cardiopulmonary fitness test, blood sample analysis and body composition in the included studies. 

Study FMD  Cardiopulmonary fitness test  
 

Blood samples Body Fat 

 Tinken 
2008 

10 MHz 
multifrequency 
linear array probe 
Aspen, Acuson 
Mountain view, 
CA, USA. 
 
 

Treadmill  
Initial workload of 6 hm-1 and stepwise increments in 
speed (speed increased by 2km-1 every 2 min until 
16km-1) and slope (2% every minute when 16km h-1 is 
reached) until volitional exhaustion.  
Breath-by-breath analysis (Medgraphics CPX/D and 
Ultima CardiO2 systems, MN, USA). Oxygen consumption 
was recorded during the final 40 s of each stage of the 
test and expressed relative to body weight (ml 
kg−1 min−1). Peak oxygen consumption was calculated as 
the highest consecutive 10 s period of gas exchange 
data occurring in the last minute before volitional 
exhaustion, which generally occurred due to leg fatigue 
or breathlessness. 

 DEXA (Hologic, QDR Series 
Discovery A, Bedford, MA, 
USA) 

Black 2009 10 MHz 
multifrequency 
linear array probe 
Aspen, Acuson 
Mountain view, 
CA, USA. 

Exercise testing was undertaken on a treadmill 
ergometer (H/P/Cosmos, Pulsar 4.0, Nussdorf-
Traunstein, Germany), with the initial workload set at 4 
km/h at 5% gradient and stepwise increments in speed 
and grade every 3 min until volitional exhaustion. 
The volume of oxygen consumed during exercise was 
directly calculated from minute ventilation, measured 
using a pneumotach and simultaneous breath-by-breath 
analysis of expired gas fractions (Medgraphics CPX/D 
and Ultima CardiO2 systems). Gas analyzers and flow 
probes were calibrated before each test. Oxygen 
consumption was recorded during the final 40 s of each 
stage of the test and expressed as maximal oxygen 
consumption (V̇o2 max) relative to body weight (in 
ml·kg−1·min−1). V̇o2 max was calculated as the highest 

 Dexa (Hologic, QDR Series 
Discovery A, Bedford, MA, 
USA) 
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consecutive 10-s period of gas exchange data occurring 
in the last minute before volitional exhaustion, which 
generally occurred due to leg fatigue or breathlessness. 

Birk 2012 10-MHz 
multifrequency 
linear array 
probes, attached 
to high-resolution 
ultrasound 
machines with 
identical settings 
(T3000; Terason, 
Burlington, MA) 
 

80% maximal heart rate (80%HRmax) was used to 
determine exercise training which was performed on a 
bike.  

  

Pugh 2016 High-resolution 
ultrasound 
(Terason, t3000, 
Aloka, Burlington, 
MA, USA) 

Treadmill ergometer, initially 2.7 km h−1 at 5° gradient, 
with step-wise increments every 1 min. VO2peak was 
calculated from expired gas (Oxycon Pro, Jaegar, 
Hoechberg, Germany) as the highest consecutive 15 s 
period of oxygen uptake in the last min before 
exhaustion. 

  

Sprung 
2013 

A 10-MHz 
multifrequency 
linear array probe 
attached to a 
high-resolution 
ultrasound 
machine 
(Siemens Medical 
Solutions, 
Malvern, PA).  

Exercise testing was undertaken on a Treadmill 
ergometer using the a modified Bruce protocol . After a 
2-min warm-up at 2.2 km·h−1 on a flat gradient, the 
initial workload was set at 2.7 km·h−1 at 5° grade. 
Thereafter, stepwise increments in speed and grade 
were made every minute. V˙O2peak was calculated from 
expired gas fractions (Oxycon Pro, Jaegar, Germany) as 
the highest consecutive 15-s period of data in the last 
minute before volitional exhaustion. 
 
 

Samples were analyzed 
using the Olympus AU2700 
analyzer (Beckman Coulter 
(UK) Ltd., Buckinghamshire, 
UK) with standard 
proprietary reagents as 
follows: glucose with 
hexokinase, total 
cholesterol, and HDL with 
cholesterol 
esterase/oxidase, 
triglyceride with glycerol 
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kinase, and ALT with IFCC 
kinetic UV (without 
pyridoxal phosphate 
activation). 
LDL was calculated 
according to the Friedwald 
formula 

Buckley 
2018 

Images of the left 
brachial artery 
were acquired 
using high-
resolution 
ultrasound 
(T3300; Terason, 
Burlington, MA). 
 

Maximal oxygen consumption (VO2max-2) was esti-
mated via the submaximal Astrand-Rhyming cycle 
ergometer protocol. 
A cycle ergometer test of aerobic fitness. The subject 
cycles at 50 rev mm−1 for 6 min at a work load set at a 
level related to the sex and condition of the subject 
(unconditioned males, 50–100 watts, unconditioned 
females 50–75 watts, conditioned mates 100–150 watts, 
and conditioned females 75–110 watts). Participants’ 
heart rate was taken in the last 10 s of each of the two 
final minutes of exercise. The average of these two 
figures, corrected for the subject's age, was used to 
estimate a maximal oxygen uptake (VO2max), The 
estimate is based on the assumption that subjects of the 
same age have a similar maximal heart rate.  
 

  

Buckley 
2020 

Images of the left 
brachial artery 
were acquired 
using high-
resolution 
ultrasound 
(T3300; Terason, 
Burlington, MA). 
 

Maximal oxygen consumption (VO2max-2) was esti- 
mated via the submaximal Astrand-Rhyming cycle 
ergometer protocol. 
A cycle ergometer test of aerobic fitness. The subject 
cycles at 50 rev mm−1 for 6 min at a work load set at a 
level related to the sex and condition of the subject 
(unconditioned males, 50–100 watts, unconditioned 
females 50–75 watts, conditioned mates 100–150 watts, 
and conditioned females 75–110 watts). Participants’ 
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heart rate was taken in the last 10 s of each of the two 
final minutes of exercise. The average of these two 
figures, corrected for the subject's age, was used to 
estimate a maximal oxygen uptake (VO2max), The 
estimate is based on the assumption that subjects of the 
same age have a similar maximal heart rate.  
 

Miller 
2022 

Images of the left 
brachial artery 
were acquired 
using high-
resolution 
ultrasound 
(T3300; Terason, 
Burlington, MA). 
 

An incremental maximal exercise test was performed on 
a treadmill (Pulsar 4.0, HP Cosmos, Germany). After a 5-
min warm-up (self-paced between 6 and 8 km.h−1), 
participants started the test at treadmill speed 8 km.h−1 
and 1% gradient. Every 3 min the treadmill speed 
increased by 2 km.h−1 until 16 km.h−1. Thereafter the 
treadmill speed remained the same and the incline 
gradient increased by 2% until volitional exhaustion. 
Breath by breath expired gases were measured (Oxycon 
Pro, Jaeger, Germany) for oxygen consumption 
(ml.kg.min−1) and data were averaged over 15 s blocks. 
Maximum oxygen consumption was calculated as the 
highest consecutive 15-s period of gas exchange data 
occurring in the final minute before volitional 
exhaustion. Heart rate (HR) was measured continuously 
using short range telemetry (FT1, Polar, Finland) 
alongside perceived exertion at each exercise stage.  

  

Maxwell 
2021 

Images of the left 
brachial artery 
were acquired 
using high-
resolution 
ultrasound 
(T3300; Terason, 
Burlington, MA). 

Exercise testing was undertaken on a treadmill (H/P 
Cosmos, Pulsar 4.0, Nussdorf-Traunstein, Germany) 
using a modified Bruce protocol. Following a 5-min 
warm-up period at a self-selected speed, the protocol 
begins with a 2-min stage at 2.2 km/h on a flat gradient, 
followed by 2 min at 2.7 km/h at a 5% gradient. 
Subsequently, stepwise increments in speed and 
gradient are applied every minute until volitional 

Blood samples were 
obtained from the 
antecubital vein via 
standard venepuncture 
technique (Vacutainers 
Systems, Becton–Dickinson). 
All samples were collected 
into vacutainers containing 
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 exhaustion. Breath-by-breath expired gases were 
continuously monitored (Oxycon Pro, Jaeger, Hochberg 
Germany) for oxygen consumption (ml/kg/min) and 
were averaged over 15 s. Peak oxygen uptake was 
calculated from the highest consecutive 15-s period of 
expired gas fractions.  

a polymer gel for serum 
separation. Centrifugation 
for 10 min at 1000 g at 4 °C 
was applied and samples 
were stored at − 80 °C for 
subsequent analysis. Plasma 
glucose was determined 
spectrophotometrically 
using commercially available 
kits (Randox Laboratories, 
Antrim, UK) with each 
sample analysed in 
duplicate. 

Thijssen 
2007 

Echo Doppler 
device (Megas; 
Esaote,Firenze, 
Italy) with a 5–7.5 
MHz broadband 
lineararray 
transducer. 
 

Incremental maximal exercise-test on a cycling 
ergometer (Lode, Angio300, Groningen, the Nether-
lands) using a multistage protocol (workload increased 
by 10 W L)1, starting at 10 W, until exhaustion). Oxygen 
consumption was measured continuously using a gas-
analyzer (Jaeger Benelux BV, Breda, the Nether-lands). 
Maximal oxygen consumption (VO2max) was calculated 
as the mean of the last minute of the test. 

  

Schreuder 
2014a 

A 10 MHz 
multifrequency 
linear-array 
probe attached 
to a high-
resolution 
ultrasound 
machine (T3000; 
Terason, 
Burlington, MA, 
USA).  

Incremental maximal exercise test on a bicycle 
ergometer (Lode; Excalibur, Groningen, The 
Netherlands). These tests started at a power output of 
10 W for 1 min, and power output increased by 
10 W min−1 until exhaustion. Subjects were instructed to 
maintain a cadence of between 60 and 80 r.p.m. during 
the test. We continuously recorded oxygen consumption 
(in millilitres of O2 per kilogram per minute), ventilation 
(in litres per minute), respiratory quotient (Oxycon IV; 
Jaeger, Hoechberg, Germany) and heart rate (in beats 
per minute).  
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Schreuder 
2014b 

A 10 MHz 
multifrequency 
linear-array 
probe attached 
to a high-
resolution 
ultrasound 
machine (T3000; 
Terason, 
Burlington, MA, 
USA).  
 

Incremental cycle exercise test on a cycle ergometer 
(Lode, Excalibur, Groningen, the Netherlands). These 
tests started at a power output of 10 W for 1 min, and 
power output increased by 10 W min−1 until exhaustion. 
Subjects were instructed to maintain a cadence of 
between 60 and 80 r.p.m. during the test. We 
continuously recorded oxygen consumption (in 
millilitres of O2 per kilogram per minute), ventilation (in 
litres per minute), respiratory quotient (Oxycon IV; 
Jaeger, Hoechberg, Germany) and heart rate (in beats 
per minute).  

Venous blood sample was 
taken for assessment of 
fasting glucose, insulin, total 
cholesterol, HDL, LDL and 
triglycerides. (no info on 
analysis. 

 

Poelkens  
 

A 10 MHz 
multifrequency 
linear-array 
probe attached 
to a high-
resolution 
ultrasound 
machine (T3000; 
Terason, 
Burlington, MA, 
USA). 

Women performed a maximal exercise test on an 
electrically braked leg cycling ergometer (Angio 300, 
Lode, Excalibur Sport, Groningen, the Netherlands) using 
an incremental protocol to assess their cardiorespiratory 
fitness level. Workload increased by 10 W·min−1, starting 
at 10 W, until exhaustion. A gas analyzer was used to 
measure oxygen consumption continuously (Jaeger 
Benelux BV, Breda, the Netherlands). Maximal oxygen 
consumption (V˙O2max) was analyzed as the mean of the 
last minute of the exercise bout. During the test, heart 
rate was measured continuously. 

 Fasting glucose levels were 
determined using standard 
laboratory techniques, and 
fasting insulin levels were 
determined with an 
electrochemiluminescence 
immunoassay (ECLIA) on the 
E170 module of a modular 
analytics EVO analyzer 
(Roche, Mannheim, 
Germany) 

Scholten 
2012 

who used a 10-
MHz 
multifrequency 
linear array probe 
attached to a 
high resolution 
ultrasound 
machine (T3000; 
Terason 

Exercise testing was undertaken on a cycle ergometer 
(Excalibur Sport; Lode BV, Groningen, The Netherlands). 
The initial workload set at 10W W for 1 minute followed 
by 10-W increments every minute until complete 
exhaustion. Breath-by-breath oxygen uptake was 
measured with spiroergometric equipment (Quark CPET, 
Cosmed, Milan, Italy). Heart rate and rhythm were 
continuously recorded by 3-lead echocardiography.  

Venous blood samples were 
taken from the antecubital 
vein  and analyzed for 
metabolic parameters: 
glucose, insulin, total 
cholesterol, high- and low-
density lipoproteins, and 
triglycerides  (Aeroset; 
Abbott Laboratories). 
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Corporation, 
Burlington, MA).  

Brenda 
2015 

10-MHz 
multifrequency 
linear array probe 
attached to a 
high-resolution 
ultrasound 
machine (Terason 
T3000, 
Burlington, MA, 
USA). 
 

An incremental maximal cycling test was performed on a 
cycle ergometer (Ergoline, Ergoselect 200k, Bitz, 
Germany). Subjects were instructed to pedal (>60rpm) 
whilst workload was increased 10–15 Watt/min, 
depending on the expected physical fitness of the 
participant (based on sex, age, height, and previous 
results on exercise testing). During exercise, breath-by-
breath gas analysis was recorded continuously 
(LabManager V5.32.0). Peak oxygen uptake (VO2peak) was 
defined as the highest oxygen uptake (30-second 
average). 

  

Green 
2003 

A 10-MHz 
multifrequency 
linear array probe 
attached to a 
high-resolution 
ultrasound 
machine (Aspen; 
Acuson, CA)   

A graded maximal exercise test that was performed on 
an electronically braked bicycle ergometer (Orival 400, 
Lode). Initial resistance was set between 20 and 60 W 
and increased in 20- to 25-W increments, depending on 
subject ability, every 3 min until fatigue or termination, 
according to standard indications for stopping an 
exercise test. Volumes of oxygen consumed (V̇o2) and 
carbon dioxide produced (V̇co2) during exercise were 
calculated from minute ventilation and measured by 
using mass flow ventilometry and simultaneous mixing 
chamber analysis of expired gas fractions. Gas analyzers 
and flow probes were calibrated before each test. 
V̇o2 and V̇co2 (expressed in l/min and ml·kg–1·min–1) 
were recorded during the final 40 s of each stage of the 
test. V̇o2 peak was calculated as the average of the two 
highest consecutive 20-s periods of gas exchange data 
occurring in the last minute before volitional exhaustion, 
which was generally due to leg fatigue or 
breathlessness. 

 Skinfolds were measured 
using spring-loaded calipers 
(Harpenden) at eight 
standard sites: triceps, 
biceps, subscapulare, 
supraspinale, iliocristale, 
midabdominal, anterior 
thigh, and medial calf. All 
sites were measured in 
triplicate, with the median 
score recorded. Muscle 
girths were similarly 
recorded at the following 
standard sites using an 
anthropometric steel tape 
(Lufkin): relaxed arm, flexed 
arm, waist, hip, thigh, and 
the waist-to-hip ratio 
(waist/hip) was calculated. 
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Naylor 
2006 

A 10-MHz 
multifrequency 
linear array probe 
attached to a 
high-resolution 
ultrasound 
machine (Aspen; 
Acuson, 
Mountain View, 
CA).  

Exercise testing was undertaken on a modified Concept 
II rowing ergometer (Concept Inc., Vermont). The goal 
was to complete the 2000 m as quickly as possible, and 
involved a maximal effort from start to finish. A custom-
built gas analysis system was used to determine V̇O2. 
Subjects were connected to a Hans Rudolph 2700 
respiratory valve and inspired volume was measured 
during the test by a Morgan ventilometer (Mark II 
225A), which was calibrated before testing using a five-
point calibration procedure spanning the physiological 
range. Expired air passed through 35-mm Collins tubing 
into a 4-L mixing chamber. A small sample was directed 
to an Applied Electrochemistry S-3A oxygen analyzer 
and an Applied Electrochemistry CD-3A analyzer for 
determination of fractions of O2 and CO2 in expired air. 
The sample first passed through a thermoelectric 
cooling chamber for the removal of water vapor. A 
three-point calibration procedure spanning the 
physiological range of respiratory gases was applied 
before and after each test. Custom designed software 
was used to integrate the various inputs and to 
determine V̇O2. Data was collected over 30-s epochs 
with the two highest consecutive epochs taken as the 
V̇O2max. 

  

Haynes 
2021 

A 10- to 15-MHz 
multifrequency 
linear array 
probe, attached 
to a high-
resolution 

12-lead ECG stress test supervised by a qualified medical 
practitioner, which also permitted analysis of aerobic 
fitness via maximal oxygen consumption (VO2). 
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ultrasound 
machine (T3200; 
Terason, 
Burlington, MA).  
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Supplemental Table 3.1 STROBE Checklist. 
Strengthening the Reporting of Observational Studies in Epidemiology. 
 
 

 
Item 
No Recommendation 

Page No 

Title and abstract 1 (a) Indicate the study’s design with a commonly used term 
in the title or the abstract 

Title and abstract 
paragraph 2 

(b) Provide in the abstract an informative and balanced 
summary of what was done and what was found 

abstract 

Introduction 

Background/rationale 2 Explain the scientific background and rationale for the 
investigation being reported 

Introduction, paragraph 
1-3 

Objectives 3 State specific objectives, including any prespecified 
hypotheses 

Introduction, paragraph 3 

Methods 

Study design 4 Present key elements of study design early in the paper Study population, 
paragraph 1 

Setting 5 Describe the setting, locations, and relevant dates, 
including periods of recruitment, exposure, follow-up, and 
data collection 

Study population , 
paragraph 1 

Participants 6 (a) Give the eligibility criteria, and the sources and 
methods of selection of participants. Describe methods of 
follow-up 

Study population, 
paragraph 1 and Clinical 
outcomes, paragraph 1 

(b) For matched studies, give matching criteria and 
number of exposed and unexposed 

 - 

Variables 7 Clearly define all outcomes, exposures, predictors, 
potential confounders, and effect modifiers. Give 
diagnostic criteria, if applicable 

Methods, all paragraphs 

Data sources/ 
measurement 

8*  For each variable of interest, give sources of data and 
details of methods of assessment (measurement). 
Describe comparability of assessment methods if there is 
more than one group 

Methods, all paragraphs 

Bias 9 Describe any efforts to address potential sources of bias Statistical analyses, all 
paragraphs 

Study size 10 Explain how the study size was arrived at Study population, 
paragraph 1 

Quantitative variables 11 Explain how quantitative variables were handled in the 
analyses. If applicable, describe which groupings were 
chosen and why 

Statistical analyses, 
paragraph 2 

Statistical methods 12 (a) Describe all statistical methods, including those used to 
control for confounding 

Statistical analyses, all 
paragraphs 

(b) Describe any methods used to examine subgroups and 
interactions 

Statistical analyses, 
paragraph 2 to 4 

(c) Explain how missing data were addressed Statistical analyses, 
paragraph 3 

(d) If applicable, explain how loss to follow-up was 
addressed 

Clinical outcomes, 
paragraph 1 

(e) Describe any sensitivity analyses Statistical analyses, 
paragraph 4 

Results 
 

Participants 13* (a) Report numbers of individuals at each stage of study—
eg numbers potentially eligible, examined for eligibility, 

Study population 
(methods), paragraph 1 
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confirmed eligible, included in the study, completing 
follow-up, and analysed 

and Study population 
(results), paragraph 1 

(b) Give reasons for non-participation at each stage Study population 
(methods), paragraph 1 
and Study population 
(results), paragraph 1 and 

(c) Consider use of a flow diagram S1 fig  

Descriptive data 14* (a) Give characteristics of study participants (eg 
demographic, clinical, social) and information on 
exposures and potential confounders 

Study population 
(results), paragraph 1 and 
table 1 

(b) Indicate number of participants with missing data for 
each variable of interest 

- 

(c) Summarise follow-up time (eg, average and total 
amount) 

Clinical outcomes, 
paragraph 1 

Outcome data 15* Report numbers of outcome events or summary measures 
over time 

Clinical outcomes, 
paragraph 1 

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-
adjusted estimates and their precision (eg, 95% confidence 
interval). Make clear which confounders were adjusted for and why 
they were included 

Health benefits of MVPA 
to Dose-response 
relationship of domain-
specific MVPA and Tables 
2, S2 t/m S12 

(b) Report category boundaries when continuous variables were 
categorized 

Statistical analyses 
paragraph 2 

(c) If relevant, consider translating estimates of relative risk into 
absolute risk for a meaningful time period 

- 

Other analyses 17 Report other analyses done—eg analyses of subgroups and 
interactions, and sensitivity analyses 

Health benefits of MVPA, 
paragraphs 2 and 3  

Discussion 

Key results 18 Summarise key results with reference to study objectives Discussion, paragraph 1 

Limitations 19 Discuss limitations of the study, taking into account sources of 
potential bias or imprecision. Discuss both direction and magnitude 
of any potential bias 

Strengths and limitations, 
paragraph 1 

Interpretation 20 Give a cautious overall interpretation of results considering 
objectives, limitations, multiplicity of analyses, results from similar 
studies, and other relevant evidence 

Cardiovascular health 
status and MVPA benefits 
to Leisure versus non-
leisure MVPA 

Generalisability 21 Discuss the generalisability (external validity) of the study results Cardiovascular health 
status and MVPA benefits 
to Strengths and 
limitations  

Other information 

Funding 22 Give the source of funding and the role of the funders for the 
present study and, if applicable, for the original study on which the 
present article is based 

Title page, 
funding/support 

*Give information separately for exposed and unexposed groups. 
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Supplemental table 4.2. Baseline table of individuals with hypertension 

General characteristics Hypertensives without 
medication 
(N=48,452) 

Hypertensives with 
medication 
(N=13,169) 

P-value 
 

Sex (male) 27,584 (57%) 5,394 (41%) <0.001 

Age  46.43 (11.90) 56.16 (10.95) <0.001 
Income x 1000/year  27 [25.00, 30.00] 26.80 [24.90, 29.70] <0.001 

Education level 
   low  
   moderate  
   high 

 
15797 (33%) 
18620 (39%) 
12943 (27%) 

 
5,946 (47%) 
4,049 (32%) 
2,695 (21%) 

<0.001 

BMI (median [IQR]) 26.40 [24.20, 29.10] 27.90 [25.40, 31.10] <0.001 

Lifestyle characteristics    

Smoking status  
   Never 
   Previous  
   Current 

 
21,246 (44%) 
16,474 (34%) 
10,256 (21%) 

 
5,082 (39%) 
6,143 (47%) 
1,849 (14%) 

<0.001 

Alcohol consumption 
(high) 

11,824 (26%) 2,722 (21%) <0.001 

Medication use    

Antiplatelet  47 (0.1%) 56 (0.4%) <0.001 
Anti-hypertensive  0 (0.0%) 7,371 (56%) <0.001 
Anti-coagulant  175 (0.4%) 328 (3%) <0.001 
Acetylsalicylic acid  549 (1%) 1,160 (9%) <0.001 

Beta-blocker  0 (0.0%) 5,378 (41%) <0.001 
Calcium antagonists  0 (0.0%) 1,983(15%) <0.001 

Diuretics  0 (0.0%) 4,689 (36%) <0.001 
Statins  1886 (4%) 2,814 (21%) <0.001 
Alternative cholesterol 
lowering medication 

95 (0.2%) 119  (0.9%) <0.001 

Anti-diabetics  592 (1%) 1,004  (8%) <0.001 
Health characteristics    

Diagnosed hypertension 0 (0.0%) 12,291 (93%) <0.001 

Diagnosed 
hypercholesterolemia 

7,657 (16%) 3,974 (30%) <0.001 

Diagnosed diabetes 1,142 (2%) 1,428 (11%) <0.001 

Systolic blood pressure  136.00 [131.00, 143.00] 135.00 [125.00, 146.00] <0.001 

Diastolic blood pressure  81.00 [75.00, 86.00] 78.00 [72.00, 85.00] <0.001 

Total cholesterol 5.20 [4.60, 5.90] 5.20 [4.50, 5.90] <0.001 
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LDL cholesterol  3.44 (0.92) 3.36 (0.93) <0.001 
HDL cholesterol 1.40 [1.20, 1.70] 1.40 [1.10, 1.60] <0.001 
Triglycerides  1.11 [0.80, 1.58] 1.26 [0.91, 1.76] <0.001 
Renal function  96.41 [86.10, 100.00] 88.45 [76.94, 97.76] <0.001 

 
 

Supplemental Figure 4.1. Flow chart of included study population. 
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Supplemental Table 5.1 Cerebrovascular reactivity to 5% CO2. Absolute and relative cerebrovascular reactivity were calculated from MCAv at 
1s peak, 30s rolling average and 2:30-3:00min following gas inhalation. 

Variable  Control 
Pre exercise  

Control 
30 min post 
exercise 

Medicated 
Hypertension 
Pre exercise 

Medicated 
Hypertension  
Post 
30 min post 
exercise 

Time Group Time*Conditio
n 

Baseline  

MCAV  (cm/s) 67.21 ± 14.19 58.23 ± 14.92 48.62 ± 11.86  52.96 ± 7.85 0.397 0.103 0.026 

PETCO2max (mmHg) 44.29 ± 5.54 43.92 ± 5.64 40.38 ± 3.96 41.08 ± 4.45 0.862 0.231 0.589 

MAP (mmHg) 80 ± 21 85 ± 23 85 ± 19 81 ± 31 0.933 0.960 0.548 

CBVR 1.25 ± 0.42 1.51 ± 0.44 1.82 ± 0.42 1.62 ± 0.79 0.812 0.212 0.081 

CVCi 0.92 ± 0.42 0.71 ± 0.19 0.59 ± 0.18  0.77 ± 0.42 0.895 0.355 0.107 

1 second peak 

MCAv (cm/s) 94.32 ± 21.64 78.67 ± 21.80 73.21 ± 15.53 76.06 ± 14.07 0.120 0.265 0.032 

PETCO2 (mmHg) 51.83 ± 4.10 49.89 ± 5.17 48. 90 ± 5.18 48.44 ± 4.64 0.140 0.393 0.355 

MAP (mmHg) 98 ± 14 94 ± 28 101 ± 12  98 ± 25 0.696  0.728 0.928 

Absolute CVR 
(cm/s/mmHg) 

3.99 ± 1.87 4.17 ± 2.59 2.87 ± 0.88 3.20 ± 0.94 0.711 0.217 0.929 

Relative CVR  
(%/mmHg) 

4.19 ± 7.92 2.50  ± 3.44 1.38 ± 1.38 1.16 ± 1.57 0.577 0.456 0.665 

Absolute CVRCO2MAP 

(cm.s,mmHg-1.mmHg-1) 
2.59 ± 3.80  2.40 ± 3.54  1.13 ± 1.14 0.94 ± 1.28 0.814 0.423 1.00 

Relative CVRCO2MAP 

(%cm.s/mmHg-1.mmHg-1) 
5.83 ± 2.15 6.91 ± 3.25 6.23 ± 2.75 5.97 ± 1.08  0.715 0.766 0.546 
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CBVR 1.08 ± 0.30 1.20 ± 0.35 1.38 ± 0.23 1.38 ± 0.54 0.561 0.199 0.599 

CVCi 0.98 ± 0.22 0.91 ± 0.31 0.74 ± 0.13 0.84 ± 0.44 0.872 0.333 0.295 

30s rolling average 

MCA (cm/s) 87.44 ± 19.55 73.73 ± 19.24 64.93 ± 17.22 73.37 ± 21.04 0.468 0.273 0.08 

PETCO2 (mmHg) 52.03 ± 4.29 51.32 ± 4.29 48.65 ± 5.06 48.12 ± 4.76 0.158 0.197 0.843 

MAP (mmHg) 94 ± 17  90 ± 24 98 ± 12 94 ± 26 0.584 0.714 0.952 

Absolute CVR 
(cm/s/mmHg) 

2.77 ± 1.24 2.17 ± 0.67 1.85 ± 0.60 2.88 ± 1.76 0.572 0.834 0.047 

Relative CVR 
(%/mmHg) 

4.01 ± 1.22 3.96 ± 1.67 3.86 ± 0.99 5.20 ± 2.59 0.328 0.398 0.297 

Absolute CVRCO2MAP 

(cm.s,mmHg-1.mmHg-1) 
0.81 ± 1.31 0.50 ± 0.78 0.60 ± 1.37 0.50 ± 1.13 0.701 0.831 0.844 

Relative CVRCO2MAP 

(%cm.s/mmHg-1.mmHg-1 
0.95 ± 1.43 0.50 ± 0.74 0.79 ± 1.60 0.50 ± 1.13 0.514 0.883 0.889 

CBVR 1.13 ± 0.30 1.21 ± 0.32 1.26 ± 0.78 1.15 ± 0.84 0.890 0.889 0.267 

CVCi 0.93 ± 0.20 0.75 ± 0.33 0.66 ± 0.17 0.32 ± 0.37 0.051 0.011 0.512 

2:30-3:00 

MCAv (cm/s) 82.17 ± 18.63 70.28 ± 17.97 64.06 ± 15.97 70.25 ± 11.96 0.432 0.316 0.023 

PETCO2 (mmHg) 51.75 ± 3.98 51.33 ± 4.31 48.44 ± 5.35 48.67 ± 4.55 0.823 0.233 0.418 

MAP (mmHg) 93 ± 12 93 ± 24 97 ± 15 97 ± 25 0.951 0.697 0.951 



 172 

Absolute CVR 
(cm/s/mmHg) 

1.95 ± 0.90 1.88 ± 0.61 1.84 ± 0.40 2.32 ± 0.70 0.377 0.623 0.242 

Relative CVR (%/mmHg) 2.85 ± 1.12 0.50 ± 0.71 0.81 ± 0.73 0.86 ± 0.76 0.307 0.004 0.980 

Absolute CVRCO2MAP 

(cm.s,mmHg-1.mmHg-1) 
0.51 ± 0.58 0.48 ± 0.75 0.70 ± 0.67 0.68 ± 0.55 0.434 0.686 0.442 

Relative CVRCO2MAP 

(%cm.s/mmHg-1.mmHg-1) 
0.61 ± 0.72 0.23 ± 0.38 0.43 ± 0.42 0.41 ± 0.35 0.484 0.628 0.496 

CBVR 1.17 ± 0.29 1.24 ± 0.33 1.29 ± 0.86 1.18 ± 0.82 0.770 0.920 0.279 

CVCi 0.89 ± 0.20 0.75 ± 0.33 0.67 ± 0.21 0.32 ± 0.36 0.018 0.60 0.390 
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