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ABSTRACT 

Running involves repetitive foot-strikes that induces a ‘beat phenomenon’, 

identified as a summation of two pressure waves that result in periodic pulse 

pressure oscillations. To date, only one study has examined this phenomenon 

to investigate how it affects cerebral blood flow (CBF) responses, reporting that 

blood pressure oscillations are reflected in CBF (as indexed by middle cerebral 

artery blood velocity, MCAv). Based on this work, we tested the hypothesis that 

altering the heel-strike force would impact the amplitude, frequency and 

duration of MCAv oscillations. 

Ten participants completed four exercise sessions: a treadmill maximal oxygen 

consumption test (i.e. VO2peak), followed by a randomised crossover design of 

three submaximal exercise sessions: (i) gradient running protocol; (ii) step 

frequency and foot-strike running protocol, and (iii) 30-minute cycling 65% 

VO2peak protocol. 

Oscillations were present during each running protocol with a variety of 

oscillatory patterns occurring between participants and between different 

gradients, running styles and step frequencies. No statistical difference in the 

oscillatory pattern occurred between submaximal treadmill running protocols 

(p>.05), while no MCAv oscillations were present during cycling. 

Data collectively demonstrated that altering the heel-strike force during running 

affects the oscillatory pattern in MCAv, albeit not statistically supported from this 

small sample size. 
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INTRODUCTION 

Exercise is known to improve cerebral blood flow (CBF; Querido and Sheel, 2007), 

benefiting brain health (Burley et al. 2016). Currently, optimal exercise parameters 

and underlying mechanisms to enhance cerebrovasculature remains 

underdetermined. The majority of research on CBF profiles during exercise has been 

based on cycling, a non-weight bearing modality (Olmedillas et al. 2012). These 

studies indicate that moderate intensity exercise (~65%VO2peak) is optimal for brain 

health due to eliciting the maximal increase in CBF (Brugniaux et al. 2014). However, 

running and rowing have both been shown to produce an alternative CBF profile 

across a range of intensities (Faull et al. 2014; Lyngeraa et al. 2013; Pott et al. 1997), 

which suggests that universal recommendations across exercise modalities for CBF 

responses may be incorrect. 

In comparison to cycling-based research, the treadmill as a modality has been 

neglected when exploring the influence of exercise intensity on CBF and partial 

pressure of end-tidal carbon dioxide (PETCO2) responses. Running has been 

specifically associated with a ‘beat phenomenon’, which has been identified as a 

summation of two pressure waves (Palatini et al. 1989).  The mechanical impact of 

the repetitive heel strikes during running gait shocks blood vessels, thus generating a 

wave that combines with arterial pressure waves (Palatini et al. 1989). Together they 

induce periodic pulse pressure oscillations within arterial blood pressure (BP) that are 

transmitted into CBF and change with exercise intensity (Lyngeraa et al. 2013). 

Previously, an increase in the oscillation wavelength duration was observed to 

increase with an increasing running speed (Palatini et al. 1989 and Lyngeraa et al. 

2013). However, the effect running gradient has on the oscillatory pattern, has not 
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been explored. Interestingly, investigations of running kinematics have shown that 

uphill running induces a forefoot striking pattern that potentially reduces the amount 

of force penetrating through the heel, while downhill running induces a rear-foot 

striking pattern that augments the heel-strike force (reviewed in Vernillo et al. 2017). 

These kinematic-observations of running gait are likely to impact the heel-strike force 

associated changes in BP fluctuations and thus CBF. Therefore, the first aim of this 

study is to explore the use of a stepwise gradient change of the VO2peak test, to 

investigate the impact of the increasing intensity (i.e. gradient) on MCAv oscillations 

(i.e. oscillation duration and frequency). The second aim is to compare CBF profiles 

during uphill and downhill running. The third aim is to explore how running styles 

impact the MCAv oscillatory pattern. Specifically, toe-weighted and heel-weighted 

running which mimics uphill and downhill running. 

Step frequency is also known to have an influence over the BP oscillatory pattern. 

Palatini et al. (1989) and Lyngeraa et al. (2013) observed that the CBF oscillation 

wavelength duration increased as the difference between the step frequency and 

heart rate (HR) decreased. Additionally, Lyngeraa et al. (2013) found that CBF 

oscillations temporarily disappeared with a change in treadmill belt speed when 

running rhythm was interrupted, which then returned once participants found their 

running rhythm again. These observations indicate that there may be a direct 

association between individuals running rhythm, step frequency and the development 

of oscillations. Nevertheless, the relationship between step frequency and CBF 

oscillation frequency during running has not been examined. Therefore, the final aim 

of this study will be to explore the influence step frequency has on MCAv oscillations. 
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The primary purpose of the present study is to examine how changing the heel strike 

force and pattern during running impacts CBF and pulse pressure oscillations. It is 

hypothesised that downhill running will increase the heel-strike force, elevating the 

amplitude of MCAv pulse pressure oscillations with a reduction in the wavelength 

duration compared to uphill running. The findings of this study will improve the 

understanding of how to optimise exercise parameters for improved brain health.  
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LITERATURE REVIEW 

The purpose of this review is to extensively evaluate and critique literature 

investigating the impact that exercise has on brain health. The review will be broken 

down into eight sections that will each discuss available evidence that contributes to 

the understanding of how exercise improves cerebrovascular health. An essential 

component of understanding the influences exercise has on CBF, is the knowledge 

of the regulators that mediate CBF. After a brief overview of how exercise affects 

brain health, the following section will explore the different regulators and their 

influence on CBF. The next question that may be postulated, is how does exercise 

elicit positive effects within the cerebrovasculature? Therefore, evidence of possible 

underlying mechanisms within the brain that induce beneficial cerebrovasculature 

adaptations will be explored. There is currently minimal literature that has directly 

examined the underlying mechanisms of cerebrovasculature adaptations in humans. 

The majority of evidence in humans stems from exercise interventions examining 

effects within the peripheral vasculature. Of note, limited research exists given the 

difficulties associated with direct invasive studies on humans. Accordingly, this 

research will be briefly reviewed, including the context of how it might translate to the 

cerebrovasculature. Exercise is a broad term which includes a range of different 

exercise parameters such as mode and intensity. Consequently, the subsequent 

section will explore the influence that different exercise modalities and intensities 

may have on CBF. Running is a common mode of exercise, involving repetitive foot-

strikes that have been observed to induce pulse pressure oscillations both within 

arterial BP and CBF. Currently, limited literature exists that examines the effects of 

different exercise modalities on CBF other than cycling. Therefore, running 
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locomotion will be examined including the influence that gradient has on the 

kinematics of this exercise modality and how this may potentially have an impact on 

CBF. Penultimately, evidence of entrainment between HR and running cadence will 

be examined including speculation of how this may influence CBF. Finally, a 

summary will conclude all the aforementioned sections and evidence presented.  

Current Understanding of the Positive Benefits of Exercise on Cerebral Health  

A plethora of studies have indicated that regular exercise is associated with positive 

cerebrovasculature health.  CBF is essential for brain function with precise control 

over nutrient supply and removal of biproducts (Smith and Ainsle, 2017). Exercise 

exerts beneficial effects on the cerebral circulation, which is associated with reduced 

cerebrovascular events such as stroke (Padilla et al. 2011). Regular exercise 

engenders beneficial effects on cerebrovasculature health in clinical and non-clinical 

populations (Lautenschlager et al. 2012).  Despite such known benefits, a third of the 

global population neglect the minimum physical activity requirements to sustain 

optimum health (Halla et al. 2012). Indeed, physical inactivity is ranked within the top 

10 risk factors for poor health sustainability (Lucas et al. 2015) and contributes to ~6-

10% deaths from non-communicable disease (Halla et al. 2012). 

Sedentary behaviour and ageing both increase the risk of developing a 

cerebrovascular and/or neurodegenerative disease (Deary et al. 2009). As a result of 

improved healthcare, the United Kingdom has an increased percentage of an ageing 

population. Due to prevalent age-related health issues, cognitive decline and 

pathological brain disorders such as Alzheimer’s and cerebral infarction have 

become increasingly evident. Epidemiological studies found ~30% of individuals with 

Alzheimer’s were related to risk factors such as physical inactivity and poor 
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cardiovascular health (Norton et al. 2014). An array of stressors has been shown to 

induce positive health-related physiological adaptations within the brain (Burley et al. 

2016). This includes physical activity, which improves cognition (Kramer et al. 1999).  

Specifically, acute exercise causes episodic increases in CBF and through repeated 

exposure (i.e. regular exercise) has been associated with counteracting the natural 

decline in cerebral tissue density (Colcombe et al. 2003), aiding the maintenance of 

brain volume (Colcombe et al. 2006) and cognitive function (Lautenschlager et al. 

2012; Davenport et al. 2012).  Therefore, physical activity has been prescribed to 

patients at risk of dementia to improve cognitive capacity as results have shown 

improvements in memory tasks, and grey matter hippocampal volume (Erickson et al. 

2011 and Killgore et al. 2013). Overall, improving cerebrovasculature health, 

enhances a healthier longevity and well-being for individuals that will ultimately 

reduce the economic burden on health care services (Lucas et al. 2015). 

Nevertheless, while it is clear regular physical activity and habitual exercise offset 

natural ageing and disease-related impairments in brain health, what the optimal 

exercise is for mediating these effects are is uncertain. This uncertainty is in part 

related to the complex regulation of CBF, especially during exercise (Smith and 

Ainslie, 2017).  

Regulation of Cerebral Blood Flow 

This section will explore the regulation of CBF during acute exercise, taking an 

integrative physiological perspective due to the array of mediators involved (Ainslie 

and Ogoh, 2009). The main regulators of CBF are believed to be neural activity, 

metabolic demands, BP, cerebral autoregulation, cardiac output, and partial pressure 

of carbon dioxide (PCO2) (Lucas et al. 2015; Willie et al. 2014). A multitude of 
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mechanisms are considered to be responsible for influencing cerebrovascular 

resistance and thus blood flow, which include myogenic, neurogenic, metabolic and 

endothelial factors (Brassard et al. 2017; Tzeng and Ainslie, 2014). Nonetheless, it 

remains unclear how these regulators govern changes in CBF during exercise in 

humans.  

The regulators of CBF work efficiently to continuously maintain CBF homeostasis. 

The vascular resistance of the large arteries, as well as parenchymal arterioles within 

the brain, aid CBF regulation (Faraci and Heistad, 1990). The large arteries have a 

crucial role in mediating downstream microvascular pressure changes in response to 

increases in systemic arterial pressure to maintain CBF.  Investigation of pressure 

gradients inside the cerebral circulation show that large extracranial vessels and 

intracranial pial vessels contribute to ~50% of cerebral vascular resistance (Faraci 

and Heistad, 1990). This is in contrast to the peripheral vasculature where small 

arterioles are predominantly the sites of vascular resistance. Segmental vascular 

resistance within the cerebrovasculature is an essential protective mechanism, 

mediating pressure gradients and ensuring metabolic demands are met (Cipolla, 

2009). Additionally, cerebral autoregulation is vital for reducing CBF deviation in 

response to changes in BP by modulating cerebrovascular resistance (Aaslid et al. 

1989). 

Cerebral metabolism relates to the exchange of oxygen (O2), glucose, and lactate 

between arterial and venous circulations in the brain. The brain has a substantial 

metabolic demand that requires ~20% of total oxygen consumption and ~15% of the 

total cardiac output, albeit only comprising 2-3% of total body mass (Willie et al. 

2011). However, the brain has a small capacity to store energy thus requiring a 
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constant supply of nutrients for optimal function. Exercise increases both energy 

demand and neuronal activity, thus CBF increases to provide adequate perfusion to 

the cerebrovasculature (Davenport et al. 2012; Lucas et al. 2015). A compensatory 

uptake of lactate, glucose and oxygen will occur if CBF fails to meet the metabolic 

demands (Smith and Ainsle, 2017).  Thus, evidencing the large energy demand of 

the brain and the tight precision of CBF that is required from the regulators, 

especially during exercise. 

The contraction of the heart induces variations in cardiac output that impacts the 

cerebral circulation through changes in pressure and flow. However, these two 

factors should be considered separately. Fluctuations in pressure propagate 

throughout the brain instantaneously, whereas with flow, pulsations are directly 

dependant on the location and require displacement of fluid from one compartment to 

another (Wagshul et al. 2011). Two haemodynamic principles explain how cardiac 

output governs CBF regulation; 1) perfusion is dependent on BP and the vasculature 

resistance of an organ, and 2) the metabolic rate determines the distribution of 

cardiac output within an organ (Smith and Ainslie, 2017).  Therefore, the cardiac 

cycle has considerable influence over BP and is important to take this into 

consideration when examining CBF regulation during exercise.   

Cerebral vasculature is extremely sensitive to changes in PCO2 (Smith and Ainsle, 

2017).  This has been demonstrated during investigations by inhaling varying 

amounts of carbon dioxide (CO2). The inhalation of 5% CO2 has been found to 

increase CBF by ~50% whereas 7% induces an increase of ~100% (Kety and 

Schmidt, 1948). CO2 diffuses across the blood brain barrier to form hydrogen (H+) 

and bicarbonate, which influences the resistance and diameter of vessels (Querido 
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and Sheel, 2007). CO2 has opposing effects on CBF depending on whether there is a 

high or low level.  Exercising above the anaerobic threshold results in anaerobic 

glycolysis occurring, producing H+ ions which buffers into PCO2 simulating a 

hyperventilation response, attenuating PCO2 levels (Myers and Ashley, 1997). This 

results in hypocapnia (Hellstörm et al. 1996), leading to vasoconstriction which 

ultimately lowers CBF. Therefore, current research indicates that moderate intensity 

exercise (~65%VO2peak) is optimal for brain health due to eliciting the maximal 

increase in CBF (Brugniaux et al. 2014; Moraine et al. 1993). This is explained in 

greater detail below.  

Cerebral integration during exercise of active limbs influences CBF (Pott et al. 1997), 

as cortical regions representing the involved muscles will receive an increase in 

blood flow (Lyngeraa et al. 2013). Additionally, motor neuron activity increases with 

exercise intensity. This would imply that CBF increases with exercise intensity 

(Moraine et al. 1993; Smith et al. 2012). However, an array of studies has 

demonstrated a decrease in CBF beyond the anaerobic threshold (e.g. Brugniaux et 

al. 2014).  Research has suggested central nervous system (CNS) motor output is 

related to O2 availability. Therefore, a reduction in CBF may correlate with a decline 

in O2 delivery, which potentially decreases CNS motor efficiency causing a 

detrimental impact on an individual’s exercise capacity (Subudhi et al. 2007). This 

remains a controversial topic as under normoxia conditions, cerebral oxygenation 

levels remain above resting values even during strenuous exercise (Subudhi et al. 

2007, 2011). Additionally, this decline in CBF potentially impacting cerebral 

oxygenation is because of the powerful influence PCO2 has on vasculature, as 

mentioned above. 



10 

 

Overall, there are many factors which influence CBF regulation during acute 

exercise. The contribution and combination of these regulators may be affected by 

the different exercise parameters, such as exercise mode and intensity.  

Mechanisms of Cerebrovasculature Adaptations 

This section will discuss the potential underlying mechanisms that have been 

suggested to induce cerebrovasculature adaptations. Research has demonstrated 

exercise-induced haemodynamic forces (i.e. cyclic and shear stress) occur within 

peripheral vasculature. Shear stress is a frictional force acting on the walls of a 

vessel, which elevated with increased blood velocity (Topper and Gimbrone, 1999). 

Whereas cyclic strain is the mechanical deformation of the vessel, caused by the 

pressure of blood acting on the endothelium (Papaioannou and Stefanadis, 2005). 

Chronic exercise training is known to elicit vascular conditioning, due to the direct 

effects of these haemodynamic forces on the vascular wall within arteries (Padilla et 

al. 2014). However, evidence remains limited regarding these underlying 

mechanisms within the cerebrovasculature. 

Exposure of haemodynamic forces within the peripheral vasculature are known to 

induce vascular adaptations through the release of nitric oxide (NO), in a dose-

related manner (Laughlin et al. 2008; Lu and Kassab, 2011). NO is a potent 

vasodilator, crucial for vessel calibre regulations and is an essential component 

involved in eliciting vascular adaptations (Lu and Kassab, 2011). Numerous studies 

have explored the impact shear stress has within the peripheral vasculature during 

human intervention studies that involved repetitive exercise bouts, causing the 

release of vasoactive substances (Rakobowchuk et al. 2008; Green et al. 2002). The 

release of these chemical agents is dependent on the blood flow characteristics and 
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the corresponding cellular events within the periphery (Papaioannou and Stefanadis, 

2005), that potentially transcend into cerebral circulation. Additionally, NO 

bioavailability is believed to be essential for optimal CBF regulation and 

cerebrovascular function (Lucas et al. 2015). However, to date most human-based 

studies have only assessed shear stress in the brachial and popliteal arteries. 

The relationship between blood flow and shear stress is not parallel, for example if 

the diameter of the artery increases then shear stress would not change (Padilla et 

al. 2011). This knowledge is required when examining CBF and the potential 

underlying mechanisms that induce cerebrovasculature adaptations. However, due to 

difficulties of direct measurements on humans, no studies have clarified this 

relationship within cerebral circulation per se. 

Cyclic strain is another mechanism which potentially elicits cerebrovascular 

adaptations (Birukov, 2009). It improves regulation of endothelial permeability by 

enhancing greater efficiency of nutrients through increase of endothelial NO synthase 

activity, which enables more effective cell respiration (Awolesi et al. 1995; Tang et al. 

2016). Chronic exposure to cyclic strain aids greater compliance of the endothelium, 

through remodelling and proliferation of endothelial cells. This enables the vessel to 

change diameter more efficiently, enhancing vascular tone (Schad et al. 2011). 

Research is required to explore whether cyclic strain occurs within human cerebral 

circulation. However, there is limited research examining human cerebral circulation 

due to the complications of direct measurements. Therefore, it remains unknown 

whether cyclic strain occurs within the cerebrovasculature.   

In summary, haemodynamic forces (i.e. cyclic strain and shear stress) have been 

evidenced to increase during exercise inducing peripheral vasculature adaptations. 
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This increase of the haemodynamic forces are potentially the underlying mechanisms 

that induce cerebrovasculature adaptations during exercise. Therefore, an 

assumption can be made that the modality and intensity of exercise which induces 

the greatest increase of CBF, would also produce the greatest stimulus for shear 

stress and cyclic strain. Overall, the examination of exercise interventions on 

cerebrovasculature health should be twofold. Firstly, to discover the direct influence 

that different exercise parameters have on CBF and then to investigate whether 

these haemodynamic forces occur within the brain, thus leading to discovering the 

optimal exercise parameters to achieve maximum cerebrovasculature health. 

Pulsatility 

Exercise is known to generate an acute increase in pulsatility due to the contraction 

of skeletal muscles in conjunction with an increased HR (Babcock et al. 2015). 

Systolic pressure increases as diastolic pressure remains relatively constant, 

resulting in a greater pulse pressure across an exercise bout (Palatini et al. 1988). 

Pulse pressure is the difference in maximum systolic and diastolic arterial pressures 

(Ündar et al. 1999). An exercise-induced increase in pulsatility will elevate the 

haemodynamic forces within the vasculature, potentially increasing the stimulus for 

adaptation. Gosling’s pulsatility equation is followed, as an index of vascular 

resistance and pulsatile flow (shown as  𝑃𝑢𝑙𝑠𝑎𝑡𝑖𝑙𝑖𝑡𝑦 =
𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐−𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
 (Levine et al. 

1994).  The change in pulse pressure can also be examined by calculating pulse 

pressure amplitude as shown in Lyngeraa et al. (2013) (PPA; sMCAv - dMCAv). Both 

equations enable analysis of the shape of pressure waveforms during exercise. 

Poiseuille’s Law states that CBF is dependent on cerebral perfusion pressure, 

alongside the radius of blood vessels. Cerebral perfusion pressure is heavily 
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influenced by mean arterial pressure (MAP); therefore, any systemic pressure 

alterations will directly impact CBF (Hill and Gwinnutt, 2008). Following this law, CBF 

regulation is determined by BP, coupled with any resistance change, which is 

predominantly mediated by PCO2. Poiseuille’s law could therefore be applied to 

determine the shear rate within a vessel. This equation indicates that shear stress is 

directly proportional to blood flow rate, and inversely proportional to vessel diameter, 

assuming the vessel is straight and inelastic with laminar flow (Papaioannou and 

Stefanadis, 2005). Therefore, fluctuations in BP during exercise transcend into CBF. 

Different exercise parameters (i.e. mode and intensity) potentially induce different 

pulse pressure and shear rate profiles. Overall, research is required to establish what 

exercise parameters elicit the greatest stimulus on cerebrovasculature to induce 

adaptations.  

The brain is encapsulated within the cranium, a fixed structure, and therefore 

pulsations from fluctuations in pressure and flow directly transfer into brain tissues 

and fluids (Wagshul et al. 2011). Cerebral vessels are compliant and adapt to 

exercise-induced increases in both pressure and flow, preventing an excessive 

accumulation of pressure. Elastic components of central arteries have an essential 

role by influencing the amplitude of pulsations in flow, which prevents microvascular 

damage in target organs from excess energy (Mitchell et al. 2011). Vessel 

compliance is the ratio of volume over pressure change. It is fundamental within the 

brain as high flow organs are extremely susceptible to haemodynamic pulsatility. A 

system with high compliance can withstand large increases in volume, resulting in a 

small pressure increase (Wagshul et al. 2011). In summary, different exercise 

parameters (i.e. mode and intensity) potentially induce unique pressure changes that 
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the brain is highly sensitive to. The systemic BP fluctuations transcend into the CBF, 

influencing the haemodynamic forces (i.e. shear stress and cyclic strain) within the 

cerebrovasculature. Therefore, an understanding of the properties of cerebral 

vessels is crucial when examining haemodynamic responses to different exercise 

parameters, which potentially improve cerebrovasculature health. 

Peripheral Vascular Studies 

There is limited research exploring human cerebral circulation during exercise due to 

difficulties with obtaining direct measures. Therefore, this section will explore several 

areas within peripheral vasculature, which are as follows: 1) exercise interventions 

which explore underlying mechanisms of vasculature adaptations; 2) whether 

different stimuli invoke different haemodynamic profiles, and 3) consider if this would 

induce stimuli-dependant adaptations. Table 1 summarises current exercise 

investigations that have examined peripheral vascular haemodynamics within a 

range of systemic vessels, following unique experimental protocols.  

Exercise is known to improve endothelial function (Tinken et al. 2009) with chronic 

training inducing vascular conditioning through direct effects on the endothelium 

(Padilla et al. 2014). Research has shown the influence of exercise-induced 

haemodynamic forces (i.e. cyclic strain and shear stress) induce endothelial cell 

morphology, and increased production of vasoactive substances within peripheral 

vasculature, as mentioned in the above section (Awolesi et al. 1994). Evidence 

remains limited concerning these underlying mechanisms within the 

cerebrovasculature. Additionally, the results of these vascular adaptations have been 

inconsistent, in particular when involving different exercise parameters and muscle 

groups of healthy individuals (Green, 2009). 
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Literature has revealed a distinct time course in vascular adaptations. Tinken et al. 

(2009) demonstrated the initial functional endothelium response to exercise within 

localised vasculature. This investigation included three 30-minute interventions, 

designed to explore whether passive heating, alongside lower and upper limb 

exercise induce different shear stress profiles within the brachial artery (see table 1). 

Blood flow and shear stress increased at similar rates across all three interventions, 

resulting in an elevation of flow-mediated dilation (FMD). Interestingly, the magnitude 

and frequency of pulse pressure varied between each intervention. Therefore, 

demonstrating that shear stress patterns are modality dependant, inducing specific 

training vasculature adaptations. Thus, contributing to the growing body of evidence 

that training induces limb specific vasculature adaptations. Localised vasculature 

remodelling is known to occur after the initial functional response during long-term 

exercise training, targeting a specific limb (Tinken et al. 2008, see table 1). This 

adaptation occurs in response to the repeated exposure of elevated shear stress 

levels.  Overall, it is important to consider that CBF regulation is unique and complex 

in contrast to systemic circulation. Therefore, specific investigations are required to 

explore the regulation of CBF during exercise in conjunction with the underlying 

mechanisms of exercise-induced cerebrovasculature adaptations.  

The size of the active vascular tissue has been found to influence exercise-induced 

haemodynamic forces (Green et al. 2017). The mass of the exercising tissue 

determines whether arterial remodelling is restricted to the local vasculature or has a 

systemic effect (Green, 2009). Green et al. (1994) discovered from a 4-week 

unilateral hand grip intervention that only local modifications occurred within the 

vascular bed, with no impact on the contralateral limb and with only a marginal 
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increase in cardiac output and BP (Green et al. 1994; Green et al. 1996). In 

comparison, lower limb exercise (i.e. cycling) requires a greater elevation in blood 

flow to meet metabolic demands. Therefore, inducing a hyperaemic response thus 

increasing haemodynamic forces (Linke et al. 2001). Collectively, the mass of the 

exercising muscle influences the haemodynamic response and therefore the 

potential stimulus for inducing cerebrovasculature adaptations. Overall, various types 

of exercise modalities need to be considered when examining haemodynamic 

responses in the cerebral circulation during exercise. This research will help develop 

optimal exercise parameters to induce cerebrovasculature adaptations. 

Exercise intensity is another key parameter which may influence vascular 

adaptations. Few peripheral vasculature investigations have explored the impact of 

different intensities on vascular function and structure within an exercise modality. 

Goto et al. (2003) observed during a 12-week cycling intervention, low intensity 

exercise appeared unable to induce a sufficient stimulus to engender vascular 

adaptations, while moderate intensity improved NO-induced endothelial function 

whilst alleviating oxidative stress, and high intensity training elicited oxidative stress 

and inflammation that inhibited the underlying functional vascular adaptions. 

Additionally, an increase in skeletal muscle’s oxygen demand with strenuous 

exercise has been correlated with an elevation of free radical formation (Davies et al. 

1982) and a decrease in antioxidants (Bergholm et al. 1999). Strenuous exercise has 

also been found to have a negative relationship with FMD. Birk et al. (2012) 

evidenced that FMD reduced considerably after high intensity cycling in comparison 

to lighter workloads. Together both these findings suggest intense exercise could 

impair endothelium-dependent vasodilation because of a reduction in NO 
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bioavailability, inducing a detrimental effect on the vasculature. Although, to date 

there is no evidence of an impaired endothelial function within healthy individuals 

from intense exercise. Moreover, investigations have found a correlation between 

intensity and production of NO (Marsumoto et al. 1994). One potential hypothesis is 

that high intensity exercise induces an elevation of oxidative stress inhibiting NO 

bioavailability. However, within healthy individuals the increase in NO production 

appears to override this issue (Goto et al. 2003). Further research is essential to 

examine the relationship between the NO bioavailability and intensity, with regards to 

peripheral vasculature health as well as establishing whether this relationship 

transcends into the cerebrovasculature. 

An abundance of evidence has explored the impact of exercise on peripheral 

vasculature, verifying that episodic increases in haemodynamic forces are a stimulus 

for vascular adaptations. Overall, research is needed to explore whether these 

exercise-induced haemodynamic forces (i.e. shear stress and cyclic strain) occur 

within the cerebral circulation and then to examine if these haemodynamic responses 

are modality and intensity dependant. The answer to these questions will help 

discover the optimal exercise parameters to improve cerebrovasculature health. 
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Table 1: Investigations that have examined peripheral adaptive responses to exercise training 
Authors Participants Vessel Protocol Findings 

Hambrecht et 
al. 2003 

35 male patients, 
70 years old with 
Coronary Artery 
Disease 

Internal 
mammary 

Exercised 3 times a day: 10 
minutes on row ergometer and 10 
minutes on bicycle ergometer for 
4 weeks 

● ↑in vivo and vitro Ach responses 
● ↑ adenosine-mediated blood flows 
● ↑eNOS expression, mRNA, protein 

expression, shear stress related to 
phosphorylation 

Green et al. 
1996 

8 Tennis players Brachial artery Forearm blood flow responses to 
a 5-minute ischemic stimulus and 
intrabrachial infusion of Ach, 
sodium nitroprusside, and NG-
monomethyl-L-arginine in both 
arms 

● ↑vasodilator capacity in dominant limb 
● ↑ Forearm volume, girth, and grip strength in 

the dominant limb 
● ↑reactive hyperemic response in the 

dominant limb 
● No differences between the arms in response 

to Ach, sodium nitroprusside or NG-
monomethyl-L-arginine 

Green et al. 
1994 

11 young 
participants in 
training group with 
6 aged matched 
controls 

Brachial artery 4-week hand grip training 
program: 4 x 30-minute sessions 
of left handgrip exercise per week 

● ↑ peak dilator responses both in trained 
forearm 

● No improvement in untrained participants 
● No change in forearm blood flow in response 

to an endothelium-dependent vasodilator in 
the exercise or control participants  

Clarkson et 
al. 1999 

25 healthy young 
male military 
recruits 

Brachial artery 10 weeks military training: daily 3-
mile run with upper body strength 
and endurances exercises 

● ↑ FMD 

Zeppilli et al. 
1995 

15 elite cyclists, 
long-distance 
runners, volley-ball 
players 
10 wheelchair 
basketball players 
11 wheelchair 
distance runners 
and 20 sedentary 
controls 

Aortic arch, left 
carotid, left 
subclavian 
artery, right 
pulmonary 
artery, 
abdominal 
aorta, 
mesenteric 
artery, superior 
and inferior 
vena cava 

Measurement of vessel diameter 
via a two-dimensional 
echocardiography  

● ↑ large artery size in endurance trained 
athletes 

● ↑ vessel size in able-bodied athletes, cyclists 
and long-distance runners compared to 
control 

● ↑ upper-body vessels and ↓ lower-body 
vessels within wheelchair athletes than 
control participants 

● ↑ abdominal aorta and inferior vena cava of 
wheelchair distance runners greater than 
wheelchair basketball players 
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Birk et al. 
2012 

10 young healthy 
males 

Brachial artery A 30 minute of cycle at 50, 70 and 
8%HRmax 

● Negligible change in brachial artery FMD 
after cycling at 50%HRmax 

● ↓ in FMD after cycling at 70%HRmax 
● ↓ in FMD after cycling at 80%HRmax 

Dinenno et al. 
2001 

53 middle-aged 
sedentary and 55 
endurance 
exercise-trained 
middle-aged men 

Brachial and 
femoral artery 

A 3-month walking to jogging 
intervention, exercising 5–7 days 
per week, 40–50 minutes per day, 
at 65–80% of HRmax. 

● ↑resting diameter 
● ↑ tangential wall stress in endurance-trained 

men 
● ↑ femoral artery lumen diameter and ↓ intima 

media wall thickness in endurance leg-
trained athletes in comparison to sedentary 
participants 

 
 

    

Miyachi et al. 
2001 

10 young men Ascending aorta 
and common 
femoral artery 

6-week one-legged cycling at 
80% VO2peak, 40-minutes a day, 4 
days a week. Then detraining for 
another 6 weeks 

● No difference in baseline one-legged VO2peak  
● No difference in cross-sectional area of the 

femoral artery and vein in trained and control 
legs at baseline 

● No change in cross-sectional area of the 
femoral artery or VO2peak in control limb 

● ↑ cross-sectional area of ascending and 
abdominal aorta, femoral artery and femoral 
vein in trained limb 

● ↑16% VO2peak in trained leg 
● Improvements returned to baseline values 

during detraining 
Tinken et al. 
2008 

13 healthy males 
and 7 non-active 
male controls  

Brachial and 
popliteal arteries 

8-week cycling and treadmill 
running exercise training 

● ↑ vascular function from training 
● Control group - no change in dilator capacity, 

brachial and popliteal artery FMD 
● ↑ brachial artery FMD from baseline to week 

4 and ↓ towards baseline levels by week 8 
● ↑ brachial artery dilator capacity through the 

intervention duration 
● ↑ popliteal artery FMD from baseline to week 

6 and↓ by week 8 
● ↑ popliteal dilator capacity from baseline at 

week 4 and 8 
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Tinken et al. 
2009 

10 healthy 
recreationally 
active males 

Brachial artery 30-minute intervention consisting 
of bilateral forearm heating, 
recumbent leg cycling or bilateral 
handgrip exercise with unilateral 
cuff inflated (60mmhg) 

● ↑ antegrade flow, shear rate, FMD in non-
cuffed arm similar response in each 
intervention 

● ↓ antegrade shear rate in cuffed arm with no 
increase in FMD 

 
Rakobowchu
k et al. 2008 

10 young females 
and 10 males 

Popliteal artery 
and carotid 
artery 
distensibility 

6-week exercise intervention of 
sprint interval training (6 x 30 
seconds bouts, 3 days per week) 
or endurance training (40–60 
minutes of cycling at 65%VO2peak, 
5 days a week) 

● ↑ popliteal artery distensibility and endothelial 
function in both training interventions 

● ↑ ~10% in VO2peak in both training 
interventions 

● Carotid artery distensibility did not change in 
either training intervention 

Huonker et al. 
2003 

18 able-bodied elite 
tennis players, 34 
able-bodied elite 
road cyclists, 26 
athletes with 
paraplegia, 17 
below-knee 
amputated athletes, 
and 30 able-
bodied, untrained 
participants 

Thoracic and 
abdominal 
aorta, 
subclavian 
artery, and 
common 
femoral artery 

Cross-sectional study of central 
and peripheral arteries within 
athletes and in untrained 
participants 
 

● ↑ diameter of 19% in subclavian artery of the 
dominant arm in comparison to the non-
dominant arm of able-bodied tennis players. 

● ↑ diameter of femoral artery in able-bodied 
road cyclist athletes and within the intact limb 
of below-knee amputated athletes 

● ↓ diameter of 37% and 21% in femoral artery 
in athletes with paraplegia and of below-knee 
amputated athletes, respectively. With ↓ 
cross-sectional area of 57 and 31%, 
respectively, compared with controls. 

● ↑ diameter of 19% and cross-sectional area 
of 54% in subclavian artery compared to 
controls. 

● No modification in diameter of the thoracic 
and abdominal aorta between any participant 
group 

 
(Key:  ↑, increase; ↓, decrease; Ach, Acetylcholine; FMD, flow mediated dilation; eNOS, endothelial nitric oxide synthase; VO2peak, maximal oxygen 
consumption and HRmax, maximal heart rate) 
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Impact of Exercise on Cerebral Blood Flow 

This section covers research examining the influence exercise has on CBF. More 

specifically whether a modality and intensity relationship exists. No research to date 

has explored the influence of more than one modality on CBF within one study, thus 

preventing a direct comparison. A more complicated relationship between exercise 

intensity and CBF may exist than is presented within current literature, which is 

based on predominantly cycling studies (e.g. Brugniaux et al. 2014). Subsequently, 

current literature investigating the influence of cycling, rowing and running on CBF 

will be discussed with table 2 summarising relevant evidence. To note, all exercise 

studies discussed following this utilised a transcranial doppler (TCD) to measure 

MCAv, as an index of CBF. The TCD has a high temporal resolution and measures 

beat-to-beat changes in cerebral perfusion (Ogoh and Ainslie, 2009). Near-infrared 

spectroscopy has also been used simultaneously with a TCD in research to explore 

cerebral haemodynamics, as an index of haemoglobin volume to represent flow (as 

seen in Gonzales-Alonso et al. 2004 study; Boushel et al. 2001).  A Vyntus metabolic 

cart is commonly used to measure respiratory variables to a high-level of accuracy 

and precision (Perez-Suarez et al. 2018) and enables breath-to-breath analysis 

(Vyaire Medical, 2019). The aforementioned measures are all non-invasive and 

enable continuous monitoring of parameters. 

Cycling 

Cycling is the most frequently used modality when investigating CBF profiles during 

exercise. This is understandable due to the simplicity the mode offers for lab 

organisation and recording measures. Cycling is a continuous exercise, with no rapid 

head movement and does not involve whole-body movement, or the influence of 



22 

 

body weight due to being seated. All these factors are likely to influence the CBF 

profile. Moreover, supine-cycling is often used to aid data collection (e.g. duplex 

ultrasound imaging the extracranial vessels; Sato et al. 2011).  

There is a considerable body of literature based on cycling exercise that reports a bi-

phasic profile for both MCAv and PETCO2 across the full range of intensities (see 

figure 1). Specifically, both MCAv and PETCO2 increase with intensity until the 

anaerobic threshold is reached, where values begin to decrease towards baseline 

levels (Hellstörm et al. 1996; Brugniaux et al. 2014; Moraine et al. 1993). The use of 

duplex ultrasound enables the blood flow through the carotid arteries to be imaged 

and therefore, the relationship between extracranial blood flow and CBF during 

exercise to be examined. Sato et al. (2011) reported regional differences between 

internal carotid artery (ICA) and vertebral artery blood flow during incremental 

cycling. Blood flow within the common carotid artery was reported to progressively 

increase. This resulted in an abrupt elevation in blood flow within the external carotid 

artery (ECA) during moderate-high intensity exercise, in contrast to a decrease ICA 

blood flow. Evidencing, blood flow within the ECA is selectively increased over ICA 

blood flow during strenuous exercise, which was hypothesized to be associated with 

thermoregulation (Sato et al. 2011). Furthermore, blood flow within the vertebral 

artery was found to increase during high intensity exercise compensating for the 

decline in ICA blood flow. To note, the ICA blood flow has been found to follow a 

similar pattern to MCAv in relation to intensity (Hellstörm et al. 1996).  Overall, a 

coupling between PETCO2 and MCAv is present during exercise with the influence of 

intensity determining the CBF profile. Overall, there are different regional blood flow 

profiles during exercise that are influenced by exercise intensity and PETCO2. 
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Hyperventilation-induced hypocapnia is thought to cause the reduction of MCAv at 

high intensity exercise (Hellstörm et al. 1996). During high intensity, anaerobic 

exercise, the rate of lactate breakdown cannot match the rate of lactate synthesis. 

Lactate accumulation increases H+ ion concentration, resulting in metabolic acidosis 

(Stringer et al. 1994). Endogenous stores of bicarbonate buffer the elevation of H+ 

ions, which therefore increases the PCO2 and that ultimately stimulates a 

hyperventilation response to offload CO2 in order to maintain acid-base balance 

(Querido and Sheel, 2007). All these physiological processes underlie the concept 

that moderate intensity exercise (~65%VO2peak) is optimal for brain health due to 

eliciting the maximal increase in CBF (Brugniaux et al. 2014). Indeed, moderate 

intensity exercise induces small elevations in PCO2, which contributes to the 

exercise-induced increase in CBF (Myers and Ashley, 1997). In addition, MAP 

increases perfusion pressure alongside neural activation, all of which facilitate CBF 

elevation. However, this bi-phasic CBF profile (i.e. MCAv) is predominantly from 

cycling based studies, whereas differences between exercise modalities could exist. 

To note, posterior circulation has been shown to increase up to 80%VO2peak during 

cycling, evidenced by the vertebral artery blood flow (Sato et al. 2011). Indeed, both 

running and rowing have been shown to produce an alternative CBF profile across a 

range of intensities (Faull et al. 2014; Lyngeraa et al. 2013; Pott et al. 1997).    

The examination of the prefrontal cortex haemodynamics during exercise using near-

infrared spectroscopy (NIRS) has facilitated the measurements of haemoglobin 

volume in cerebral tissue, which allows the interpretation of cerebral haemodynamics 

dynamics including both O2 delivery and O2 utilisation. Additionally, NIRS enables the 

examination of the potential conflict between cerebral oxygen delivery and 
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maintenance of CBF during strenuous exercise, which could elicit hyperperfusion. 

This would augment structural damage, specifically to the blood brain barrier and the 

brain parenchyma, if the increase in CBF is not controlled. Curtelin et al. (2017) 

investigated cerebral haemodynamic activity during 30-second maximal cycling 

sprints in normoxia and hypoxia. This investigation demonstrated CBF followed a 

curvilinear pattern across the sprint in both the normoxia and hypoxia conditions. In 

normoxia CBF peaked within the first 7.5 s of a sprint, before coupling with PETCO2 

and declining towards baseline values. Frontal lobe oxygenation decreased by 10% 

that paralleled the progressive decline of CBF by 5% across the sprint during 

normoxia. These findings indicate that the prevention of hyperperfusion was 

prioritised over cerebral perfusion during normoxia. However, priority of O2 delivery 

occurred in the hypoxic conditions despite a greater increase in perfusion pressure. 

The point where cerebral oxygenation starts to decline has been labelled the cerebral 

oxygenation threshold (ThCOx) (Bhambhani et al. 2007; Oussaidene et al. 2013; 

Rupp and Perrey, 2008; Subudhi et al. 2007, 2008). The reduction in cerebral 

oxygenation beyond the ThCOx follows a similar pattern as the reduction in CBF 

beyond the anaerobic threshold (González-Alonso et al. 2004; Vogiatzis et al. 2011).  

This reduction in cerebral oxygenation and CBF, is postulated to be due to exercise-

induced hypocapnia, resulting in vasoconstriction as previously mentioned. Overall, 

hypocapnia induced by high intensity exercise induces a reduction in CBF and 

therefore cerebral oxygenation (Oussaidene et al. 2014; Bhambhani et al. 2007). The 

inverted-U pattern of CBF and PETCO2 with intensity has been extensively 

documented within cycling-based exercise.  
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Exercise induces cerebrovascular stress through the augmentation of haemodynamic 

forces (i.e. shear stress and cyclic strain), endorsing cerebrovasculature adaptations. 

However, based on the current understanding of CBF profile to exercise intensity, 

which is from cycling based studies, exercising beyond moderate intensities may 

attenuate the stimulus for cerebrovasculature adaptations or even cause 

maladaptations. Further research is required to explore CBF profiles within a range of 

exercise modalities and intensities to discover the most beneficial exercise 

parameters for brain health, especially given the recent attention and promotion of 

high intensity exercise strategies for general health gains (Lucas et al. 2015). 

Currently, the underlying mechanisms instigating neuroprotective benefits from 

exercise, are yet to be clarified.  

 

 

                

 

 

 

 

 

Figure 1: A graph illustrating the bi-phasic profile for both middle cerebral artery 
blood velocity (MCAv; circles) and partial pressure of end-tidal carbon dioxide 
(PETCO2; squares) across a full range of intensities (VO2peak). Figure adapted from 
Moraine et al. 1993. 

Rowing 

In contrast to cycling, rowing is a full body exercise with two distinct movement 

phases.  Pott et al. (1997) and Faull et al. (2014) explored how rowing would impact 
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arterial and venous pressure, and ultimately CBF and cerebral metabolism (as 

indexed from MCAv). The findings from these studies illustrated a different CBF 

profile than the aforementioned cycling studies, indicating a modality dependant 

relationship. In particular, Faull et al. (2014) observed MCAv increased throughout 

submaximal and maximal intensities, despite the presence of hypocapnia, revealing 

a different CBF perfusion profile to that previously shown with cycling. Several 

explanations for this profile were presented, such as MCAv potentially becoming 

pressure passive with a Valsalva manoeuvre occurring at the catch, aiding the 

elevation in BP. Synchronisation between BP and CBF demonstrated that systemic 

pressure fluctuations are transmitted into the cerebrovasculature, whereas during 

cycling no correlation between these two variables was reported (Heckmann et al. 

2000). Also, BP and central venous pressure fluctuations corresponded with changes 

in intrathoracic pressure relating to the different phases of rowing (Pott et al. 1997).  

The BP and intrathoracic pressure peaked at the catch phase, which is when force is 

applied against the oar. In summary, cerebral perfusion during rowing is evidently 

influenced by rapid fluctuations in perfusion pressure which is synchronised with 

strokes. Therefore, demonstrating the dependency of peripheral and cerebral 

vasculature haemodynamics on the exercise modality.  

PETCO2 was not measured within Pott et al. (1997) study. However, Faull et al. 

(2014) observed an attenuation in PETCO2 reflecting hypocapnia, although 

recognised this may not replicate the same CO2 stimulus within cerebral vessels. An 

elevated level of PCO2 may occur within the cerebrovasculature, suggesting an 

uncoupling between PETCO2 and cerebral PCO2 and thus inducing vasodilation and 

contributing to the elevation in MCAv. Although extremely invasive measures would 
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be required to evidence this explanation and promotes the question, why would this 

elevation of PCO2 occur during rowing and not in other modalities? Of note, it is 

recognised that rowing elicits a restriction on the ventilatory pattern, which does 

provide some rationale for this uncoupling. Importantly, one key implication of these 

rowing-based studies is that the consideration of exercise modality is essential when 

exploring the influence exercise elicits on a range of physiological factors which aid 

CBF regulation, rather than simply assuming all modalities induce the same CBF 

profile. 

Running  

Running as a modality has been used significantly less within research examining 

CBF, therefore published findings are limited. Palatini et al. (1989) completed early 

research examining the pattern of BP during track running compared to cycling. 

Invasive techniques were employed within this investigation including an arterial line 

and a sophisticated pressure transducer system. Palatini et al. (1989) discovered that 

the mechanical impact of the foot-strike shocked vessels during running gait, 

generating a pressure wave that combines with an arterial pressure wave, resulting 

in periodic pulse pressure oscillations. The combination of these waves produces a 

‘beat’, therefore giving rise to the term ‘beat phenomenon’. The mechanical pressure 

wave was subtracted from the radial artery recording, which produced a flat trace 

demonstrating the two pressure waves had equal frequencies. Oscillations within BP 

were present throughout the track run, and varied between participants, based on 

individual differences. Oscillations appeared sharp when individuals reached their 

maximal speed, coinciding with peak pulse pressure amplitude (PPA). As already 

mentioned above, Lyngeraa et al. (2013) demonstrated that these blood flow 
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oscillations are transferred to the cerebral circulation, with their wavelength 

increasing as intensity increased (at least up to 75% of HR reserve). This information 

indicates that an individual’s heel-strike force may increase with speed, inducing 

greater pressure fluctuations within the mechanical wave. This is in comparison to 

moderate intensity running, where oscillations appeared rhythmical, potentially due to 

individuals finding their running rhythm. Lyngeraa et al. (2013) observed that 

oscillations disappeared with a change in belt speed and returned once individuals 

found their running rhythm. This coincided with participants vocalising when they had 

found their running rhythm.  It was observed that step frequency, HR and oscillation 

wavelength all increased with velocity. Palatini et al. (1989) reported no rhythmic 

oscillations were recorded during cycling, although the HRs between modalities were 

similar; thus demonstrating that fluctuations within BP are related to the movement 

pattern of running, in particular the transfer of weight between the feet. Collectively, 

Lyngeraa et al. (2013) proposes the repetitive foot-strikes during running induces 

constant BP fluctuations which transcend into CBF, where cerebral autoregulation is 

unable to counteract the pressure changes. Therefore, running may induce a greater 

stimulus over cycling for cerebrovasculature adaptations, due to increased blood flow 

pulsatility, eliciting an elevation in haemodynamic forces (i.e. shear stress and cyclic 

strain). 

Palatini et al. (1989) discovered an apparent relationship between HR and stride rate 

and the generation of oscillations within pulse pressure. The difference in frequency 

of these two rhythms was equivalent to the frequency of pulse pressure oscillations. 

Therefore, when these two rates approached each other the oscillations periodically 

disappeared. Palatini et al. (1989) observed at the onset of running HR gradually 
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increased approaching the step rate. A disappearance of pulse pressure oscillations 

occurred when these two rates were at equal frequencies and reappeared once HR 

increased above the step rate.  Additionally, Lyngeraa et al. (2013) noted that 

indifferences between these two rates decreased with an increase in intensity, which 

coincided with an elongation in oscillation wavelength within BP and CBF. However, 

a disappearance in oscillations was not observed during this investigation, likely due 

to the lower exercise intensity reached. Therefore, the intensity may not have been 

strenuous enough for running cadence to match HR.  Together, these findings 

indicate that the beat phenomenon has an intensity-dependant component. Further 

investigations need to examine the impact oscillations elicit on cerebrovasculature 

alongside the optimal oscillatory pattern for inducing adaptations, through 

manipulating the heel-strike force and step frequency. 

In addition, Lyngeraa et al. (2013) reported a similar pattern of mean MCAv with 

running as previously reported with cycling, with MCAv peaking at a moderate 

intensity before declining at higher intensities. Unfortunately, Lyngeraa et al. 2013) 

did not measure respiratory variables, limiting the interpretation of the relationship 

between MCAv and PETCO2 during running. However, the relationship of MCAv and 

PETCO2 is speculated to be similar between these two exercise modes, consisting of 

an inverted-U profile with increasing intensity. The influence running exerts on 

cerebral haemodynamics beyond the anaerobic threshold still requires exploring. The 

maximum exercise intensity of Lyngeraa et al. (2013) investigation was only 75%HR 

reserve equivalent to 65%VO2peak (Swain et al. 1994). Therefore, no current 

investigation has explored the impact of high intensity running on CBF and how this 

is related to changes in PCO2. In summary, both running and rowing investigations 
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have demonstrated that CBF is modality dependent. However, the mean CBF profile 

has been predominantly reported during cycling. Further research is required to 

explore the effectiveness of various exercise parameters such as mode, intensity and 

duration. This knowledge may advance the current limited evidence of optimal 

parameters of exercise to improve brain health.
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Table 2: Investigations that have examined cardiovascular and cerebrovascular responses during exercise 

Authors  Participants  Modality  Exercise Protocol Results 

Brugniau
x et al. 
2014 

12 active and 12 
sedentary healthy 
young males  

Cycling Initial load 100w ↑ 25w per 
minute until volitional exhaustion 

• ↑ MCAv and cO2Hb in active group increased above the sedentary 
participants values   

• ↑ MCAv and PETCO2 during low-to-moderate intensity  
• ↓ MCAv and PETCO2 during high intensity 
• cO2Hb in sedentary participants did not change 
• ↑ cO2Hb in active participants with ↑ intensity  

Heckman
n et al. 
2000 

18 women and 12 
young males 

Supine-
cycling 

3 x 3-minute bouts set at an 
intensity to ↑ BP by 10% and HR 
by ↑25% HR from baseline 
values  

• ↑ sBP towards the end of the bouts 
• ↑ MCAv after 1-minute 
• ↑ PCO2 in the last minute of exercise 

Hellstör
m et al. 
1996 

11 young healthy 
males 

Supine-
cycling 

4 consecutive workloads (very 
light, light, moderate and 
maximal) intensity ↑ by 
20%VO2peak each 6th minute  

• ↑ MCAv low-moderate intensity  
• ↓ MCAv high intensity  
• ↑ PETCO2 low intensity  
• ↓ PETCO2 moderate-high 

Moraine 
et al. 
1993 

14 healthy young 
male participants  
 

Cycling Initial workload 50w ↑ 50w every 
4 minutes until volatile 
exhaustion 

• ↑ MCAv low-moderate intensity  
• ↓ MCAv high intensity  
• ↑ PETCO2 low intensity 
• ↓ PETCO2 moderate-high  
• ↑ MAP low-moderate 
• ↓ MAP high intensity 

Curtelin 
et al. 
2017 

Study 1: 20 active 
young men 
Study 2: 11 active 
young men 

Cycling Study 1: All-out 30s sprint 
wingate test @ 80rpm 
Study 2: 3 incremental exercise 
tests: ↑ 20 and 30w per minute 
until volitional exhaustion 
2 x 30-second wingate test in 
normoxia or hypoxia 

Study 1: 
• ↓MCA by 10% 

• ↓ Frontal lobe cerebral oxygenation  
• Dissociation between MCA and PETCO2  
• ↓ Vastus lateralis tissue oxygenation 
 
Study 2: 
• ↑, ↓MCAv curvilinear pattern across sprints in both conditions 
• ↑ MCAv was 25% greater in hypoxia vs normoxia 
• Cerebral vascular conductance paralleled MCA index 
• ↑ Cerebral vascular conductance by 26% in hypoxia vs normoxia 
• ↓PaCO2 in hypoxia vs normoxia 

Tallon et 
al. 2019 

8 children, 7-11 
years 

Cycling HIIE: 6 x 1-minute sprints @ 
90%Wmax 
MISS: 15-minute @ 44%Wmax 

• HIIE HRmax: 82% 
• MISS HRmax: 69% 
• MISS: first 4-minutes ↑MCAv, 4+ minutes ↓MCAv 
• HIIE: 1-5th sprint MCA no change, 6th sprint ↓MCAv 
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Tsukamo
to et al. 
2019 

9 young males Cycling 4 x 4-minute HIIE bouts @ 80-
90%Wmax 

• ↑MAP, HR, SV and cardiac output 
• ↓ Total perihal resistance  
• Mean MCAv no change 

Klein et 
al. 2019 

11 young and 10 
old males 

Cycling 10-minute cycle @ 60%Wmax 
10 x 1-minute @ 60%Wmax 

• Greater ↑MCAv and ↑PETCO2 during continuous cycling vs intervals 
in young males 

• Greater ↑MAP in old vs young males 
• ↑MCAv in continuous exercise for both age groups 
• ↑ absolute values for MCAv, PETCO2 and HR in young vs old males 
• Mean %ΔMCAv, %ΔMAP and %ΔPETCO2 all correlated in continuous 

exercise for young males 

Pott et al. 
1997 

12 young-middle 
aged experienced 
rowers with 1 
female 

Rowing 10min row at ~75%VO2peak • ↑ HR, MAP, CVP, sBP, MCAv  
• Beat-to-beat variation within MCAv and BP 
• ↓ Arterial CO2 tension and pH towards the end of the row 

Faull et 
al. 2014 

13 healthy young 
male athletes 

Rowing 6-minute row at 60%HRR, 2-
minute recovery, 3-minute row 
at 75%HRR, 30-second maximal 
sprint, 3-minute rest, 2,000m 
maximal effort row 

• ↑ MCAv with intensity  
• ↑ PETCO2 but ↓ during the sprint 
• MCAv oscillated with each rowing stroke 

Palatini. 
et al 1989 

6 normotensive 
and 17 borderline 
hypertensive, 
young-middle 
aged amateur 
runners 

Cycling 
and track 
running 

Cycling: initial workload 50w ↑ 
20w per 2-minutes  
Running: warm-up ↑ speed to 
steady state, until volitional 
exhaustion 

• Cycling: ↑ sBP, dBP minor change 
• No pulse pressure oscillations 
• Running: ↑ step frequency increase with ↑ speed 
• Pulse pressure oscillations present throughout duration  
• Continuous ↑ sBP with ↓ dBP oscillations  
• Rhythmic oscillations unrelated to respiration  

Lyngeraa 
et al. 
2013 

15 young healthy 
participants 

Running 3 x 5-minute bouts at 50%, 65%, 
and 75%HRR 

• ↑ BP and MCAv till 65%HRR  
• ↓ BP and MCAv at 75%HRR 
• Rhythmic oscillations in BP linked to the difference between step rate 

and HR frequencies 

 
(Key: ↑, increase; ↓, decrease; w, watts; m, meters; %Δ, percentage change; MCAv, middle cerebral artery  velocity; HR, heart rate; BP; blood pressure; 
PETCO2, end-tidal carbon dioxide; cO2Hb, prefrontal cortical oxyhaemoglobin; pCO2, partial pressure of carbon dioxide; MAP, mean arterial pressure; CVP, 
central venous pressure; sBP, systolic blood pressure;  dBP, diastolic blood pressure, FMD, flow mediated dilation; VO2peak, maximal oxygen consumption; 
FMD, flow mediated dilation; HRmax, maximal heart rate; HHR, heart rate reserve; SV, stroke volume; Wmax, maximal workload; PaCO2, arterial partial 
pressure of carbon dioxide; HIIE, high-intensity interval exercise and MISS, moderate-intensity steady-state exercise) 
* Note this is not an exhaustive list of cycling studies 
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Running Locomotion 

Running is a unique exercise form in comparison to other exercise modalities due to 

the repetitive foot-strikes. Therefore, this section will examine the different phases of 

running on level ground, followed by kinematic adaptations that occur in gait, as a 

response to gradient and conceivably other influences such as footwear and running 

experience. In order to gain an understanding of how this modality, including running 

at different gradients, may influence BP and CBF.  

A clear distinction exists between walking and running locomotion, other than 

velocity. Walking involves a phase of double support, where both feet are on the 

ground simultaneously during the stance phase.  Whereas running contains an aerial 

phase at the start and end of the swing phase, where both feet are off the ground, 

often referred to as the flight phase (Novacheck, 1998). The analogy of a controlled 

fall and a swinging pendulum has been used to describe the locomotion of walking 

(Novacheck, 1998). In contrast, running has been compared to a pogo stick, which 

propels the centre of mass (COM) from the lowest point during the stance phase to 

peak height during the aerial phase (Alexander, 1992).  An important component of 

running is the metabolic efficiency, which can be illustrated as the ratio of mechanical 

power output to the metabolic power (Farris and Sawicki, 2012). The intention is to 

achieve the upmost mechanical power output from the metabolic power.  The 

efficiency of running is highly dependent on the individual, such as their fitness and 

running technique. Initially it is important to understand the different phases of 

running, displayed in figure 2.  
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Figure 2: A schematic illustrating the phases of the running cycle. 

 
Running economy is complex with a multitude of components involving the 

integration between metabolic, cardiorespiratory, biomechanical and neuromuscular 

factors (Barnes and Kilding, 2015; summarised in figure 3). An individual’s running 

experience directly influences the biomechanics of the movement such as gait 

patterns, stride length and rate, which are fundamental components of efficient 

running, associated with the utilisation of muscular force into translocation 

(Anderson, 1996). The implication of short or long stride lengths on running economy 

will be explored subsequently. Overall, repeated training sessions lead to the 

adoption of a more economical running style (Cavanagh and Williams, 1982). Of 

note, no current research has examined how enhancing running economy impacts 

CBF and cerebrovasculature health.  
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Figure 3: A schematic illustrating influential factors that impact running economy 
(adapted from Barnes and Kilding, 2015). 

 
Interestingly, a U-shape relationship exists between step frequency and metabolic 

demands. Individuals have a natural preferred stride frequency, which is near their 

optimal stride frequency reducing the metabolic demand of running (Snyder and 

Farley, 2011). The mechanical power of muscles decreases with an increase 

metabolic cost, when step frequency goes beyond the optimal stride frequency and 

vice versa. The metabolic demand elevates with an increase in step frequency, to 

attempt to produce power over a shorter period (Snyder and Farley, 2011). Metabolic 

cost has been evidenced to increase linearly with an incline in gradient. In 

conjunction with an increase in lactate accumulation and a reduction in velocity in 

comparison to flat and downhill running. Thus, evidencing how running at different 

gradients will elicit differential influences over pulse pressure oscillatory patterns and 

CBF. 

During uphill and downhill running, the biomechanics adapt to the gradient (Padulo et 

al. 2013). Grade-specific adjustments in running cadence (step frequency) ensure 

efficient running. Dunne (2012) uses the analogy of cycling uphill, changing into a low 
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gear while maintaining a high cadence. This is equal to adjusting step frequency by 

shortening or lengthening stride length. Again, this differs between novice and elite 

runners and directly impacts their running efficiency (Dunne, 2012). Eccentric loading 

occurs during downhill running. The COM is moving forward over the landing foot, 

parallel to the gradient (Eston et al. 1995). Amateur runners tend to lean backwards 

as they run, compensating for the decline in gradient. Additionally, they extend their 

knee out in front of them forcing their heel into the ground in an attempt to slow 

themselves down. This causes excessive stress on the knee and lower back, and the 

runners stature appears very rigid. In contrast, during uphill running the tendency is 

to over-stride taking large steps, staring down at their feet as the body becomes 

slumped, leading to decreased running efficiency (Dunne, 2012; Padulo et al. 2013).  

Research investigating the biomechanics of locomotion tends only to consider level 

ground locomotion, neglecting the influences of gradients on kinematics. Locomotion 

consists of continuous raising and lowering, as well as accelerations and 

decelerations of the body (Minetti et al. 1994). Deviation from a constant velocity, 

occurs through the balance between positive (acceleration) and negative (braking) 

work from the muscles (Dunne. 2012; Gottschall and Kram, 2005). Equilibrium is 

present between these forces when running on level ground at a constant speed. 

However, grade-specific adjustments in locomotion have been reported, which 

impact the heel-strike force. The use of ground force reaction plates and motion 

analysis has illustrated how regulation of propulsion and braking forces occurs as the 

foot-strike adapts during graded running. Collectively, investigations have shown that 

biomechanics, neuromuscular and physiological alterations occur during long-term 

graded running (Vernillo et al. 2017). 
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Figure 4: A schematic illustrating the influences of gradient on running kinematics. 

 
The adoption of mid to forefoot-strike patterns have been evidenced to progressively 

occur with an increase in gradient. In contrast to a declining gradient where a rear-

foot strike pattern becomes dominant (Gottschall and Kram, 2005; Lussiana et al. 

2013). Gottschall and Kram (2005) demonstrated that all participants adopted a rear-

foot striking pattern whilst running at negative gradients of -3, -6 and -9 degrees.   

However, as the gradient increased participants progressively started to initiate mid 

to forefoot-strike patterns. Clearly evidencing that downhill running enhances a rear-

foot striking pattern as opposed to uphill running. This would potentially elevate the 

amplitude of the oscillations within the BP and CBF based on the beat phenomenon. 

Overall, displaying that gradient determines the foot-striking pattern, which refers to 

the part of the foot that makes the initial contact with the ground. 

Uphill running is associated with an increase in step frequency and muscular work 

combined with a decrease in the swing phase compared to flat running (illustrated in 

schematic 3 above). Whereas during downhill running, the step frequency decreases 
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with an increase in the swing phase (Vernillo et al. 2017). A possible explanation for 

the decrease in step frequency during downhill running in contrast to uphill running, 

could be due to an increase in aerial time with a decline in the gradient. This occurs 

when the belt speed is held constant, resulting in a reduced step frequency. 

Specifically, Townshed et al. (2010) found that stride length during uphill running was 

20.5% shorter, and 16.2% longer during downhill running, in comparison to flat over 

ground running. This evidence indicates that stride length predominantly regulates 

speed during graded over ground running. Therefore, both uphill and downhill 

running may induce different oscillatory patterns within BP and CBF as a result of 

different step frequencies. Although further research is required to investigate 

whether step frequency has an influence over the oscillation frequency or wavelength 

in CBF. This will develop an understanding of optimal exercise parameters to 

improve cerebrovasculature health. 

In over ground uphill running, a decrease of 0.1-0.3km/h for every 1% increase in 

gradient has been reported (Mastroianni et al. 2000; Townshed et al. 2010). An 

increase in power output at all joints, is required during uphill running to maintain 

speed consistency (Vernillo et al. 2017). This increase in power is required for the 

push-off phase, to raise the COM during locomotion, as well as compensating for the 

reduced elastic energy storage within the muscles. Skeletal muscles work efficiently 

during level-ground running, by storing elastic energy within the tendons during 

landing and utilising this energy during take-off (Cavagna et al. 1977; Minetti et al. 

1994; Gottschall and Kram, 2003). However, the under-utilisation of the stretch-

shortening cycle within the muscles occurs during uphill running, resulting in an 

increased metabolic cost. The potential gravitational energy during uphill running 
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peaks at the end of the stance phase, where the COM is highest. Muscles are then 

required to generate a high amount of energy in order to push-off and raise the COM 

into the flight phase. Therefore, contributing to the elevated metabolic cost of uphill 

running, in comparison to downhill running. During downhill running, there is an 

increase in elastic energy, as the COM lowest point is at the end of the stance phase. 

This provides advanced elastic energy utilisation, therefore minimising metabolic 

costs (Snyder and Farley, 2011). This evidence indicates that if an individual was 

running at the same speed uphill and downhill the difference in metabolic cost needs 

to be taken into consideration when investigating CBF, due to the influence of PCO2 

on CBF.  

Type and design of shoes worn, have been found to influence running performance. 

Traditional shoes weigh ~350g in comparison to a minimalist shoe, ~200g (Myers 

and Steudel, 1985; Frederick, 1984). Minimalist shoes are designed with increased 

flexibility and reduce weight, to enhance natural foot kinematics. Lussiana et al. 

(2013) discovered that traditional shoes impose an additional metabolic cost of 1.3% 

during graded running, compared to minimal shoes. The foremost explanation for 

this, was the elevated shoe mass of traditional shoes (Frederick, 1984; Divert et al. 

2008). Of note, an increase of 100g on the foot has been reported to increase 

aerobic demand by 1%. Investigations have established that minimal shoes enhance 

mid-fore foot strike patterns, opposing the rear-foot strike patterns that are common 

in heavily cushioned traditional shoes (De Wit et al. 2000; Divert et al. 2005; 

Lussiana et al. 2013). This indicates that shoe design has an impact on metabolic 

demands and foot-strike patterns. Therefore, future investigations exploring the 
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impact of running on CBF and the oscillatory pattern might consider the type of shoes 

worn. 

Overall, based on the aforementioned studies within the literature review, an increase 

in the heel-strike force will augment the amplitude of the pulse pressure oscillations 

within the mechanical wave. Together, this will potentially influence cerebral 

haemodynamic forces, modifying the stimulus for vasculature adaptations.  

Entrainment 

Running consists of rhythmic repetitive steps, which generates a locomotion rhythm 

that has been found to entrain to intrinsic oscillatory patterns (Niizeki and Saitoh, 

2014). Exercise interventions observed synchronization occurred between running 

cadence and cardiac contraction (Palatini et al. 1989). Therefore, this section will 

explore the manifestation of entrainment during different running protocols and 

potential influencing factors. Collectively, increasing the understanding of how 

running impacts the systemic circulation, including interaction between the cardiac 

cycle and muscular contractions, and how this interaction impacts BP and potentially 

influences the pulse pressure oscillatory pattern within CBF. However, no studies 

have examined the impact of entrainment within CBF during running. 

Cardio-locomotor synchronization (CLS) is the coupling between the cardiac cycle 

and locomotion rhythm that has been explored across a range of different rhythmic 

exercise modalities including cycling, hoping, running, skipping, walking and finger 

tapping (Kirby et al. 1989, 1990, 1991, 1992; Niizeki et al. 1993; Nomura et al. 2003). 

The exact underlying mechanisms behind the coordination between these rhythms 

remain unknown, although many are speculated. Nomura et al. (2006) examined the 

relationship between the contraction of the vastus lateralis muscle and the R-R 
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interval within the cardiac cycle. The protocol involved running to a buzzer to achieve 

a target HR of 160 beats per minute (bpm). Once at target HR, the buzzer rhythm 

started fluctuating to examine the impact of foot-strikes during different phases of the 

cardiac cycle. Results demonstrated a positive chronotropic effect when the foot-

strike occurred within the first half of the cardiac cycle. However, minimal change 

occurred if the foot-strike occurred in the latter phase. Consequently, the timing of the 

footfall in accordance to the cardiac cycle may have an influence on the beat 

phenomenon, thus, impact the oscillatory pattern.  Additionally, Nomura et al. (2006) 

reported CLS occurred within running but not cycling. Highlighting how running 

biomechanics induce a unique locomotor rhythm that has a large impact on intrinsic 

rhythms. Future investigations are required to explore how this phenomenon 

influences CBF and the implications on cerebrovasculature health. 

Numerous studies have examined the implications of synchronization between HR 

and running cadence on performance. Phillips and Jin (2013) compared running 

performance of a 3-mile run between a self-paced and CLS condition. The CLS 

protocol involved matching the running cadence to auditory cues based on 

individuals HR, through the use of a portable HR monitor and audio device. The CLS 

condition induced a slower HR rise at the onset of exercise with a decrease in HR 

variability. Participants also self-reported finding the run easier in this trial. 

Collectively, an improvement in exercise performance occurred, indicating the CLS 

condition enabled the heart to operate more efficiently. Future studies should explore 

whether this protocol could be used as a training tool, improving performance 

through an enhancement of running economy. As well as investigating how inducing 
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CLS influences pulse pressure oscillations within CBF and the development of 

vascular adaptations.  

Other methods have been utilized to endorse entrainment during locomotion. 

Takeuchi et al. (2014) investigated CLS during walking, using an ECG monitor that 

had a buzzer sound at each R wave. Therefore, participants walked at the frequency 

of their HR. An elevation in O2 pulse and VO2 occurred during the CLS protocol in 

comparison to self-paced walking. Thus, demonstrating an enhancement in walking 

efficiency enabling a greater amount of O2 to be utilized. Although this occurred 

during walking, results are comparable to running. Moreover, increasing the body of 

evidence that inducing CLS during running, improves the efficiency of different 

physiological systems. Of note, research examining whether this enhancement of 

efficiency transcends into cerebral circulation is required. However, the first step is to 

identify whether stepping rate is related to pulse pressure oscillations in CBF. 

Running consists of rhythmic contractions of the exercising muscles that increase 

intramuscular pressure (IMP) inducing intermittent vascular occlusion and impeding 

blood flow to the active muscles (Niizeki, 2004; Kirby et al. 1989). Therefore, a 

reciprocal relationship (i.e. CLS) occurs between arterial pressures and peak IMP to 

optimize muscular perfusion and minimise cardiac afterload (Kirby et al. 1989). The 

contraction of the exercising muscles potentially occurs during diastole aiding venous 

return, thus increasing stroke volume through activation of the skeletal muscular 

pump (Takeuchi et al. 2014). In summary, CLS during running improves performance 

and running economy through the enhancement of cardiac efficiency as observed in 

the above studies.  However, the underlying physiological mechanisms of CLS have 

not been determined, although a peripheral neural circuit origin in-conjunction with a 
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non-neural mechanism have been postulated (Nomura et al. 2006). Future research 

is essential, firstly to examine how running parameters impact CBF and the pulse 

pressure oscillations and secondly to then explore how CLS influences CBF 

alongside establishing whether a relationship exists between CLS and the beat 

phenomenon. 

Summary 

This section will synthesise all the current literature evidencing the potential 

influential factors on CBF during running, shown in figure 5. No studies have 

explored the beat phenomenon and whether the ‘beats’ transcend into cerebral 

circulation. Consequently, the driving factors influencing oscillation frequency and 

wavelength remain unknown. Although research has indicated that the resultant 

difference between step rate and HR equates to oscillation frequency (Palatini et al. 

1989).  Individual physiological characteristics may have substantial influence over 

the amplitude and frequency of oscillations within CBF. These factors include body 

morphology, corresponding to their stride length and stepping frequency, alongside 

an individual’s fitness level. A taller individual may potentially have a greater stride 

length than a shorter individual whilst running at the same speed, theoretically 

inducing a reduction in oscillation frequency in comparison to a shorter individual. 

The weight and running style (e.g. natural toe runners vs. flat footed) of an individual 

may also influence the mechanical impact of the heel-strike, influencing the pulsatility 

of flow. A taller individual may weigh more, potentially inducing greater pressure 

changes, increasing the amplitude of the oscillations. Speed has been evidenced to 

modify the BP fluctuations which transmitted into CBF oscillations (at least up to 

65%VO2peak; Lyngeraa et al. 2013) as well as being associated with stride length and 
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stepping frequency. Therefore, running at a slow belt speed on a treadmill potentially 

induces short quick steps resulting in frequent and narrow oscillations within the 

CBF.  However, elevating the speed would increase the stride length, reducing the 

stepping frequency producing an increase in oscillation wavelength.  

Treadmill gradient has a large influence over manipulating the point of initial contact 

of a foot-strike. Running uphill on a treadmill could reduce the amplitude of 

oscillations within CBF, which may be related to the reduced heel-strike force as 

runners typically become more toe-weighted. This is in comparison to downhill 

running, where the initial contact is made with the rear of the foot potentially 

maximising heel-strike force and enhancing the mechanical wave. Thus, downhill 

running may induce a greater pulsatile flow, theoretically generating a superior 

stimulus for cerebrovasculature adaptations. However, the impact of these changes 

in oscillation properties on shear stress and cyclic strain are unknown. Both uphill 

and downhill footfall patterns could be simulated by running on level ground through 

initiating contact with the rear-foot and increasing the heel-strike force (simulating 

downhill running) or initiating ground contact with the forefoot (emulating uphill 

running). In summary, a simple way to explore this idea would be to compare flat, 

uphill and downhill running on a treadmill. The heel-strike force could therefore be 

manipulated, influencing the magnitude and frequency of the pulse pressure 

oscillations and resultant brain blood flow oscillations to be explored. 

In addition, familiarisation of the treadmill could influence an individual’s running gait 

and posture. A novice on a treadmill may possibly feel overwhelmed by running at a 

set pace. In current literature there appears to be two main driving factors of the 

oscillatory pattern which can be targeted through exercise interventions; 1. Speed, 2. 
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Gradient. Speed of the treadmill will have a direct effect on step frequency alongside 

HR and consequently oscillatory pattern. Whereas gradient will impact the heel-strike 

force, influencing the amplitude of pulse pressure oscillations. A multitude of factors 

may influence the oscillation profile, potentially influencing cerebral hemodynamic 

forces (i.e. shear stress and cyclic strain) and engender cerebrovasculature 

adaptations. However, further investigations are essential to confirm the relationship 

between the oscillatory pattern and cerebrovasculature adaptations. The first step in 

answering this question is to quantify the differences in CBF responses during 

different types of running.  

Consequently, the overall purpose of this thesis is to characterise cerebral 

haemodynamic oscillations during different running parameters and styles. 

Therefore, the first aim of this study is to explore the use of a stepwise gradient 

change of the VO2peak test, to investigate the impact of the increasing intensity (i.e. 

gradient) on MCAv oscillations (i.e. oscillation duration and frequency). The second 

aim is to compare CBF profiles during uphill and downhill running. The third aim is to 

explore how running styles impact the MCAv oscillatory pattern. Specifically, toe-

weighted and heel-weighted running which mimics uphill and downhill running. The 

final aim of this study is to explore the influence step frequency has on MCAv 

oscillations. 
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Figure 5: A schematic illustrating potential influential factors on cerebral blood flow 
during running. 
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METHODS 

Sample Characteristics  

Ten physically active participants (6 females and 4 males) were recruited from within 

the university community.  The mean age was 27 ± 7 years (mean ± standard 

deviation), body mass was 69 ± 9 kg, height was 173 ± 7 cm, peak oxygen 

consumption (VO2peak) was 44 ± 6 mL/kg /min. Prior to inclusion in the study, 

participants were invited for an initial screening session where the experimental 

protocol was carefully explained and there was an opportunity to ask questions and 

meet the researchers. Following informed consent, participants underwent a 

screening procedure that included completion of general health and physical activity 

questionnaires (General Practise Physical Activity Questionnaire, Department of 

Health, 2013). Participants were excluded if they self-reported having a sedentary 

lifestyle, being pregnant, or currently using prescribed medication apart from oral 

contraception, or had a history of metabolic, cardiovascular, pulmonary or 

neurological diseases. Ethical approval was sought and given from the University of 

Birmingham Ethical Review committee prior to commencement of study (code: 

ERN_17-1570). 

Experimental design  

The study consisted of a treadmill maximal oxygen consumption test (i.e. VO2peak) 

followed by 3 submaximal exercise testing sessions that followed a randomised 

crossover design (as shown in figure 6 and 7). These four exercise sessions were 

conducted at least 48 hours apart, to allow sufficient recovery between sessions, and 

where possible all completed within two weeks.  
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Exercise sessions were held in an exercise laboratory within the School of Sport, 

Exercise and Rehabilitation Sciences at the University of Birmingham and lasted an 

hour, of which ~30 minutes involved active exercise. Pre-experimental instructions 

included refraining from caffeine for 6 hours and alcohol consumption for 24 hours 

before testing. Pre-testing restrictions on food intake consisted of a large meal four 

hours prior and a light meal two hours prior to the exercise sessions. Participants 

were instructed to consume 0.5 litres of water within 4 hours and 0.25 litres within 15 

minutes before testing, in accordance with the American College of Sports Medicine 

Hydration Guidelines (ACSM, 2007).  

Study Procedures  

Upon arrival of the VO2peak test, participants’ height and body mass were measured. 

Participants were then instrumented for measures of respiratory gases and volume, 

cerebral blood velocity, and prefrontal cortex and rectus femoris haemodynamics for 

the submaximal exercise protocols (detailed below; shown in figure 8). The menstrual 

cycle was not recorded. Participants TCD settings of depth and gain were recorded 

and then held constant across all visits whilst ensuring resting MCAv was of similar 

values. The position of the TCD probe was documented with the additional use of 

photographs if needed. Once instrumented, a seated resting baseline was collected 

for three minutes. Participants then stood or sat on either the treadmill or cycle 

ergometer before resting measures continued for a further three minutes once 

individuals were comfortable on the ergometer, maintaining the exercising posture. 

Prior to exercise commencement, all wires were safely secured to the modality by 

micropore tape, ensuring there was no tripping hazards or disruption to the 

transcranial doppler (TCD) signals. Participants then began exercising, starting with a 
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five-minute warm-up prior to commencing one of the four exercise protocols detailed 

below. 

Exercise testing sessions 

Treadmill maximal VO2peak protocol (see figure 6): 

After instrumentation and baseline measures were collected, the test began with a 5-

minute warm-up, with a treadmill incline of 1%. The participant controlled the speed 

during the warm-up, self-selecting a comfortable running speed to attain a rate of 

perceived exertion (RPE) (Borg, 1982) score of 11. Participants were then offered 

time to stretch, before a standardised ramp VO2peak protocol began. Stage one of this 

ramp protocol consisted of the participant running for 3-minutes at the self-selected 

speed from the warm-up with the gradient at 1% incline. Thereafter, the gradient 

increased by 2% every 3-minutes until voluntary exhaustion, an RPE score of 20 or a 

plateau in VO2. A 2-minute cool down followed at a walking speed of 5 km/h. 

Participants were then given an option to have a seated rest (~5-minutes), or to 

continue onto the familiarisation protocol, as well as the option to remove the face 

mask. Once recovered, participants practiced the toe- and heel-weighted running 

styles, as well as running in time to two audio-cue rhythms. This familiarisation 

consisted of 4 x 3-minute bouts in the following order: i) weighted toe-running; ii) 

weighted heel-running; iii) audio-cue rhythm of 145 bpm (beat per minute); iv) 

random audio-cue rhythms (145-185 bpm), and v) finishing with a 2-minute walk at 5 

km/h. The exercise session was then terminated, equipment removed, and the 

participant was free to leave the laboratory.  
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Gradient running protocol (see figure 7): 

Following resting measurements and a 5-minute warm-up to attain an RPE (Borg, 

1982) score of 11, participants were offered time to stretch before the exercise 

session commenced. The gradient protocol involved running at a flat gradient 

followed by either uphill or downhill running that was determined in a randomised 

cross-over fashion. Participants started by running for 10-minutes at a gradient of 1% 

(‘flat running’). For the uphill bout, the gradient was increased to 6%. After 5-minutes, 

the gradient was adjusted until participants achieved 65% of their VO2peak. This speed 

and gradient were maintained for at least 10-minutes of continuous data collection. 

For the downhill bout, the initial gradient was -6% and after 5-minutes running at this 

gradient and speed, the gradient was adjusted until participants achieved 65% 

VO2peak. Thereafter, belt speed and treadmill gradient were maintained for at least 10-

minutes of continuous data collection. After completing each of the gradient bouts, 

participants concluded with a 2-minute cool down at a walking speed of 5 km/h and 

gradient of 1% before the test was terminated, equipment removed, and the 

participant was free to leave. 

Step frequency and Foot-strike running protocol (see figure 7): 

Following resting measurements, participants performed a 5-minute warm-up. During 

the warm-up, participants ran to an audio-cue of 145 bpm at a gradient of 1%, with 

the speed of the treadmill adjusted to achieve this step frequency, while maintaining 

an RPE (Borg, 1982) score of 11. The gradient and final speed of the warm-up was 

then maintained throughout the remainder of the session. Participants were then 

offered time to stretch before the commencement of the testing session. Participants 

then completed five, 5-minute bouts at a constant belt speed. The first bout was a flat 
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run (at 1% gradient), which was followed by toe-weighted and heel-weighted running, 

to achieve a change in the natural heel-to-toe biomechanics. The final two bouts 

consisted of running to two audio-cue rhythms. The first consisted of 145 bpm, while 

the latter consisted of a random audio-cue rhythm which included 30-second 

durations of rhythms that ranged between 145-185 bpm. At the end of the session 

participants finished with a 2-minute cool down at a walking speed of 5 km/h. The 

test was then terminated, the equipment removed, and the participant was free to 

leave. 

30-minute cycling 65% VO2peak protocol (see figure 7): 

Following baseline measurements, participants performed a 5-minute warm-up to 

attain an RPE (Borg, 1982) score of 11. Participants were then offered time to stretch 

before the commencement of the testing session. The session involved 30-minutes 

of continuous cycling at 65%VO2peak, as determined from the running VO2peak test. A 

stable cadence of 60-70 rpm (revolutions per minute) was maintained. The session 

finished with a 2-minute cool down at 50 watts.  The test was then terminated, the 

equipment removed, and the participant was free to leave. 

 

Figure 6: A schematic illustrating the treadmill maximal VO2peak protocol. 
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Figure 7: A schematic illustrating the 3 different exercise protocols. 
 

Measures  

Bilateral middle cerebral artery blood velocity (MCAv) was measured using 

transcranial Doppler (TCD; Doppler box, DWL, Germany) as an index of CBF. Heart 

rate (HR) was derived from the systolic peak of the MCAv signal. Two ultrasound 

probes were placed above the zygomatic arch on both sides of the head and secured 

in place using an adjustable headband. Insonation depth, gain and filter settings were 

recorded on the first testing session and then replicated across all sessions. 

Ultrasound gel was used between probes and skin in order to attain a high-quality 

signal. Tissue oxygenation index (TOI) and tissue haemoglobin index (THI) were 

measured within the prefrontal lobe and the rectus femoris using near-infrared 

spectroscopy (NIRS; NIRO-200NX, Hamamatsu, Japan). A set of NIRS probes were 

placed over the middle of the rectus femoris (15cm proximal from the middle of the 

patella) in line with muscle fibres. The second set of NIRS probes were placed over 

the prefrontal cortex (proximal to the start of the participant’s hair line, distal to their 

right eye). Excess leg hair was removed, followed by exfoliating and sterilising the 
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area before probe placement.  Both sets of probes were covered with either tape or a 

headband to minimise contamination of the signal from any external light sources.  

An indirect calorimetry system (VyntusTM CPX, Carefusion, Germany) measured 

respiration variables, which included ventilation rate, volume of oxygen consumption 

(VO2) and partial pressure of end-tidal carbon dioxide (PETCO2) via a leak-free face 

mask (V2 Series, Hans Rudolf Incorporated, USA). The participants were asked how 

hard they felt they were exerting themselves at the end of each exercise stage, and 

then stated a number on the Borg scale (Borg, 1982) corresponding to their RPE. 

The running protocols were carried out on a treadmill (H/p/cosmos, Quasar) and 

cycling on a cycle ergometer (Sport Excalibur, Lobe, The Netherlands).  

MCAv and NIRS data were recorded via an analogue-to-digital converter 

(PowerLaVb 16/35, ADInstruments, Australia) and displayed in real time on a 

computer via LabChart software (Version 7, ADInstruments). RPE was manually 

recorded and combined with the respiratory, cerebral blood velocity, rectus femoris 

and prefrontal cortex haemodynamic data in electronic form within Excel version 

2016 (Excel, Microsoft, USA). 

Figure 8: Annotated photographs illustrating the laboratory set-up during gradient, 
step frequency and foot-strike running protocols. 
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Statistical analysis 

Data analysis  

To determine participants’ VO2peak, a 30-second average of the respiratory data was 

taken around the highest consistent VO2 value to determine VO2peak. The VO2peak was 

then extrapolated to determine 65% and used as an intensity target in the 

subsequent sessions. The impact of individuals’ fitness on MCAv will be examined in 

the results section alongside the influence of running experience on the oscillatory 

pattern during the VO2peak test.  Participants running experience was determined by 

the physical activity questionnaire and verbal confirmation.  

Respiratory and MCAv data for each stage of the VO2peak test, step frequency and 

foot-strike running protocols included a 30-second (s) average at the end of each 

stage. For both cycling and gradient running protocols, respiratory and 

haemodynamic measures were averaged over 30 s at the target intensity (65% 

VO2peak) towards the end of the 5- or 10-minute stages, with time points for all 

protocols matched up between these sets of data (time stamp markers 

simultaneously placed within these data sets during collection).  MCAv, TOI and THI 

exercise data were reported as the change from resting baseline, as it is 

recommended with these approaches since absolute values can be confounded by 

small variations in probe placements between visits. In order to exclude artefacts, all 

doppler tracings were inspected and the hemisphere with minimum signal 

interference was chosen for analysing MCAv.  

MCAv oscillation amplitude was determined by calculating the pulse pressure 

amplitude (PPA) using the equation PPA = Systole – Diastole. MCAv oscillation 

frequency was counted across the selected 30 s average periods, while the duration 
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of the oscillation cycle (i.e. wavelength) was averaged from the last 3 oscillations 

within each stage. 

Statistical approach  

After confirming normal distribution of data using Shapiro– Wilk normality tests. One-

way ANOVA’s were used to address how changing the heel-strike force and pattern 

during running affected the pulse pressure oscillations and MCAv profile. Specifically, 

separate one-way ANOVAs examined: i) comparison between resting data for each 

exercise session; ii) comparison between rest, 1% and maximal gradient achieved 

during the VO2peak test; iii) comparison between rest, flat, uphill, downhill running and 

cycling at 65%VO2peak; iv) comparison between rest, flat, toe-weighted and heel-

weighted running, and v) comparison between rest and the different audio-cue 

rhythms.  Pairwise comparisons of the different exercise bouts were performed and 

adjusted for multiple comparisons (Bonferroni). A Friedman repeated measures 

analysis of variance was completed on data not normally distributed. Statistical 

significance was accepted at p≤ .05. All statistical analysis was completed using 

SPSS version 25 for Windows (SPSS Inc. Chicago, IL). 
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RESULTS AND DISCUSSION 

A total of 10 individuals were recruited and completed all 4 visits. However, resting 

data presented in table 3 represents 9 individuals due to insufficient TCD signal 

quality during rest prior to the VO2peak test protocol. This issue continued in a further 2 

participants throughout the exercise session, thus data from the VO2peak test 

represents 7 participants. Also, 1 participant data was excluded from the step 

frequency and foot-strike protocol, for inadequate TCD signal quality. Additionally, 

poor signal quality occurred within the NIRS equipment, with 1 individual’s data 

excluded during the gradient and another from the step frequency and foot-strike 

visits. Therefore, tissue oxygen index and tissue haemoglobin index of the rectus 

femoris (TOIleg, THIleg) data from both of these visits is for 9 participants. The different 

sample sizes are shown below each table. 

Table 3: A summary of resting baseline data from each of the 4 visits 

Dependant 
Variables 

Resting Baseline  

 Treadmill 
VO2peak test 

Gradient 
Running 

Step freq. & Foot-
strike running 

Cycling Average P 
value 

MCAv (cm/s) 57.3±7.9 64.4±14.6 62.2±9.8 64.1±11.2 62.0±10.9 0.32 
sMCAv (cm/s) 87.8±10.4 94.7±18.9 91.7±13.4 96.8±16.5 92.8±14.8 0.41 
dMCAv (cm/s) 40.6±6.3 44.8±10.3 44.7±8.1 45.6±7.3 43.9±8.0 0.40 

PPA (cm/s) 47.3±5.6 49.4±10.6 47.0±8.0 51.2±10 48.7±8.6 0.52 
HR (bpm) 81±20 69±12 67±9 70±14 72±14 0.09 

PETCO2 (mmHg) 30.9±1.2 31.1±2.6 31.8±3.0 32.4±2.4 31.6±2.3 0.40 
TOIhead (%) x 68.5±4.2 68.6±6.3 68.1±4.1 68.4±4.9 0.91 

THIhead (a.u.) x 1.0±0.1 1.0±0.1 1.0±0.1 1.0±0.1 0.54 
TOIleg (%) x 73.2±7.3 70.5±4.8 71.0±4.5 71.6±5.5 0.27 

THIleg (a.u.) x 1±0.1 1±0.2 1.1±0.3 1.0±0.2 0.76 
 (Key: freq, frequency; MCAv, middle cerebral artery blood velocity; PPA, pulse pressure amplitude; 
sMCAv, systole middle cerebral artery blood velocity; dMCAv, diastole middle cerebral artery blood 
velocity; PETCO2, partial pressure of end-tidal carbon dioxide; TOIhead, tissue oxygen index of 
prefrontal cortex; THIhead, tissue haemoglobin index of prefrontal cortex; TOIleg, tissue oxygen index of 
rectus femoris; THIleg, tissue haemoglobin index of rectus femoris; HR, heart rate; a.u., arbitrary unit) 
Values are means ± SD. n = 9 for MCAv, sMCAv, dMCAv, PPA, HR, PETCO2, n = 10, TOIhead, 
THIhead, TOIleg THIleg. 
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Across the 4 visits, no significant difference occurred between resting baselines for 

any of the dependent variables (p>.05). Nevertheless, for each exercise session, 

data presented will be reported as change from the preceding baseline rest period. 

Comparison between stage one (1% gradient) and the final stage (7-11% 

gradient) of the VO2peak test 

MCAv increased from resting values at stage one and the final stage of the VO2peak 

test (p<.01; see table 4). MCAv showed a similar increase of ~14cm/s at both the 

start and end stages, despite increasing exercise intensity (p=.46). Of note, the 3 

participants with a VO2peak of > 50 mL/min/kg increased MCAv by ~4cm/s from stage 

one to the final stage of their VO2peak test (p=.05), while the remaining participants 

(with an average VO2peak of 42±3 mL/min/kg) decreased MCAv by ~6cm/s (p=.02; 

shown in Figure 9). In contrast, all participants PETCO2 significantly decreased by ~4 

mmHg from stage one to the final stage of the VO2peak test (p<.05; table 4). Finally, 

HR significantly increased with intensity by ~27 bpm from stage one to the final stage 

of the VO2peak test (p=.02). 
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Figure 9: The change in participants middle cerebral artery blood velocity (MCAv, 
cm/s) during stage one (1% gradient) and the final stage (7-11% gradient) of a 
VO2peak test (n=7). 
*significant from rest (p<.05) 
(Key: VO2peak > 50mL/min/kg, peak oxygen consumption above 50 mL/min/kg; VO2peak < 50 mL/min/kg, 
peak oxygen consumption below 50 mL/min/kg) 

 

Figure 10: The change in participants partial pressure of end-tidal carbon dioxide 
(PETCO2, mmHg) during stage one (1% gradient) and the final stage (7-11% 
gradient) of a VO2peak test (n=7). 
*significant from rest (p<.05); ◊ significant from 1% gradient (p<.05). 
(Key: VO2peak > 50mL/min/kg, peak oxygen consumption above 50 mL/min/kg; VO2peak < 50 
mL/min/kg, peak oxygen consumption below 50 mL/min/kg). 
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Table 4: The mean change from resting baseline in middle cerebral artery blood 
velocity (MCAv), partial pressure of end-tidal carbon dioxide (PETCO2) and heart rate 
(HR) during stage one (1% gradient) and the final stage (7-11% gradient) of a VO2peak 
test. 

Intensity  ΔMCAv ΔPETCO2 ΔHR 

1% 14.9±8.3* 7.1±3.5* 75±12* 

Maximal Intensity 13.1±7.1* 3.6±3.7*◊ 102±20*◊ 

(Key: ΔMCAv, change in middle cerebral artery blood velocity; ΔPETCO2, change in partial pressure 
of end-tidal carbon dioxide, ΔHR, change in heart rate).  
*significant from rest (p<.05); ◊ significant from 1% gradient (p<.05). 
Values are means ± SD. n = 7 for MCAv, PETCO2; n = 6 for HR. 

 

 

Figure 11: The mean change in pulse pressure amplitude (PPA, cm/s) during stage 
one (1% gradient) and the final stage (7-11% gradient) of a VO2peak test (n=7). 
*significant from rest (p<.05). 

Compared to resting baseline, sMCAv increased at stage one and the final stage of 

the VO2peak test (up by ~41 cm/s; p<.01) with no change occurring in dMCAv (p=.71). 

Consequently, this resulted in a similar rise in PPA of ~43cm/s above resting 

baseline at stage one and the final stage of the VO2peak test (p<.05, Figure 11). No 

significant difference occurred between stage one and the final stage for sMCA, 

dMCA and PPA (p>.05). 



60 

 

 

Figure 12: The oscillation wavelength duration (seconds, top panel) and number of 
oscillations (bottom panel) during stage one (1% gradient) and the final stage (7-11% 
gradient) of a VO2peak test (n=8). 

As a group, the oscillation wavelength duration decreased by ~4s, with an average 

increase of 3 oscillations from stage one to the final stage of the VO2peak test, 

although no significant difference was reached for both measures (both p>.05; figure 

12). However, as evident from figure 12, two different patterns emerged within the 
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dataset between participants, which was linked to how often they ran (self-reported). 

For 4 participants, wavelength duration increased (by 6 ± 9 s) while the number of 

oscillations decreased (by 6 ± 7) from stage one to the final stage of the VO2peak test 

(p>.05; shown in dark blue). Whereas the remaining participants had the opposite 

pattern, with a decrease of ~14 s in wavelength duration, and an increase in 

oscillation number (12 ± 6) between stage one and the final stage of the VO2peak test 

(p<.05; shown in pink). 

Figures 13 and 14 show examples of these beat-to-beat flow velocity patterns. Figure 

13 illustrates that, as the gradient elevated, the oscillation wavelength duration 

progressively decreased on average by ~4 s with an average increase of 4 

oscillations per 2% incline. An increase in oscillation frequency of 15 occurred 

between stage one and the final stage of the VO2peak test, with a decline of ~14 s in 

wavelength duration. Additionally, the largest range in wavelength duration occurred 

during flat running (1% gradient) of ~19 s and decreased to only ~1 s within the final 

two gradients (i.e. 7% and 9%). Figure 14 shows an example of when the gradient is 

elevated, the oscillation wavelength duration progressively increased (by ~3 s), with 

an average decrease of 4 oscillations per 2% incline. It was noted that during running 

at 9% gradient, the wavelength duration progressively increased, with a difference of 

~9s between the shortest and longest wavelength at this gradient. The greatest 

increase in wavelength of ~8 s occurred between gradients 9% to 11%. The range in 

the wavelength duration, during the first four gradients was similar, with only an 

average difference of ~1 s, in comparison to an average difference of ~11 s within 

the last two gradients. 
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Figure 13: A continuous trace of an individual’s middle cerebral artery blood velocity (MCAv, cm/s) profile during a treadmill VO2peak 

test at 9km/h with gradient increasing 2% every 3-minutes. At each gradient there is an example of the MCAv trace across two 
oscillations, demonstrating a decline in the oscillation wavelength duration with an increase in gradient (scale of beat-to-beat MCAv 
data is the same for each panel). 
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Figure 14: A continuous trace of an individual’s middle cerebral artery blood velocity (MCAv, cm/s) profile during a treadmill VO2peak 

test at 11.5km/h with gradient increasing by 2% every 3-minutes. At each gradient there is an example of the MCAv trace across 
two oscillations, demonstrating the increased oscillation wavelength duration with an increase in gradient (scale of beat-to-beat 
MCAv data is the same for each panel). 
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The above findings from the running VO2peak test protocol demonstrated a number of 

noteworthy observations. First, both PETCO2 and MCAv, on average, increased from 

rest to stage one (1%) and the final stage of the VO2peak test. PETCO2 decreased 

from stage one to the final stage of the VO2peak test, consistent with the inverted-U 

relationship for exercise intensity that has been shown in cycling-based exercise 

studies (e.g. Hellström et al. 1996; Brugniaux et al. 2014). However, there was no 

significant difference in MCAv values between both stages (see table 4). This 

appears to be the result of a unique fitness effect (as shown in Figure 9 and 10). 

Specifically, as individuals with a VO2peak of greater than 50 mL/min/kg mean MCAv 

progressively increased from stage one until the end of their VO2peak test, whereas 

PETCO2 decreased during the final stages. In contrast, the MCAv response 

remained coupled with PETCO2 in less fit participants (VO2peak < 50 mL/min/kg, 

shown in figure 9 and 10). To date, the CBF profile during exercise has been 

predominantly researched within cycling, for which no fitness effect has been 

observed (or at least reported). Therefore, running may elicit a unique stress on the 

regulatory mechanisms governing CBF. That means the normally tightly coupled 

relationship between PCO2 and CBF is uncoupled for fitter individuals running at high 

intensities. The novel finding that MCAv increases with intensity within fit individuals 

promotes the question what is driving this increase in blood flow.  

As mentioned above, in fitter individuals the normally tightly coupled relationship 

between CBF and PCO2 appears to be different during running at high intensities. 

During progressive intensity exercise, BP, HR, cardiac output alongside O2 

consumption are all known to increase, although at different magnitudes (Smith and 

Ainslie, 2017). In the current study, fit individuals reached higher exercise intensities, 
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where a greater pressor effect could have occurred from an elevation in BP and 

cardiac output driving an increase in CBF. Poiseuille’s law states that CBF is 

influenced by arterial BP, coupled with vasculature resistance. Therefore, an 

increase in BP will elevate cerebral perfusion pressure, resulting in a direct impact on 

CBF (Hill and Gwinnutt, 2008). However arterial BP was not measured in the current 

study due to difficulties with movement artefact for the BP device. Nevertheless, 

rapid changes in perfusion pressures may challenge cerebral autoregulation, which 

takes normally takes ~3s to maintain a relatively stable CBF during changes in 

perfusion pressure (Ogoh and Ainslie, 2009). Additionally, a high level of cardio-

respiratory fitness has been found to augment the latency of cerebral autoregulation 

with a reduced ability to dampen rapid fluctuations in MAP (Lind-Holst et al. 2011; 

Labrecque et al. 2017; Drapeau et al. 2019) as well as reduced cerebrovascular 

reactivity to CO2 (Thomas et al. 2013). Together, this may explain the elevated 

MCAv response observed at the higher intensities for those working at high absolute 

workloads. Endurance athletes have a large maximal cardiac output resulting in a 

greater volume of blood available for competitive demands of active tissue (Basset 

and Howley, 2000; Yamaji and Miyashita, 1978). While cardiac output or blood 

volume was not assessed in these individuals, presumably high cardiac outputs in 

the fitter individuals may in part explain the progressive increase of MCAv with 

increasing intensity for this subgroup. Further research is needed to confirm such 

speculation.  

Lyngeraa et al. (2013) reported that both BP and MCAv decreased during running at 

75%HR reserve, which is equivalent to 65%VO2peak (Swain et al. 1994). However, 

participants were recreational runners and the protocol did not involve high-intensity 
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exercise, potentially preventing the occurrence of the pressor effect and limiting the 

exploration of the CBF profile. Additionally, PETCO2 was not measured, limiting the 

explanation behind the decrease of MCAv. Palatini et al. (1989) reported systolic BP 

gradually decreased during submaximal running. However, a sharp increase 

occurred during the final sprint within amateur runners, potentially indicating that BP 

increases during maximal intensity exercise that could result in an increase in CBF.  

These findings provide some support for the MCAv observations in the fitter 

participants tested here. Collectively, these findings indicate that there is a modality, 

intensity and fitness dependant relationship in regard to the CBF profile, however 

more research is needed to determine what mediates this effect. 

A decrease in PPA was expected to occur with the progressive VO2peak stages, as 

the heel-strike force was hypothesised to reduce with the elevation of gradient. 

However, no change in PPA was reported between running at stage one and the final 

stage participants reached (shown in figure 11). Palatini et al. (1989) and Lyngeraa et 

al. (2013) both reported an increase in the amplitude of pulse pressure with 

increasing exercise intensity. To note, both these protocols involved increasing the 

speed rather than the gradient to elevate the intensity of exercise. Therefore, an 

alteration in belt speed (i.e. running cadence) could possibly elicit a greater impact on 

the pulsatility of blood flow than uphill running. 

The rapid fluctuations in perfusion pressure are unique to running and induce a 

pulsatile flow. This potentially results in increased haemodynamic forces (i.e. sheer 

stress and cyclic strain) that may induce a stimulus for cerebrovasculature 

adaptations unlike cycling. Additionally, the vasoconstricted artery which is evidenced 

by the decline in PETCO2 in fit individuals, would be experiencing an increase in 
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pressure and flow, potentially resulting in increased shear stress and cyclic strain, 

which may induce further vasculature benefits. The maximal increase in CBF is 

postulated to induce the greatest elevation of haemodynamic forces, which has 

previously been evidenced to occur at 65%VO2peak intensity (e.g. Brugniaux et al. 

2014). However, findings from the current study challenges the traditional paradigm, 

indicating that maximal intensity may induce a greatest MCAv response during 

running and therefore the optimal stimulus for cerebrovasculature adaptations in fit 

individuals. To note, only the first and last stage of the VO2peak test was analysed. 

Therefore, the CBF profile across a range of exercise intensities was not explored 

within this investigation.  

Cerebral oxygenation was not measured although would have enabled the 

observation as to whether oxygenation levels followed the same pattern as MCAv 

within the fit individuals. Current research during high-intensity cycling showed that 

cerebral oxygenation follows the decline in CBF (Curtelin et al. 2017). Future 

research is required to establish the relationship between cerebral oxygenation and 

CBF with intensity in fit compared to unfit individuals during running.  

Similar to the PPA response, the oscillation profile was hypothesised to have a 

decrease in the number of oscillations alongside an increase in the wavelength 

duration with an increased treadmill gradient, due to inducing a toe-weighted running 

style. However, an interesting trend became apparent in the oscillatory pattern, which 

was that the oscillatory pattern seemed dependent on participants running 

experience (shown in figure 13 compared to figure 14). Specifically, while the regular 

runner’s oscillatory profile was consistent with the hypothesis, participants less 

familiar with running had the opposite response (increased number of oscillations 
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and decreased wavelength duration, as shown in figures 13 and 14). This indicates 

that running experience impacts an individual’s running style and cadence. 

Collectively, present findings and those by Lyngeraa and colleagues support the idea 

that an increase in intensity induces an increase in oscillation wavelength in regular 

runners. In contrast, a variety of factors could have been responsible for the unique 

oscillatory pattern observed within the non-regular runners. This includes 

inexperience with treadmill running that may have impacted their natural running 

cadence. In addition, less fit participants selected a slower running speed, which was 

potentially a consequence of being unaccustomed to running at a set cadence and 

were anxious about the VO2peak test. These factors could have induced a shortened 

stride length with an increased step rate, potentially inducing a high frequency of 

narrow oscillations (as illustrated in figure 13). To note, environmental and 

psychological factors also differ between laboratory and outside running. In the 

current study, discrepancies in the rhythmic oscillatory pattern occurred during each 

gradient, which likely resulted from temporary variations in pace and corresponds 

with Palatini et al. (1989) findings. In contrast, however, Lyngeraa and colleagues 

reported that the oscillatory pattern remained relatively constant within each stage of 

intensity. Nevertheless, Lyngeraa et al. (2013) did observed that an alteration in belt 

speed disrupted the oscillation pattern within MCAv, demonstrating a potential 

association between step frequency and oscillations. Of note, previous exercise 

interventions have only explored the impact of an increase of belt speed on the CBF 

profile and not gradient.  

Entrainment of HR and step rate is another potential explanation for an increase in 

wavelength duration with increasing intensity (Lyngeraa et al. 2013 and Palatini et al. 
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1989). The increase in wavelength duration found in regular runners could relate to 

entrainment between stepping rate and HR. Both Lyngeraa et al. (2013) and Palatini 

et al. (1989) found a decrease in the difference between these two rates with an 

elevation in exercise intensity, which resulted in an elongation of oscillation 

wavelength. Collectively, the increase in wavelength duration in both studies was 

related to HR and step rate approaching one another indicating entrainment between 

these two rhythms. A plethora of potential factors may have prevented entrainment 

from occurring in non-regular runners as previously mentioned. These include self-

selecting a slow running pace, reduced motivation or early withdrawal before HR was 

able to increase towards the step rate. Interestingly, in non-regular runners a greater 

average difference in oscillation duration (i.e. difference between the shortest and 

longest wavelength) occurred during stage one of 29.8 ± 16.4 s, in comparison to 

only 0.6 ± 0.3 s during the final stage. By contrast, the mean in oscillation duration in 

regular runners was 2.1 ± 1.0 s in the first and 5.2 ± 5.6 s in the final stage. 

Therefore, indicating more discrepancies in step rate occurred during flat running, 

which decreased with an increase in intensity in non-regular runners. Or in terms of 

entrainment the difference in HR and step rate decreased with intensity, and the 

oscillatory pattern became more uniform, which is in agreement with the findings of 

Lyngeraa et al. (2013), as mentioned above.  

The oscillation profile within CBF has not previously been explored, therefore further 

investigations are required to confirm the influence of intensity (i.e. speed and 

gradient) and the underlying mechanisms. However, both Palatini et al. (1989) and 

Rowell et al. (1986) confirmed that respiration is unrelated to the development of the 

rhythmic oscillations. For example, Palatini et al. (1989) demonstrated that breath-
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holding during running did not have an influence on the arterial pressure oscillations, 

indicating that ventilation is not associated with the beat-to-beat changes of 

pulsatility. Therefore, the increase in pulsatility and wavelength duration observed 

with an increase in exercise intensity is likely not due to hyperventilation, or the 

biomechanics associated with rhythmical breathing and intrathoracic pressure 

changes.  

Comparison of running at 65%VO2peak on different gradients (flat, uphill, 

downhill) and cycling at 65%VO2peak 

Table 5: The mean change in cerebral and leg haemodynamics, end-tidal carbon 
dioxide and heart rate responses from resting baseline during flat (1% gradient), 
uphill (6 to 11% gradient) and downhill running (-6 to -11% gradient), and cycling at 
65%VO2peak. 

Modality  MCAv 
(Δcm/s) 

PETCO2 
(ΔmmHg) 

TOIhead 

(Δ%) 

THIhead 

(Δau) 

TOIleg 

(Δ%) 

THIleg 

(Δau) 

HR 
(Δbpm) 

Cycling 9.3±8.1* 3.0±3.0 -2.5±4.9 0.1±0.1 -4.9±9.3 -0.4±0.1 72±23* 

Flat 9.6±8.3* 6.0±3.4* -4.5±5.0 0.0±0.1 -1.7±6.1 -0.8±0.2 75±8* 

Uphill 11.3±8.6* 5.3±3.7* -7.3±4.6* -0.5±0.1 -2.8±6.8 -0.9±0.2 90±17* 

Downhill 12.4±9.6* 2.1±3.7×◊ -5.9±7.4 -0.3±0.3 -0.7±5.3 -0.7±0.2 83±26* 

(Key: MCAv, middle cerebral artery blood velocity; PETCO2, partial pressure of end-tidal carbon 
dioxide; TOIhead, tissue oxygen index of prefrontal cortex; THIhead, tissue haemoglobin index of 
prefrontal cortex; TOIleg tissue oxygen index of rectus femoris; THIleg, tissue haemoglobin index of 
rectus femoris; HR, heart rate). 
Values are means ± SD. n = 10 for MCAv, PETCO2, TOIhead, THIhead; n = 9 for TOIleg and THIleg; n = 
8 for HR. 
*significant from rest (p<.05); × significant from flat (p<.05); ◊ significant from uphill (p<.05). 

 
Exercise induced a significant increase in MCAv from rest in all exercise bouts (table 

3; p<.03), while increases in PETCO2 were greater during flat and uphill running in 

compassion to downhill running (by ~4 mmHg; p<.01). TOIhead significantly decreased 

from rest during uphill running (by ~7%; p<.01). No difference in the change of 

THIhead occurred from rest in each of the exercise modalities (p=0.1). No difference in 

the change of both TOIleg and THIleg was present from rest in all modalities (p=.24 
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and p=.48, respectively). The exercise-induced increase in HR was similar between 

all exercise bouts (p>.80). 
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Figure 15: A 30-second trace of middle cerebral artery blood velocity (MCAv, cm/s) of an individual during resting baseline and 
exercise for both modalities. 
 
Figure 15 is a representative trace of MCAv during resting baseline of both modalities. During exercise 10 clear oscillations are 

present within MCAv during running in contrast to cycling where they are non-existent, evidencing the difference in the beat-to-beat 

MCAv profile between these two modalities. 
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Figure 16: The mean change in pulse pressure amplitude (PPA, cm/s), systole 
middle cerebral blood artery velocity (sMCAv, cm/s) and diastole middle cerebral 
artery blood velocity (dMCAv, cm/s) from resting baseline, during flat (1% gradient), 
uphill (6-11% gradient) and downhill (-6-11% gradient) running in comparison to 
cycling at 65%VO2peak (n=10). 
*significant from rest (p<.05); × significant from cycling (p<.05). 

Exercise induced a significant increase in PPA from rest in all exercise modalities (up 

by ~43 cm/s, p<.01). PPA was ~24cm/s higher during the running bouts compared to 

cycling (p<.01). A significant increase in sMCAv occurred in all exercise bouts from 

rest (p<.01). While the running modalities appeared to induce on average a greater 

increase in sMCAv (by ~10cm/s), although this difference between bouts did not 

reach significance (p>.14). There was a significant decrease of ~11cm/s for dMCAv 

between flat running and cycling (p<.05), while the average reduction in dMCAv for 

uphill and downhill running did not reach significance (p>.05). In contrast, cycling 

dMCAv was similar to resting values (p=1.0). 
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Figure 17: The change in oscillation frequency (a) and oscillation wavelength 
duration (seconds, b) during flat (1% gradient), uphill (6 to 11% gradient) and 
downhill (-6 to -11% gradient) running at 65%VO2peak (n=9). 

Oscillations were present during each running bout with a variety of oscillatory 

patterns between participants and gradients. Despite the on average differences 

between running bouts, oscillation wavelength duration (~7s; p=.61) and number of 

oscillations (~8; p=.21) was similar between each of the running gradients (see figure 

17). 
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Figure 18: A 30-minute trace followed by a set of 30-second traces of an individual’s middle cerebral artery blood velocity (MCAv, 
cm/s) during flat (1% gradient), uphill (6% gradient) and downhill (-6% gradient) running at 65%VO2peak. 
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Figure 18 demonstrates how the oscillation frequency and wavelength duration do 

not remain uniform within and between each of the gradients. The flat running 30-

second trace portrays 12 oscillations, which decreases to two full oscillations during 

30-seconds of uphill and downhill running. The largest range of wavelength duration 

within a gradient occurred during uphill running of ~38 s and decreased during 

downhill running to ~14 s and ~11 s in flat running. The number of oscillations within 

the last 30 s in both uphill (down by 9) and downhill (down by 10) running decreased, 

when compared to flat running. However, an increase in wavelength duration 

occurred from flat (up by ~23 s and ~9 s, respectively). Overall, the oscillatory pattern 

within the MCAv varied between the participants in relation to the treadmill gradient. 

An exercise-induced increase in MCAv was expected to occur during all running and 

cycling exercise bouts based on previous research (Brugniaux et al. 2014). MCAv 

increased in all exercise bouts from rest, however PETCO2 only significantly 

increased during flat and uphill running. Additionally, PETCO2 during flat and uphill 

running was significantly elevated in comparison to downhill running. The lower 

PETCO2 during downhill running may have been a consequence of the unfamiliar 

nature of running downhill on a treadmill, since participants anecdotally reported 

being anxious during this protocol. This anxiety may have resulted in some level of 

hyperventilation and therefore explain the lowered PETCO2 values for this exercise 

bout. Nevertheless, muscles have been reported to be 3-5 times more efficient 

producing negative work during downhill running, in comparison to producing positive 

work during uphill running (Abbot et al. 1952), therefore perhaps the lower PETCO2 

reflects lower metabolic demands. In addition, while PETCO2 did not significantly 

increase during cycling, there was an on average 3 mmHg increase from rest, and 
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the known sensitivity of CBF to changes in arterial content of CO2 (1 mmHg change 

in PCO2 results in 3-4% increase in CBF, Battisti-Charbonney et al. 2011) suggests 

that any change in PCO2 will have some impact of MCAv. 

The NIRS data revealed that no oscillations were present during the exercise bouts. 

Therefore, cerebral regulatory mechanisms (e.g. cerebral autoregulation) appeared 

to regulate the observed pulsatile flow between the middle cerebral artery and the 

prefrontal cortex to reduce the impact of the fluctuations in pressure on the flow 

profile. Interestingly, an exercise-induced decrease in prefrontal tissue oxygenation 

(as index by TOI) occurred during uphill running, which is potentially due to 

participants increasing their concentration on movement. In support of this, the 

prefrontal cortex is involved in a variety of tasks involving activities related to 

cognition and planning of voluntary movement (Miller and Cohen, 2001; Sahyoun et 

al. 2004). This cortex has extensive connection with sensory and motor cortices and 

therefore is indirectly involved in motor command (Oussaidene et al. 2014). As 

mentioned above, the unfamiliar nature of the downhill treadmill running appeared to 

impact on participants’ behaviour. This may also explain the lower TOI measures due 

to greater prefrontal engagement in the task as a result of the added concentration 

required compared to more familiar treadmill running. 

In comparison to cycling, a higher PPA was expected to occur during running bouts 

due to the repetitive foot-strikes, with the largest increase occurring during downhill 

running due to inducing the greatest heel-strike force. In the current study, the 

transfer of weight between the feet during running elicited a greater increase in PPA 

over cycling, a non-weight bearing modality, as hypothesised. However, there was no 

difference in PPA between the three treadmill gradients. This is potentially due to the 
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un-familiarisation of gradient running, with individuals constantly changing their 

running kinematics and gait patterns during the exercise bouts. An increase in 

sMCAv occurred in all exercise bouts, with running causing a greater increase in 

sMCAv than with cycling. A decrease in dMCAv from rest was present during flat 

running as well as being significantly lower than cycling (shown in figure 16). On 

average dMCAv during all the running bouts was 12cm/s lower than during cycling. 

Similarly, Palatini et al. (1989) reported diastolic BP approached down to -17mmHg 

during submaximal running. Whereas during cycling where HRs were comparable, 

the lowest diastolic BP value was 40mmHg (Palatini et al. 1989). Together, both 

findings of decreases in diastole measurements are unique to running and therefore 

likely related to the large pressure oscillations induced from the foot-strikes. 

However, this negative pressure could represent retrograde flow, where blood 

transcends back towards the heart. Lower limb exercise is known to induce 

retrograde flow (Green et al. 2002). Specifically, when continuous muscle 

contractions occur at a fast velocity e.g. during running (Gonzales et al. 2008). 

Investigations have observed within peripheral vasculature that an increase in 

retrograde flow, and thus retrograde shear, results in a decrease of FMD (Thijssen et 

al. 2009). FMD is often used as an indicator of endothelial function as the measure is 

largely dependent on NO release (Thijssen et al. 2009). Therefore, indicating that an 

elevation in retrograde flow has a detrimental impact on endothelial function, which 

may potentially extend to the cerebrovasculature. Overall, future investigations 

should explore whether the MCAv profile induced from running elicits superior 

haemodynamic forces compared to cycling, which may potentially produce enhanced 
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cerebrovasculature adaptations via greater release of neurovascular signalling (e.g. 

NO, vascular endothelial growth factor etc).  

All running bouts induced an oscillating beat-to-beat profile, while no oscillations 

occurred during cycling. The amplitude of the oscillations was expected to decrease 

during uphill running due to the reduced heel-strike force, however, no statistical 

difference in the oscillation profile occurred between the three running gradients. To 

note, the greatest difference in the oscillation profile occurred between uphill and 

downhill running (shown in figure 17), so potentially the lack of statistical significance 

may be due to the small number of participants tested. Further, narrow and frequent 

oscillations were observed during downhill running. This is potentially associated with 

participants being unaccustomed to downhill treadmill running, which impacted their 

running style and cadence. Anecdotally, participants reported that they struggled to 

judge their foot placement on the treadmill, which seemed to shorten stride length 

and promote more toe-weighted running to act as a braking mechanism as 

individuals feared their foot was too close to the edge of the treadmill. A different 

oscillation profile may have developed if this experiment occurred outside and not on 

a treadmill as typically amateur runners drive their heel into the ground to reduce 

running speed (Dunne, 2012). Running outside in a natural environment would 

potentially induce the individual’s natural running style and cadence, enabling a true 

examination of the relationship between gradient running and the oscillation profile. 

Although field studies are less tightly controlled and introduces portable and wireless 

technology requirements for measurement of the haemodynamics, the research 

would produce a greater real-life context (Aziz et al. 2017). 



80 

 

Wavelength duration differed between each gradient bout, with durations being ~23 s 

during flat running, ~26 s during uphill and ~10 s during downhill running. These data 

potentially indicate that individuals changed their running style or cadence during 

each gradient bout. Again, contrasting Lyngeraa et al. (2013) research that the 

oscillatory pattern remains relatively constant within an intensity. Of note, for the data 

presented within this thesis (e.g. figure 17b) an average of the last 3 oscillation 

wavelengths with each gradient bout was taken from each participant. The use of 

time and frequency domain analysis is potentially a more sophisticated approach to 

compare the oscillation profile between and within the different exercise bouts. This 

approach was used by Lyngeraa and colleagues, although as previously mentioned 

no variability of the oscillatory pattern was reported within their exercise bouts, and 

given the variability observed here, this would create potential issues for this analysis 

approach (Kurths et al. 1995). 

Entrainment could be another potential explanation behind the oscillation profile, as 

the greatest increase in oscillation wavelength duration occurred during uphill 

running.  Uphill running is the most metabolically demanding gradient (Synder and 

Farley, 2011), inducing a greater elevation in HR than either flat or downhill running. 

In the current study, HR may have been approaching uphill running step rate, 

resulting in a longer wavelength duration compared to downhill running. Therefore, 

entrainment between these two rhythms may have determined the oscillation 

wavelength duration with the heel-strike force influencing the oscillation amplitude. 

The exercise intensity target of each gradient was 65%VO2peak, however this was 

challenging to achieve and maintain through alterations of speed and gradient. A 

trade-off between speed and gradient occurred during uphill running, due to the 
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increased metabolic demands of uphill running, and speed was often reduced below 

the participant’s natural running pace. During downhill running individuals were often 

not comfortable to run at their natural running rhythm because of concerns about 

falling. Therefore, it was very challenging to achieve the intensity target, as muscles 

are more efficient at producing negative work during downhill running (Abbot et al. 

1952).  These complications impacted the individuals running cadence and ultimately 

the oscillatory pattern, which therefore limits the comparison of how gradient running 

influences the MCAv profile.  

Rowell et al. (1968) observed pressure oscillations occurred within the radial artery 

and the aorta, albeit at a smaller magnitude during running, which indicates that the 

heart has to constantly pump against varying pressures during exercise. The diastolic 

phase of the heart is a passive process, which could potentially be impeded from 

pressure fluctuations of the mechanical wave resulting from each foot-strike. 

However, if entrainment occurs between the foot-strikes and the HR this could 

support the left ventricular ejection of blood, having a positive inotropic effect. 

Entrainment between these two rhythms has been found to improve cardiac 

efficiency inducing a ‘hydraulic effect’ (Phillips and Jin, 2013). Overall, this could 

result in a greater cardiac output which may transcend into the cerebral circulation 

supporting CBF and potentially increasing haemodynamic forces (i.e. sheer stress 

and cyclic strain), inducing a greater stimulus for cerebrovasculature adaptations. 

PETCO2 was significantly greater during flat and uphill running compared to downhill 

running, although no difference occurred between the MCAv values. Future 

investigations could involve the use of PETCO2 clamping, as a precaution to ensure 

PCO2 is constant during the three running gradients and not influencing the CBF 
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oscillatory profile. Further research is essential to explore the influence of gradient 

running on the CBF and oscillation profile, with consideration of the potential impact 

this could elicit on the cerebrovasculature and in particular chronic adaptation. This 

information would increase current understanding of how to manipulate exercise 

parameters to optimise brain health benefits.  

Comparison of flat, toe-weighted and heel-weighted running 

Table 6: The mean change within a range of dependant variables from resting 
baseline during flat, toe and heel-weighted running at a self-selected speed. 

Running 
Style   

MCAv  
(Δcm/s) 

PETCO2 
(ΔmmHg) 

TOIhead 

(Δ%) 

THIhead 

(Δau) 

TOIleg 

(Δ%) 

THIleg 

(Δau) 

HR 
(Δbpm) 

Flat 17.2±14.7* 5.5±3.2* -0.7±3.3 0.0±0.1 0.9±4.2 -0.1±0.2 87±22* 

Toe 13.5±12.9• 4.7±2.4* -3.8±6.5 0.5±0.2 -1.7±10.8 -0.1±0.3 86±13* 

Heel 17.2±15.5∞ 3.4±1.8* -4.4±7.3 0.8±0.3 -3.2±11.1 -0.1±0.4 89±10* 

(Key: MCAv, middle cerebral artery blood velocity; PETCO2, partial pressure of end-tidal carbon 
dioxide; TOIhead, tissue oxygen index of prefrontal cortex; THIhead, tissue haemoglobin index of 
prefrontal cortex; TOIleg, tissue oxygen index of rectus femoris; THIleg, tissue haemoglobin index of 
rectus femoris; HR, heart rate). 
Values are means ± SD. n = 9 for MCAv, PETCO2, TOIhead, THIhead, TOIleg, THIleg and n = 7 for HR. 
*significant from rest (p<.05) •change from rest (p=.08) ∞change from rest (p=.06). 

 
Exercise induced a significant increase in PETCO2 during all running styles from rest 

(p<.01) and in MCAv during flat running (p<.05). No difference occurred in both 

MCAv and PETCO2 between running styles (p=1.0 and p>.40, respectively). No 

difference in the change of TOIhead, THIhead, TOIleg and THIleg occurred between each 

of the running styles (p>.05). Finally, HR change from rest was similar between all 

running styles (p=1.0). 
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Figure 19: The mean change in pulse pressure amplitude (PPA, cm/s), systole 
middle cerebral blood artery velocity (sMCAv, cm/s) and diastole middle cerebral 
artery blood velocity (dMCAv, cm/s) from resting baseline, during flat running, then 
toe and heel-weighted running at a constant speed (n=9). 
*significant from rest (p<.05). 

Exercise induced increases in PPA (up by ~60 cm/s; p<.01) and sMCAv (up by 

~52cm/s; p<.01) but remained similar between the three running styles (p=1.0). 

dMCAv also remained relatively constant between all three running styles (decreased 

from rest by ~8 cm/s; p=.07). 

 

Figure 20: The change in oscillation frequency (a) and oscillation wavelength 
duration (seconds, b) during flat running, then toe and heel-weighted running at a 
constant speed (n=9). 

b. a. 
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Figure 21: A 15-minute continuous trace followed by a set of 30-second traces individual’s middle cerebral artery blood velocity 
(MCAv, cm/s) during flat, toe and heel-weighted running at a of 8.7km/h. 
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Figure 21 demonstrates the oscillatory pattern changes with the foot-strike pattern in 

one individual. This 15-minute trace shows that the oscillation wavelength instantly 

decreased while oscillation frequency increased when changing from flat to toe-

weighted running. Thereafter, during heel-weighted running an immediate increase in 

oscillation wavelength occurred, resulting in a decrease of oscillation frequency. The 

first 30 s trace depicts 4 full oscillations within flat running, which instantaneously 

increased to 8 full oscillations within the first 15 s of toe-weighted running. 

Subsequently, the oscillation wavelength increased at the onset of heel-weighted 

running, oscillations decreased from 7 full to 2 full oscillations when moving from toe-

weighted to heel-weighted running (represented in the second 30-second trace as 

well as in the 15-minute MCAv trace). Overall, the oscillatory pattern within the MCAv 

varied between the participants in relation to the different exercise bouts. Therefore, 

no change is apparent in the mean oscillatory pattern data.  

A similar exercise-induced increase in MCAv and PETCO2 occurred during all 

running styles. This was expected based on current literature, evidencing that 

individuals were exercising below their anaerobic threshold (Brugniaux et al. 2014). 

An exercise-induced increase also occurred in sMCAv for each running style 

resulting in an elevation of PPA, whilst dMCAv remained relatively constant. These 

data agree with the arterial BP data presented by Palatini et al. (1989). The running 

technique of an individual has been shown to influence the amplitude of pressure 

fluctuations (Palatini et al. 1989). PPA during heel-weighted running was expected to 

increase above toe-weighted running as a result of an increase in the heel-strike 

force. However, this was not observed here, potentially due to individuals being 

unaccustomed to heel-weighted running as well as treadmill running. Furthermore, it 
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was noted that individuals reverted back to their normal running style when they 

appeared to lose concentration, and this may have impacted the cerebral 

haemodynamic data recorded here. Nevertheless, PPA and sMCAv during toe-

weighted running was slightly lower than during heel-weighted and flat running, which 

may relate to a reduced heel-strike force. Further research is needed to confirm or 

refute this hypothesis.  

At the tissue level, both head and legs NIRS measures showed no oscillations within 

or between the different exercise bouts. There was an on average reduction in 

TOIhead for toe and heel-weighted running, which may reflect the greater 

concentration (and therefore prefrontal engagement) required for these running 

styles in comparison to flat running. The largest decrease in TOIleg occurred during 

heel-weighted running, which potentially reflects a greater push-off force needed 

(and therefore greater muscle activation and metabolic need) to ensure a heavy 

landing on the heel. Nevertheless, no significant differences were evident, so more 

research and a larger participant sample is needed to further explore these potential 

causes. Interestingly, TOIhead during flat running of this protocol was a lot closer to 

resting values then during the gradient protocol. However, it is unclear why this 

occurred although potentially due to probe movement and placement. More research 

is required to confirm this data.  

Heel-weighted running was hypothesised to induce an increase in the amplitude of 

the oscillations, in comparison to flat running as a result of an increase in heel-strike 

force, where the opposite was expected for the toe-weighted running due to the 

reduced heel-strike force. Oscillations were present within each of the three running 

styles, with a change in the oscillatory pattern occurring between the running styles. 
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However, no overall statistical difference in the oscillation pattern between the 

running styles was evident. As mentioned, individuals often required reminding to 

maintain toe or heel-weighted running, which seems likely to have had an influence 

on the oscillatory pattern (particularly its stability within a running style). Additional 

measures such as the use of ground force reaction plates would have helped 

examined this relationship between the oscillation profile and the heel-strike force.  

Finally, while figure 20 presents the mean oscillation wavelength duration and 

frequency responses for the final 30 s of each running style, it does not accurately 

represent the exercise bout where most participants oscillation wavelength duration 

and frequency peaked. Specifically, a total of 3 individual’s wavelength duration 

peaked during toe-weighted running, and a further 3 during heel-weighted running. 

Therefore only 2 participants wavelength duration, peaked during flat running. 

However, these 2 individuals both had an exceptionally large average wavelength 

duration, of ~10 s above the average wavelength duration in each of the running 

bouts. Additionally, 3 individual’s oscillation frequency peaked during heel-weighted 

running, as well as 3 participants during flat running with only 1 participant’s maximal 

oscillation frequency occurring during toe-weight running. Of note, 3 participants 

were excluded from the above analysis as their oscillation wavelength duration 

and/or frequency were the same during two or all gradients. Overall, this is not 

reflected in the means of both measures. Therefore, this analytical approach may 

have been too simplistic to analyse the oscillatory pattern between the different 

running styles. The use of frequency domain analysis could be used in future 

investigations to explore the influence of the beat phenomenon on MCAv oscillations 

by measuring HR and step frequency. This would enable a more sophisticated 
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approach to examining the oscillation profile. However, this type of analysis is often 

not sufficient to characterise complex fluctuations patterns in data (Kurths et al. 

1995). 

Comparison of a change in oscillatory pattern during running at a constant 

speed at different step frequency  

 

Figure 22: The change in oscillation frequency and oscillation wavelength duration 
(seconds) when running at a constant speed with different step frequencies (n=9). 

There was no significant difference in wavelength duration (p=.39) and oscillation 

frequency (p=.26) with different step frequencies. An average of 6 oscillations 

occurred across all step frequencies and ~6 s in wavelength durations (see figure 

22). However, similar to the other conditions tested here, despite the lack of group 

effects, there was some variation in the oscillation profiles within participants and 

especially when changing step frequency (see figure 23 below). 
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Figure 23: A 5-minute continuous trace followed by six 30-second traces of an individual’s middle cerebral artery blood velocity 
(MCA, cm/s) profile during a variety of different step frequencies. 
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Figure 23 demonstrates that a change in step frequency has an impact on the 

oscillatory pattern within MCAv. However, a carryover effect is present, for example 

within 160bpm and 165bpm frequencies both traces consist of the same oscillation, 

with a large wavelength duration of 52 s. The 5-minute trace above consists of 10 

different audio-cue step frequencies, although only 5 different oscillation patterns 

appear to occur (represented by the dash lines). These traces demonstrate that a 

clear change in the oscillatory pattern occurs throughout the 5-minute exercise bout 

although it does not coincide with the change in audio-cue step frequency. In 

addition, the set of 30 s traces above display a difference in oscillation appearance 

and frequency between the various audio-cues. Overall, the oscillatory pattern within 

the MCAv changed with differing step frequencies throughout the duration of the 

exercise bout for all participants. 

The oscillatory pattern changed with differing audio-cue step frequencies in all 

individuals, indicating a direct impact of the step frequency on the CBF oscillatory 

pattern. However, due to the short duration of the audio-cue rhythms it was difficult to 

observe and report changes. The analysis of wavelength duration consisted of an 

average duration of the last 3 oscillations within an audio-cue bout. However, large 

wavelength durations were observed to occur over 1-to-2 audio-cue bouts and 

therefore any potential effect was missed as a consequence for the analysis 

approach applied here. Additionally, the audio-cue bouts may have been too short in 

duration for the participants to adjust to the audio-cue rhythm and then reach a 

steady state. The audio-cue rhythms were an exploratory part of the study, to 

observe whether a change in step frequency would impact the MCAv oscillations. 

Future investigations are required to continue to explore and quantify the impact of 
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step frequency on the oscillatory pattern. This can be achieved through increasing 

the duration of the exercise bouts, allowing a comparison of the oscillatory pattern 

between different audio-cue step frequencies, alongside enabling participants to 

adjust their running cadence and reach steady state.  

The examination of HR and step rates could potentially reveal whether entrainment 

occurred during the audio-cue bouts. In future research a metronome could be used 

to explore this relationship, set at the participants’ HR for individuals to run to and 

test whether inducing entrainment between the HR and step rate can be facilitated 

experimentally. A more advanced alternative followed by Takeuchi et al. (2014) 

involved participants wearing an ECG monitor that sounded with a buzzer with an 

occurrence of each R wave, participants then ran to the sound of the buzzer.  

Entrainment has not been explored in terms of cerebrovasculature benefits. More 

research is required to discover whether entrainment between these two rhythms 

induces a greater stimulus for cerebrovasculature adaptations in comparison to the 

rhythms opposing each other resulting in more frequent and narrow oscillations.
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Figure 24: A 3-minute continuous trace of an individual’s middle cerebral artery blood velocity (MCAv, cm/s) profile during a flat 
running bout at 65%VO2peak and a constant step frequency. 

Figure 24 is a representative trace of how oscillations develop within MCAv during flat treadmill running at a constant step frequency. 

The 3-minute trace depicts how the oscillation wavelength duration increases throughout the running bout. The set of 30-second 

traces clearly show the change in the oscillatory pattern from the start of the exercise bout in comparison to the end, with a difference 

of ~11 s in wavelength duration. Upon commencement no oscillations occurred (displayed as the first ~15 s). The oscillations then 

begin to develop but appear extremely narrow and hard to distinguish between ~15-20 s. Thereafter the oscillations become 

increasing more apparent throughout the remaining duration of the bout, as the oscillation wavelengths elongate. This is evidently 

displayed in the final 30 s trace depicting 7 clear oscillations. The set of continuous traces represent the general pattern observed 

within MCAv at the onset of treadmill running within all individuals. 
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METHODOLOGY CONSIDERATIONS 

TCD was used as an index of flow, which makes the assumption that velocity 

represents flow. This is only a valid measurement if the calibre of the insonated 

vessel remains constant (Willie et al. 2011). A high signal quality during exercise was 

challenging to maintain, due to probes sensitivity towards movement. Additionally, 

the prefrontal cortex NIRS probes often impacted the signal quality of the TCD. This 

investigation did not directly measure HR or step frequency therefore the impact of 

these two rhythms on the oscillatory pattern or the relationship between the 

frequencies could not be examined.  

A trade-off between speed and gradient occurred during uphill running within the 

gradient protocol. This often led to individuals running at a slower pace than their 

natural running rhythm and at a shallow gradient in order to achieve 65%VO2peak. 

Additionally, to achieve this intensity during downhill running was challenging, as 

individuals were too nervous either to run at their natural running speed, or at a steep 

gradient as previously mentioned. A downhill familiarisation session would have 

increased the participant’s confidence, and potentially enhanced an individual’s 

natural running cadence during this protocol. As previously mentioned, the audio-cue 

durations were too short to enable a steady state adjustment to the rhythms and to 

investigate differences between the oscillatory pattern. Several participants found it 

difficult to adjust to the different audio-cue rhythms at a set speed of the treadmill. 

This would have not been an issue if this protocol occurred in a more natural 

environment that did not involve a treadmill. Individuals tend to run at a speed that is 

comfortable for them, however for participants unaccustomed to a treadmill it can be 

difficult to adjust to running at a set cadence. Additionally, a standardisation of shoes 
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could have occurred as different types of shoes are evidenced to impact foot-striking 

patterns and O2 consumption. 

Future investigations require a measurement of arterial BP, permitting an observation 

of whether pressure fluctuations in the peripheral vasculature transcend into the 

cerebral circulation, as Lyngeraa et al. (2013) documented. This would allow for a 

comparison of oscillation profiles between both vasculature beds. A transducer could 

be used as seen in Palatini et al. (1989) study alongside the TCD, enabling the 

observation of how running at different gradients impacts the mechanical and aortic 

waves and the overall CBF oscillatory pattern. Moreover, a treadmill with ground 

force plates would permit the analysis of the heel-strike force during different running 

conditions, enabling a comparison between whether peak heel-strike force coincides 

with peak PPA within CBF. Together potentially clarifying that an increase in heel-

strike force is associated with an increase in haemodynamic forces inducing a 

greater stimulus for cerebrovasculature adaptations. The use of timing gates and a 

pedometer would have allowed step frequency to be quantified, to establish whether 

entrainment occurred with HR and had an influence over the oscillatory pattern. 

Phillips and Jin, 2013 used a novel iphone application which wirelessly connection to 

a heart monitor calculating a running pace, playing a ‘tick tock’ sound through 

earphones for the participants to run too, inducing entrainment between the two 

rhythms. A range of innovative entrainment-inducing methodology exists which can 

be used in and outside of the lab. The investigation of entrainment would improve the 

knowledge of the underlying mechanisms of how this unique oscillatory pattern is 

generated during running in CBF. 
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The use of two VO2peak tests with differing protocols (e.g., intensity is increased via 

speed vs. gradient) would allow observation of how the heel-strike force potentially 

influences oscillatory profile changes across different exercise intensities. The 

change of gradient may have a greater influence on the amplitude of the oscillations. 

In contrast, increasing the step rate may result in entrainment with HR, influencing 

the oscillation wavelength duration. 

Unfortunately, the investigation did not involve the examination of sex differences 

between males and females and the mensural cycle was not taken into 

consideration. This was the result of time restrictions and would have required a 

larger cohort to enable formal examinations. However, sex hormones i.e. estradiol 

and progesterone both have vasoactive effects and levels fluctuate during follicular 

and luteal phases of the menstrual cycle. The changes in endogenous levels have 

been evidenced to have an impact on carotid arteries. In the follicular phase peak 

estrogen concentration has been reported with peak ICA blood flow velocity and 

inversely with ECA blood flow velocity returning towards baseline values (Krejza et al. 

2001). Therefore, this may have a small impact on CBF response within females and 

resultant adaptations, which future research is required to explore. 

CONCLUSION 

In summary, running induces rhythmic oscillations in perfusion pressure which 

transcend into the cerebrovasculature, but do not transcend down the arterial tree 

towards the skin. The oscillatory pattern during running is associated with an 

individual’s heel-strike force, step rate and HR. Further research is required to 

establish the relationship between these variables and how to manipulate them to 

induce the most beneficial effect on the cerebrovasculature. A multi-model approach 
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of intensities and modalities is required including considering an individual’s fitness 

level in order to promote optimal brain health benefits. This should involve exploring 

the impact of flat, uphill and downhill running on PPA and the oscillatory pattern. 

Also, measurement of a neurotrophic factors (e.g. NO bioavailability) would enable 

quantification of which exercise parameters induces the greatest stimulus for 

adaptations.  
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APPENDICES 

Appendix 1: Application for Ethical Review 
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