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Abstract 

Central (aortic) haemodynamics change markedly with age, as aortic stiffness and systolic 

pressure augmentation increase thereby elevating aortic blood pressure. Furthermore, the 

autonomic regulation of vascular sympathetic activity also changes; whereby the level of 

sympathetic nerve activity to the skeletal muscle vasculature, termed muscle sympathetic 

nerve activity (MSNA), increases, which can elevate peripheral blood pressure. The increase 

in blood pressure with age increases cardiovascular risk. Notably, exercise training is one 

recommended strategy to reduce this elevated risk. Although habitual endurance exercise is 

well known to elicit a range of physiological adaptations, the effects on aortic 

haemodynamics and peripheral blood pressure regulation are not well described. Therefore, 

the primary aim of this thesis was to investigate the effects of chronic habitual endurance 

exercise on aortic (central) haemodynamics and the autonomic regulation and neural control 

of brachial (peripheral) blood pressure in healthy ageing. To achieve this aim, normotensive 

middle-aged and young men were recruited into separate groups of chronically endurance-

trained runners or recreationally-active nonrunners. Young men were studied to determine 

the effects of habitual exercise independently of age. Collectively, this thesis shows that in 

middle-aged men habitual exercise has no significant effects on aortic haemodynamics or 

the ability of MSNA to effect vascular responses during sympathoexcitation. However, the 

main finding from this thesis is that habitual endurance exercise, until middle-age, alters the 

autonomic regulation of MSNA at rest. Specifically, for a similar blood pressure, the arterial 

baroreflex is set higher in runners, which is associated with a greater likelihood of MSNA 

burst occurrence. However, there were no between-group differences in young men. 

Therefore, this greater likelihood of MSNA burst occurrence in middle-aged male runners 

may represent a fundamental physiological adaptation to chronic (~30 years) habitual 

endurance exercise to support resting peripheral blood pressure in an expanded 

cardiovascular system with greater reserve.  
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1.0 Introduction 

Ageing is associated with cardiac (Arbab-Zadeh et al., 2004) and central (aortic) elastic 

artery stiffening (McEniery et al., 2005), as well as changes in the autonomic regulation and 

neural control of the circulation (Iwase et al., 1991; Ebert et al., 1992). Age-related aortic 

stiffening and elevations in the level of vascular sympathetic nervous system activity to 

skeletal muscle (termed muscle sympathetic nerve activity [MSNA]) contribute to elevations 

in central and peripheral blood pressure with advancing age, respectively. This elevation in 

blood pressure increases cardiovascular risk (Benetos et al., 2010), which contributes to age 

being the leading risk factor for the development of cardiovascular diseases (Benjamin et 

al., 2018). The ability to distinguish the effects of healthy versus pathophysiological ageing 

on cardiovascular structure, function and regulation is, therefore, of clear clinical relevance. 

Accordingly, strategies to offset age-related changes to the cardiovascular system are an area 

of intense research focus. 

 Exercise training is recommended as one strategy to increase health span, the 

proportion of a person’s lifespan in which they are in good health (Seals et al., 2018), and to 

reduce cardiovascular risk (Eckel et al., 2014). Notably, the cardiovascular effects of chronic 

habitual endurance exercise training are typically considered in cross-sectional observational 

studies by comparing endurance-trained and sedentary individuals. There are numerous 

effects of sedentarism on cardiovascular structure and function, including higher circulating 

inflammatory cytokines and left ventricular stiffness as well as lower vascular endothelial 

function (Lavie et al., 2019). Furthermore, low physical activity levels (i.e. sedentarism) 

independently increases the risk of cardiovascular disease and all-cause mortality (Dempsey 

et al., 2020). Thus, appropriately selecting groups of individuals dependent on their level of 

physical activity is of prime importance when determining the effects of habitual exercise 

cross-sectionally. Indeed, it may be more appropriate to compare endurance-trained with 

recreationally-active, rather than sedentary, individuals. Recruiting these groups may better 
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enable the determination of the effects of healthy ageing without the confounding effects of 

sedentarism. In addition, some authors even suggest that endurance-trained individuals 

should be considered as the control group in studies of ageing as they best reflect “the 

inherent ageing process” (Lazarus and Harridge, 2010) or “primary ageing” (Tanaka et al., 

2019).  

To date, the effects of chronic habitual endurance exercise on the heart have been 

well described, reporting that well-trained individuals have a lower (intrinsic) heart rate 

(Katona et al., 1982) and a greater left ventricular stroke volume and compliance (Bhella et 

al., 2014). However, the effects of habitual exercise on central (aortic) stiffness, systolic 

pressure augmentation and pressure, have not been studied widely. This is despite these 

indices of aortic haemodynamics being predictive of cardiovascular morbidity and/or 

mortality (Roman et al., 2007; Roman et al., 2009; Vlachopoulos et al., 2010; Wang et al., 

2010; Ben-Shlomo et al., 2014). The majority of previous reports have focused upon the 

effects of habitual exercise on aortic stiffness alone and compared endurance-trained and 

sedentary individuals, as reviewed recently (Seals et al., 2019). Thus, more studies are 

warranted to determine the effects of habitual exercise on the aortic haemodynamic profile, 

that is aortic stiffness, systolic pressure augmentation and pressure, together, especially in 

healthy human ageing. In addition, the influence of habitual endurance exercise on the 

autonomic regulation and neural control of peripheral blood pressure is not well 

characterised. This is despite the primary role vascular sympathetic activity plays in the 

support of peripheral blood pressure. It is often believed that the level of vascular 

sympathetic activity decreases similarly in clinical and healthy populations following short-

term endurance training. However, a comprehensive review of the literature showed that 

MSNA was reduced following short-term exercise training in 15 of 15 (100%) studies in 

clinical populations. This contrasts the data in healthy individuals where only 1 of 9 (11%) 

studies reported a reduction in MSNA with short-term training (Carter and Ray, 2015). Thus, 
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these data refute the conventional wisdom that short-term exercise training effects vascular 

sympathetic activity similarly in health and disease. This conclusion is, however, based upon 

the responses to short-term exercise training. Whether chronic habitual endurance exercise 

in healthy human ageing is associated with changes in vascular sympathetic activity is 

unclear.  

Due to the ageing population (Beard et al., 2016), understanding the effects of 

chronic habitual endurance exercise in healthy human ageing on central haemodynamics and 

peripheral blood pressure regulation are of importance. Moreover, the recent physical 

activity guidelines from the United Kingdom Chief Medical Officers (2019) recommend 

exercise throughout the lifespan. Therefore, given the aforementioned gaps within the 

literature, the aims of this thesis were to investigate the effects of chronic habitual endurance 

exercise in middle-age on i) aortic haemodynamics and, ii) the autonomic regulation of 

vascular sympathetic activity and peripheral blood pressure and iii) the neural control of the 

peripheral vasculature (i.e. sympathetic vascular transduction). To address these aims, all 

data were collected using a cross-sectional study design in normotensive males, categorized 

according to training status as either endurance-trained runners or recreationally-active 

nonrunners. In addition, young runners and nonrunners were studied to discern the effects 

of habitual endurance exercise independently from the effects of age. This study design 

enabled an integrative assessment of the determinants of central and peripheral blood 

pressure, in the same individuals, and at one time, to provide novel insight into the 

cardiovascular effects of habitual endurance exercise in healthy human ageing.  
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This chapter provides an overview of central (aortic) haemodynamics (Section 2.2) and 

peripheral blood pressure regulation (Section 2.3), with specific attention paid to the 

techniques utilised within the experimental chapters of this thesis (Chapters 4-6). Also, 

within each section, the known effects of age and habitual endurance exercise are discussed 

and the gaps within the literature base are highlighted. It is these gaps in the literature which 

are addressed in the following experimental chapters (Chapters 4-6). 

2.1 Arterial Blood Pressure 

The heart, blood and blood vessels make up the mammalian cardiovascular system, which 

primarily functions to provide convective transport of oxygen and nutrients to tissues 

(Herring and Paterson, 2018). The distribution of blood flow, and therefore delivery of 

oxygen, is dependent on the pressure gradient between the arterial and venous components 

of the circulation. Mean arterial blood pressure (MAP) is kept relatively similar throughout 

the circulation, via pressure sensitive neural reflexes eliciting changes in regional vascular 

tone (i.e. vascular resistance) (Herring and Paterson, 2018). In line with this, MAP is 

determined by the balance between flow (i.e. cardiac output) and vascular resistance; a 

relationship similar to Ohm’s law, which describes that electrical current (i.e. pressure) is 

dependent on the balance between the voltage (i.e. flow) and resistance. 

Calculation of Mean arterial pressure: 

Mean Arterial Pressure = Cardiac Output x Total Peripheral Resistance 

Where: Cardiac output is the sum of heart rate (in beats per minute) and stroke volume (in 
millilitres). Total peripheral resistance is a calculated variable from the division of mean 

arterial pressure (in mmHg) and cardiac output (in litres per minute). 
 

The above equation highlights that the relationship between cardiac output and 

vascular resistance is fundamental to the regulation of blood pressure. Routine assessment 

of cardiac output and total peripheral resistance in the laboratory is not common, therefore, 

MAP is more commonly calculated from the measurement of peripheral blood pressure, in 

mmHg above atmospheric pressure (via sphygmomanometry or auscultation). As blood 
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pressure is not a static variable across the cardiac cycle three measures of blood pressure are 

reported and calculated which are used to derive MAP, namely: systolic blood pressure 

(SBP), diastolic blood pressure (DBP) and pulse pressure (PP). Notably, the factors which 

influence SBP, DBP and MAP differ. SBP is primarily influenced by the interaction of stroke 

volume (cardiac output) and vascular stiffness and DBP is largely influenced by peripheral 

vascular tone (resistance). As mentioned above, MAP is relatively similar throughout the 

arterial tree, despite a small change (decrease) in DBP but a relatively, compared to the 

change in DBP, larger change (increase) in SBP from central to peripheral blood vessels 

(Peng et al., 2017). The increase in blood pressure from central to peripheral arteries is 

termed pulse pressure amplification (PPA; Figure 1). PPA is mediated by the decrease in 

vessel diameter and increases in vascular stiffness and relative wall thickness which 

contribute to the increase in excess pressure from the central to peripheral vasculature (Peng 

et al., 2017). Notably, PPA is an important haemodynamic variable as it independently 

predicts cardiovascular mortality (Benetos et al., 2010). Accordingly, the central and 

peripheral circulation play different roles in haemodynamic regulation; this likely relates to 

the differences in the determinants of blood pressure between these different vascular 

regions. Thus, in this thesis the determinants of central and peripheral blood pressure were 

assessed to provide novel insight into the effects of chronic habitual endurance exercise. 

 

Figure 1 – Pulse pressure amplification. Arterial pressure waveforms from the aorta through to 
peripheral blood vessels highlighting the physiological phenomenon of pulse pressure amplification. 
The increase in pulse pressure is likely mediated by a greater involvement of the backward-travelling 
pressure wave augmenting systolic pressure in the peripheral blood vessels (Peng et al., 2017). 
Figure from Nichols et al., (2011).  
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2.2 Central Haemodynamics 

Ever since blood pressure was first recorded using the cuff sphygmomanometer by Riva-

Rocci in the 19th century, a technique improved upon by Korotkoff in 1905, the aim has been 

to record blood pressure as close to the aorta as possible (Booth, 1977). With technological 

advancement in the last 30 years, it is now possible to routinely estimate ascending aortic 

pressure via applanation tonometry of the peripheral (e.g. brachial or radial) arterial pulse 

waveform. Due to the phenomenon of PPA, individuals with similar aortic blood pressures 

can have markedly different brachial artery pressures, and vice-versa (McEniery et al., 

2008). Accordingly, peripheral arterial blood pressure is a poor surrogate for central blood 

pressure, as aortic (central) pressure is often lower than the corresponding brachial 

(peripheral) values. This limits the utilisation of brachial blood pressure to index the pressure 

load on the left ventricle, as well as other central organs (e.g. the brain, eyes and kidneys) 

which are susceptible to target organ damage, thereby increasing the risk of end-organ 

disease. As outlined by Sharman and Laurent (2013), the primary lines of evidence which 

support the (clinical) assessment of central blood pressure include: i) large intra-individual 

variability in PPA; ii) central blood pressure is independently related to end-organ damage; 

iii) central blood pressure independently predicts cardiovascular morbidity and mortality; 

iv) divergent central and peripheral blood pressure responses to antihypertensive 

medications; and v) reductions in end-organ damage with therapy have stronger relations to 

central compared to peripheral blood pressure. However, it is important to emphasise that 

brachial blood pressure is also an important cardiovascular variable and that both central and 

brachial arterial pressure should be collected and reported together.  

2.2.1 Assessment of aortic haemodynamics  

The gold-standard method to assess (ascending) aortic pressure is via the direct insertion of 

a pressure and velocity transducer into the ascending aorta (Nichols et al., 2011). However, 

this is a significant barrier to routinely determining aortic blood pressure in the clinic or 
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research laboratory. The development of a non-invasive method to estimate aortic blood 

pressure was therefore of significant importance for the study of aortic haemodynamics. 

Indeed, Chen and colleagues (1997) showed it was possible to estimate ascending aortic 

waveforms via the use of a generalised inverse (i.e. in opposition to the direction of pressure 

propagation) transfer function applied to radial artery waveforms, as collected via the 

technique of applanation tonometry (Figure 2A). The generalised transfer function used to 

estimate aortic blood pressure was first described by Karamanoglu and colleagues (1993) 

utilising automated radial tonometry and invasive aortic catheterisation. Utilising Fourier 

frequency analyses, the transfer function is determined by the ratio of amplitude and phase 

of the harmonics within the radial and aortic waveforms (see below). Notably, when 

compared to the generalised inverse transfer function, applying an individualised inverse 

transfer function, for each participant separately, only led to a 3% improvement in the fit 

between estimated and measured ascending aortic waveforms (Chen et al., 1997). Since 

then, a version of this transfer function has been incorporated into numerous devices 

(including the SphygmoCor from AtCor Medical as used in this thesis) to enable the routine 

estimation of ascending aortic blood pressure from radial artery applanation tonometry. 

Transfer function:  

H(A-B) = PB(ω)/PA(ω) 

Where: H(A-B) represents the transfer function; PA(ω) and PB(ω) represent the frequency 
domain of the pressure wave at sites A and B, respectively (More completely: PA(ω) = 
MA(ω)ejφ and PB(ω) = MB(ω)ejφ); P represents pressure; site A is the ascending aorta and 
site B is the radial artery; ω is the angular frequency; MA(ω) and MB(ω) are the moduli of 
the respective pressure wave; φ A(ω) and φ B(ω) are the phases of each pressure wave; e is 
Eulers number; j is the imaginary number, as used in electronics; φ is the inverse golden 
ratio. As described by Karamanoglu and colleagues (1993). 

 

As well as being used to estimate the ascending aortic waveform, applanation 

tonometry is used to determine the pulse wave velocity in different arterial segments, 

including the aorta. The measurement of aortic pulse wave velocity (aPWV, Figure 2B) is 
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the current gold-standard method for the non-invasive assessment of aortic stiffness 

(Townsend et al., 2015). Pulse wave velocity is assessed due to the important role arterial 

wall elasticity plays in the propagation of pulse waves (Nichols et al., 2011), which can be 

measured between arterial sites, utilising techniques such as applanation tonometry (Figure 

2A). Thus, applanation tonometry enables the characterisation of the aortic haemodynamic 

profile, that is aortic stiffness, systolic pressure augmentation and pressure. 

 

Figure 2 – Applanation tonometry and aortic pulse wave velocity. (A) This technique flattens the 
artery between the pressure sensor and the bone and collects high fidelity waveforms. For the 
estimation of ascending aortic blood pressure radial artery applanation tonometry is most often used 
as it can be assured that the artery is being flattened with bone underneath, which is not the case in 
the brachial artery. These high-fidelity radial artery waveforms (see Figure 1) are then analysed using 
a generalised inverse transfer function, for example within the SphygmoCor device (AtCor Medical), 
to estimate the ascending aortic waveform for subsequent determination of aortic pressure. (B) The 
measurement of carotid to femoral pulse wave velocity, often termed aortic pulse wave velocity 
(aPWV), is the gold-standard method to assess aortic stiffness. To do this, the technique of 
applanation tonometry is used to record arterial waveforms from the carotid and femoral arteries, 
respectively. With subsequent determination of the time between the peak of the R wave and the foot 
of the carotid and femoral waveforms, it is possible to calculate the time difference between the two 
waveforms. Along with the measured distance between the two arterial sites it is possible to calculate 
the velocity of the pulse waveform through the aorta using the following equation: Velocity = 
Distance/Time. Pulse wave velocity (PWV) is inversely related to blood vessel distensibility, 
therefore the higher the PWV the higher the blood vessel stiffness (See further details in Figure 4). 
Panels A and B are adapted from Nichols et al., (2011) and Chirinos et al. (2019), respectively. 
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2.2.2 The aortic pressure waveform 

Aortic blood pressure is influenced by two principal interactions which occur during cardiac 

systole. In a compliant aorta there is one pressure peak in systole (Figure 3A); however, with 

increasing aortic stiffness a second clear systolic peak occurs (Figure 3B). These pressures 

are referred to Pressure 1 (P1) and P2, respectively. This difference in aortic waveform 

morphology with arterial stiffening occurs due to systolic pressure augmentation (McEniery 

et al., 2005), as measured by augmentation pressure (AP) and index (AIx). These indices 

quantify the magnitude of the increase in aortic systolic blood pressure (aSBP) caused by 

systolic pressure augmentation.  

 

Figure 3 – Ascending aortic blood pressure waveform. (A-B) These panels represent the effects 
of differences in aortic stiffness on aortic blood pressure and systolic pressure augmentation. 
Augmentation pressure (AP) and index (AIx) quantify systolic pressure augmentation; the equations 
to calculate AP and AIx are shown in boxes within panels A and B, respectively. As outlined in text, 
P1 is taken as aortic systolic blood pressure (aSBP) in panel A, whereas P2 is recorded as aSBP in 
panel B, due to positive systolic pressure augmentation. Aortic diastolic pressure is determined from 
the nadir of the waveform immediately prior to ventricular ejection which leads to the upstroke of 
the pressure waveform. Aortic valve closure (AVC) is noted at the incisura, which represents the end 
of ventricular ejection. (C) This panel outlines the contribution of aortic reservoir pressure and 
backward-travelling pressure to systolic pressure augmentation in a patient with high aortic systolic 
blood pressure. Abbreviations: P, pressure. Panels A-B are redrawn from Nichols et al. (2011) and 
panel C is redrawn from Davies et al. (2010). 
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In a compliant aorta there is often little or no systolic pressure augmentation and P1 

is recorded as aSBP (Figure 3A). P1 is primarily influenced by the interaction between the 

forward-travelling pressure (Figure 3C), from left ventricular ejection, and ascending aortic 

stiffness (Nichols et al., 2008) and is referred to as non-augmented aSBP in this thesis. In a 

compliant (young) aorta, the second pressure peak, P2, is recorded in diastole (Figure 3A). 

However, with aortic stiffening P2 occurs in systole, and only in this instance is recorded as 

aSBP (Figure 3B). P2 is primarily influenced by aortic reservoir pressure (Figure 3C); 

accordingly, the aortic reservoir pressure is the major determinant of systolic pressure 

augmentation (Davies et al., 2010). The aorta acts as a reservoir which fills and empties with 

each cardiac cycle. Specifically, during systole stroke volume is ejected from the left 

ventricle which distends the aorta thereby increasing aortic volume as, within systole, aortic 

inflow is greater than aortic outflow. Approximately 40% of this ejected stroke volume is 

stored in the distended central elastic arteries (Wang et al., 2003); this ability to distend and 

store stroke volume characterises the function of the aortic reservoir. The increase in aortic 

volume increases the reservoir volume and pressure until aortic valve closure. Thereafter, 

the aorta recoils during diastole which lowers reservoir volume and pressure, respectively, 

via the outflow of the stored stroke volume (Schultz et al., 2014). Indeed, aortic stiffening, 

which reduces reservoir function, leads to a faster increase in the aortic reservoir pressure 

for a similar stoke volume, which shifts P2 from diastole (Figure 3A) into systole (Figure 

3B). This shift of P2 into systole leads to systolic pressure augmentation (Davies et al., 

2010). When the forward-travelling left ventricular ejection wave arrives at sites of 

impedance mismatch, which include arterial branch points or changes in artery wall 

composition (e.g. elastic aorta to muscular femoral artery), the backward-travelling pressure 

returns towards the heart arriving in systole (Baksi et al., 2009). This backward-travelling 

pressure exceeds the reservoir pressure thereby increasing P2 further (Figure 3C) which 

again increases aSBP. 
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2.2.3 Considerations when assessing aortic haemodynamics 

When assessing aortic stiffness it is important to adjust aPWV for major confounding 

variables, especially blood pressure (Townsend et al., 2015). Statistical adjustment of aPWV 

for blood pressure is necessary due to the relationship between blood pressure and pulse 

wave velocity (Figure 4). As outlined recently (Van Bortel et al., 2020), not appropriately 

adjusting aPWV can lead to “erroneous conclusions” regarding the effects of an intervention 

or the presence of between-group differences. With higher blood pressure the arteries 

distend, due to the pressure-area relationship (Figure 4), which increases arterial wall tension 

thereby increasing the velocity at which the pulse wave travels through the artery (Lacolley 

et al., 2017). Thus, adjusting aPWV for the static component of blood pressure, that being 

MAP, as opposed to the dynamic components of arterial pressure, SBP and DBP, is most 

appropriate as MAP is not principally determined by arterial stiffness itself (Van Bortel et 

al., 2020). In addition, independently of changes in blood pressure, increases in heart rate 

elicit significant increases in aPWV (0.16 m∙s-1 per 10bpm) and has therefore been 

recommended to be included as a covariate when comparing aPWV between groups (Tan et 

al., 2016a; Tan et al., 2016b). The correction for heart rate is especially relevant when heart 

rate differs between groups. Together, the appropriate adjustment of aPWV for blood 

pressure and heart rate are of real importance so “erroneous conclusions” are not made. 

In addition to adjusting aPWV, it is also important to adjust AP and AIx. Both 

measures of systolic pressure augmentation are adjusted to a heart rate of 75bpm by the 

SphygmoCor device (AtCor Medical); this device is focused upon as it is the method utilised 

in this thesis. This adjustment is made based upon the findings from Wilkinson and 

colleagues (2000; 2002), whereby increases in heart rate, achieved via right atrial pacing, 

decreased AIx. The adjustment which the SphygmoCor makes for heart rate is based upon 

the linear regression slopes for heart rate and AIx generated from the two previous studies 

by Wilkinson and colleagues.  
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Figure 4 – Mean arterial blood pressure relation to artery cross-sectional area, distensibility 
and pulse wave velocity. This figure depicts the influence of blood pressure on the assessment on 
arterial stiffness. The change in slope of the pressure-area relationship with increasing blood pressure 
is mediated by the transfer of arterial load from the elastin to the less compliant collagen within the 
arterial wall. Accordingly, when assessing aortic pulse wave velocity, which is related to the 
pressure-area curve, it is necessary to adjust aPWV for the mean arterial pressure. Figure adapted 
from Lacolley et al., (2017). 

 

However, these studies included individuals with in situ cardiac pacemakers (Wilkinson et 

al., 2000) or patients prior to investigation for cardiac dysrhythmia or after diagnostic 

coronary angiography (Wilkinson et al., 2002). Accordingly, the data used in this adjustment 

may not be appropriate for the apparently healthy individual (Stoner et al., 2014). Another 

limitation of this method when using the SphygmoCor is that the adjustment of AP and AIx 

for heart rate can only be calculated if the heart rate is between 40-110bpm. In the general 

population this is likely not a limitation; however, when studying those with bradycardia (< 

40 bpm), for example endurance-trained individuals, this adjustment of AP and AIx to 75 

bpm cannot be carried out. Therefore, in line with recommendations of Stoner and colleagues 

(2014), a more appropriate method may be to adjust AP and AIx by including heart rate as 

a covariate in a statistical model. Furthermore, body height (Smulyan et al., 1998), and MAP 

(Wilkinson et al., 2001) also influence AP and AIx. Accordingly, including these parameters 
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as covariates in a statistical model is likely the most appropriate method to appropriately 

adjust AP and AIx (Stoner et al., 2014) for between-group comparisons. 

Interim summary 

Together, aortic stiffness plays a primary role in determining aortic reservoir function, 

which, along with backward-travelling pressure, influences aortic blood pressure. The 

assessment of the aortic haemodynamic profile, that is aortic stiffness, systolic pressure 

augmentation and pressure, provides a comprehensive understanding of central 

haemodynamics. Aortic stiffness (Vlachopoulos et al., 2010; Ben-Shlomo et al., 2014) and 

systolic pressure augmentation (Wang et al., 2010) and pressure (Roman et al., 2007; Roman 

et al., 2009; Vlachopoulos et al., 2010) are all predictive of cardiovascular morbidity and/or 

mortality. Due to the ability to predict cardiovascular risk, it is important to further 

understand the effect of lifestyle factors, such as habitual exercise, on aortic haemodynamics 

which could reduce cardiovascular risk. Thus, in this thesis, aortic stiffness, aortic systolic 

pressure augmentation and aortic blood pressure will be assessed and reported together to 

provide insight into the effects of chronic habitual endurance exercise on central 

haemodynamics. The known effects of age and habitual exercise in middle-aged and older 

individuals are outlined below; attention is drawn to whether the appropriate adjustments 

were conducted in these studies. Some studies to date have assessed the central arterial 

waveform “directly” at the carotid artery, but this waveform differs to that of the ascending 

aorta with greater systolic pressure augmentation at the carotid artery (Nichols et al., 2011). 

Therefore, focus will be primarily drawn to studies assessing the ascending aortic waveform 

and associated aortic haemodynamics. 
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2.2.4 Effects of age and habitual exercise on aortic haemodynamics 

Age 

The effects of age on aortic haemodynamics have been well studied and the profile of 

“normal” vascular ageing has been described previously, see Figure 5 (McEniery et al., 

2005). One key change that occurs in middle-age (40-65 years of age) is the shift towards a 

reversal of the arterial stiffness gradient. The change in artery wall composition (i.e. lower 

elastic content in peripheral vessels) along with the decrease in arterial calibre explain the 

increase in arterial stiffness from central to peripheral blood vessels (Fortier and Agharazii, 

2016). With ageing aortic stiffness increases but muscular artery stiffness remains relatively 

similar (McEniery et al., 2005); this reduction in the arterial stiffness gradient contributes to 

the reduction in PPA with age (Herbert et al., 2014). Although suggested to play an important 

role in the generation of reflected waves, via increasing backward-travelling pressure 

(Mitchell et al., 2004; Vyas et al., 2007; Nichols et al., 2011), recent evidence shows that 

the arterial stiffness gradient plays little role in systolic pressure augmentation (Schultz et 

al., 2015; Hickson et al., 2016). However, with age-related aortic stiffening the reservoir 

pressure increases as the aorta is less able to distend and store left ventricular stroke volume 

in systole, thereby increasing aortic blood pressure. In other words, for the same left 

ventricular stroke volume the aortic reservoir pressure will be higher with increasing aortic 

stiffness, which increases systolic pressure augmentation (Davies et al., 2010). Specifically, 

the age-related increase in aortic stiffness (i.e. aPWV; Figure 5A) increases the first (P1) and 

second (P2) systolic shoulders of the aortic waveform (Figure 3B). P1 increases due to the 

faster velocity of the left ventricular ejection wave due to increased ascending aortic 

stiffness. Whereas, P2 increases (i.e. increased systolic pressure augmentation; Figure 5B) 

due to higher aortic reservoir pressure. Together, aSBP and aPP increase with age whilst 

aDBP and aMAP remain constant until older age (65+ years) where they begin to decrease 
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(Herbert et al., 2014). Together, ageing exerts marked effects on both aortic stiffness and 

systolic pressure augmentation, which contribute to the increases in aSBP and aPP. 

 

Figure 5 – The effects of age on aortic pulse wave velocity and systolic pressure augmentation. 
(A) With age aortic pulse wave velocity (aPWV) remains relative stable until ~55 years of age, 
thereafter the increase becomes more linear. However, (B) systolic pressure augmentation increases 
linearly with age, as indexed by augmentation pressure (open shapes) rather than augmentation index 
(closed shapes). Figure adapted from McEniery et al. (2005). 

 

Habitual Endurance Exercise 

Despite the well described benefits of chronic habitual endurance exercise on physiological 

function (Tanaka et al., 2019), the effects on the aortic haemodynamic profile remains 

relatively understudied. To date, most research studies investigating the effects of habitual 

exercise have focused upon aortic stiffness (Seals et al., 2019). Vaitkevicius and colleagues 

(1993) first reported that middle-aged/older endurance-trained athletes (> 54 years of age) 

had lower aPWV (assessed via doppler flow probes) and AIx (determined from the carotid 

arterial waveform) compared to age-matched sedentary individuals (Figure 6). However, in 

this study (Vaitkevicius et al., 1993), neither aPWV nor AIx were appropriately adjusted for 

the respective confounding factors mentioned above.  



 

30 
 

 

Figure 6 – The effects of chronic endurance training on brachial systolic blood pressure, aortic 
pulse wave velocity and augmentation index. Group mean data are presented with error bars 
representing the standard error of the mean (SEM). (A) Brachial systolic blood pressure was higher 
in old compared to young sedentary men (P < 0.01), with no other between-group differences. (B) 
Aortic pulse wave velocity was higher in old sedentary men compared to both other groups (P < 
0.0001). (C) Augmentation index was different between all groups (P < 0.0001). Figure adapted 
from Vaitkevicius et al., (1993). 

 

Subsequent studies have confirmed the findings of Vaitkevicius and colleagues 

(1993), showing lower aPWV in middle-aged/older endurance-trained compared to 

untrained individuals (Gates et al., 2003; McDonnell et al., 2013; Tarumi et al., 2013). 

Notably, only one of these studies adjusted aPWV for blood pressure (brachial MAP) 

(McDonnell et al., 2013). However, this study compared groups of active and sedentary 

middle-aged/older individuals, whom had high-normal blood pressure (average SBP of > 

130 mmHg) in both groups. Furthermore, the adjustment for brachial MAP may not be 

appropriate in the presence of a significant difference between aMAP and MAP; 

furthermore, adjusting aPWV for aMAP is likely more physiologically appropriate. 

However, as outlined above, it is necessary to adjust aPWV for both aMAP and heart rate.  

 Systolic pressure augmentation (AP and AIx) has been shown to be lower 

(Vaitkevicius et al., 1993) or similar between middle-aged/older endurance-trained and 

sedentary individuals when assessed at the carotid artery (Tarumi et al., 2013). Only one 
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study to date has assessed aortic systolic pressure augmentation and reported that AIx 

(adjusted for heart rate and height) was similar between middle-aged/older active and 

sedentary individuals (McDonnell et al., 2013). This study reported that aSBP was lower in 

active individuals (McDonnell et al., 2013), however both groups included individuals with 

high-normal blood pressure. Together, there is no study to date which comprehensively 

characterises the effects of chronic habitual endurance exercise on the aortic haemodynamic 

profile in normotensive middle-aged individuals. Furthermore, no study has appropriately 

adjusted aPWV and AP/AIx for confounding factors. Despite this, it is currently well 

accepted that habitual endurance exercise lowers aortic stiffness throughout the lifespan. 

Also, the majority of studies to date have compared endurance-trained and sedentary 

individuals, notwithstanding the negative cardiovascular consequences of sedentarism 

(Lavie et al., 2019). The effects of habitual endurance exercise on aortic haemodynamics 

may therefore have been exaggerated previously. Whether habitual endurance exercise 

effects the aortic haemodynamic profile when compared to recreationally-active individuals, 

is currently unclear. 

2.2.4 Summary on aortic haemodynamics 

This section of the literature review highlights the clinical relevance of aortic 

haemodynamics and outlines that the aortic haemodynamic profile needs to be reported. In 

addition, studies should complete the appropriate adjustments of aortic stiffness and systolic 

pressure augmentation. Due to the aortic haemodynamic indices being predictive of 

cardiovascular morbidity and/or mortality, it is important to determine whether, or not, 

habitual endurance exercise effects the aortic haemodynamic profile in healthy middle-age. 

This is due to the increase in aortic stiffness and pressure becoming more linear thereafter, 

thereby increasing cardiovascular risk. Selecting the appropriate control group and 

appropriately adjusting aPWV and AP and AIx will provide novel information regarding the 

effects of chronic habitual endurance exercise on the aortic haemodynamic profile. 
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2.3 The regulation of peripheral blood pressure 

As outlined in section 2.1, blood pressure differs between the central elastic arteries and the 

peripheral vasculature due to PPA. Central blood pressure is influenced by the interaction of 

stroke volume and the aorta; however, the autonomic regulation and neural control of the 

heart and peripheral vasculature determine peripheral blood pressure with each cardiac 

cycle. The control of peripheral blood pressure primarily occurs within the muscular 

resistance vessels, via changes in vascular sympathetic activity.  

 The autonomic nervous system is the primary controller of the cardiovascular system 

on a beat-by-beat basis. Through reflex-mediated changes in efferent outflow of the 

sympathetic and parasympathetic limbs of the peripheral nervous system, the cardiovascular 

control centres within the brainstem regulate peripheral blood pressure via changes in total 

peripheral resistance and cardiac interval, respectively. These reflex (i.e. feedback) arcs 

include: i) the arterial baroreflex; ii) the arterial chemoreflex; iii) baroreflexes from within 

the heart and pulmonary circulation (erroneously referred to as the “cardiopulmonary 

baroreflex”); and iv) the skeletal muscle mechanoreflex and metaboreflex (Kaufmann et al., 

2020). Furthermore, central command, a feedforward control mechanism (i.e. not a reflex 

responding to a peripheral error signal) controlled by the brainstem, contributes to the 

regulation of cardiac interval immediately prior to and during exercise (Williamson, 2010), 

thereby influencing the level of sympathetic nervous system activity quantified per unit time 

(as discussed later). Of these autonomic regulatory pathways, the arterial baroreflex is the 

primary reflex arc involved in the regulation of arterial pressure (Benarroch, 2008). Both at 

rest and during physiological stress, these neural arcs work to “fine-tune” blood pressure via 

changes in total peripheral resistance and cardiac output. The main efferent pathway that 

contributes to blood pressure control is the sympathetic nervous system (SNS), which 

innervates the arterial and venous circulation; reflex changes in vascular resistance 

contribute most to changes in blood pressure at rest (Herring and Paterson, 2018). The SNS 
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also innervates the heart. However, at rest it is primarily changes in cardiac parasympathetic 

(cardiovagal) nervous system activity which influence cardiac interval; changes in cardiac 

interval play a secondary role in the modulation of blood pressure at rest and during 

physiological stress (Ogoh et al., 2003a). 

 The appropriate reflex control of vascular sympathetic activity and the ability of 

sympathetic nerves to elicit vascular smooth cell contraction (i.e. sympathetic vascular 

transduction) are fundamental to the autonomic regulation and neural control of peripheral 

blood pressure. The focus of this thesis, in relation to peripheral blood pressure regulation, 

is on: i) the arterial baroreflex control of vascular sympathetic activity and, ii) efferent 

neurotransmission in the vasculature, termed sympathetic vascular transduction. An 

overview of these two key contributors to the regulation and control of peripheral blood 

pressure is provided below, before the known effects of age and habitual exercise are 

reviewed.  

2.3.1 Assessment of the autonomic nervous system in humans 

Vascular sympathetic activity 

It has been possible to directly record efferent sympathetic activity to the skeletal muscle 

vasculature in conscious humans since the technique of sympathetic microneurography was 

developed by Vallbo and Hagbarth (1967). The microneurographic technique involves the 

insertion of tungsten microelectrodes into peripheral nerves to record sympathetic action 

potentials. Recording sympathetic outflow to the skeletal muscle circulation (termed muscle 

sympathetic nerve activity [MSNA]) is important as it is the largest vascular bed in the body 

and therefore plays a major role in the control of blood pressure (Dornhorst, 1963). 

Microneurography was already an established technique used to investigate the fusimotor 

system, which is the neural arc that controls muscle spindles (Hagbarth and Macefield, 

1995). The initial recordings of vascular sympathetic activity were thought to be “artefact” 

or “gamma efference” within the signal (Vallbo et al., 2004). However, following further 
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investigation in the same laboratory, it was determined that this “artefact” was indeed 

efferent sympathetic outflow in unmyelinated C-fibres (Torebjork and Hallin, 1974). 

Therefore, it was possible to record efferent sympathetic outflow directed to the vasculature 

within the skin or skeletal muscle (Hagbarth and Vallbo, 1968), termed skin or muscle 

sympathetic nerve activity, respectively. Skin sympathetic nerve activity is the primary 

regulator of cutaneous vasomotor tone, which has a marked influence on sweating and 

therefore thermoregulation (Greaney and Kenney, 2017). MSNA is principally 

vasoconstrictor and plays a pivotal role in blood pressure control, due to its influence on 

vascular resistance. Herein, as the skeletal muscle vasculature plays a greater role in blood 

pressure regulation compared to the cutaneous circulation, this thesis will only focus upon 

MSNA. Notably, the term “burst(s)” will be used throughout this thesis when referring to 

the interpretation of MSNA data. The technique of sympathetic microneurography and 

associated data analyses are outlined in further detail within Chapter 5. Briefly, however, 

raw MSNA neurograms are recorded and then, following amplification and integration, 

MSNA bursts are the peaks identified within the integrated (i.e. mean voltage) neurogram. 

MSNA bursts represent the sum of all sympathetic action potentials occurring during each 

cardiac cycle, as recorded within the raw neurogram (see Chapter 5, Figure 22C). To 

quantify vascular sympathetic activity, MSNA bursts are counted and indexed as a 

percentage of the number of cardiac cycles (MSNA burst incidence or probability) and per 

unit time (MSNA burst frequency) (Charkoudian and Wallin, 2014). 

Parasympathetic (cardiovagal) nerve activity 

The first direct microneurographic recordings of cardiovagal outflow in conscious humans 

were published by Professor Vaughan Macefield and colleagues in 2020 (Ottaviani et al., 

2020). This is a significant advance for the study of integrative human cardiovascular 

control, as it is now possible to conduct simultaneous direct recordings of cardiovagal and 

vascular sympathetic activity in conscious humans. To date, however, several other indices 
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of cardiovagal activity have been used. These include: i) pharmacological blockade of 

cardiac muscarinic receptors to subsequently determine cardiovagal tone (i.e. the increase in 

heart rate from baseline on blockade; see Figure 7), ii) beat-to-beat heart rate variability 

(HRV) to determine the cardiovagal modulation of heart rate, iii) the recovery of heart rate 

post-exercise to determine cardiovagal reactivation and iv) reflex-mediated changes in heart 

rate or cardiac interval in response to changes in SBP, to determine cardiovagal 

responsiveness (Chapleau and Sabharwal, 2011). These indices all provide different 

information on cardiovagal activity, and the methods and measurements of all are reviewed 

extensively elsewhere (Chapleau and Sabharwal, 2011; Gourine and Ackland, 2019). As the 

focus of this thesis is on the autonomic regulation of blood pressure, cardiovagal 

responsiveness will be assessed. In this thesis cardiovagal responsiveness will be determined 

using the sequence method which quantifies the arterial baroreflex control of cardiac 

interval. This technique was first utilised in humans by Parati and colleagues (1988) and has 

subsequently been used extensively within the literature to interrogate arterial baroreflex 

control of the heart both at rest and in response to various acute and chronic interventions 

(Chapleau and Sabharwal, 2011). Furthermore, cardiovagal responsiveness has been 

associated with adverse clinical outcomes in clinical groups, as reviewed previously (La 

Rovere et al., 2013; Pinna et al., 2015).  

Although both limbs of the peripheral nervous system exert control over cardiac 

interval, it is important to note that the heart has an intrinsic ability to control cardiac interval 

(and therefore heart rate), at ~600 milliseconds (ms; ~100 bpm) (Katona et al., 1982). This 

intrinsic cardiac rhythm is primarily regulated by the “funny” (If) current within the sinoatrial 

node which influences the slope of sinoatrial node depolarisation during diastole (Tan and 

Verrier, 2013). Neither cardiovagal nor cardiac sympathetic activity set cardiac interval per 

se; rather, they exert external influence over the slope of diastolic sinoatrial node 

depolarisation via inhibition or activation of the If current, respectively (DiFrancesco, 2010). 
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From the intrinsic rate at rest, tonic cardiovagal activity alone reduces heart rate by ~50%; 

whereas, tonic cardiac sympathetic activity alone can only influence heart rate by ~17% 

(Katona et al., 1982), as shown in Figure 7. Thus, compared to cardiac sympathetic activity, 

cardiovagal activity has a larger influence on resting heart rate. However, during 

physiological stress (e.g. exercise) cardiac sympathetic activity increases, with reciprocal 

decreases in cardiovagal activity, and becomes the primary modulator of cardiac interval and 

therefore heart rate (White and Raven, 2014). 

 

 Figure 7 – Intrinsic heart rate. Resting heart rate, independent of cardiac autonomic tone, is termed 
the intrinsic heart rate and can be assessed following pharmacological blockade of both the 
parasympathetic and sympathetic limbs of the autonomic nervous system. Following incremental 
doses of atropine (parasympathetic/cardiovagal blockade) heart rate increases; whereas, with 
incremental doses of propranolol (cardiac sympathetic blockade) heart rate decreases. This figure 
demonstrates that, at rest, parasympathetic tone exerts a greater influence on heart rate, via the 
mechanisms explained within text. Figure adapted from Katona et al. (1982). 

  

In this thesis MSNA and cardiovagal responsiveness will be assessed to index the 

vascular sympathetic and cardiovagal regulation of blood pressure. How these indices relate 

to the arterial baroreflex are outlined in the next section.  
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2.3.2 The arterial baroreflex  

Baroreceptors are located throughout the central circulation to “sense” and “defend” arterial 

blood pressure (Figure 8), but all act via different pathways exerting principle influence on 

either vascular sympathetic or cardiovagal activity (Hainsworth, 2014). The arterial 

baroreflex is principally a negative-feedback (i.e. an increase in one signal leads to a decrease 

in another) controller of the cardiovascular system (Chapleau, 2012) and is best described as 

a multi-input, multi-output and multilevel control system (Sagawa, 1983). There has been 

some suggestion that this reflex arc contributes to the long-term control of blood pressure 

(Thrasher, 2004; 2005); however, much more is known about the short-term, beat-by-beat 

control of blood pressure by the arterial baroreflex. Only the short-term arterial baroreflex 

control is focused upon within this thesis.  

There are three principle components of the arterial baroreflex arc that are essential 

to ensuring appropriate regulation of blood pressure: (1) Mechanical deformation of 

barosensory arteries leading to changes in afferent nerve activity, termed mechanosensory 

transduction; (2) central processing (described in Figure 8); and (3) transduction of efferent 

autonomic outflow to end-organ responses (i.e. heart and vasculature), termed efferent 

neurotransmission. Upon left ventricular ejection the stroke volume distends the aortic arch, 

and shortly thereafter, the carotid sinus; the two primary baroreceptors regions. Upon 

vascular stretch in systole and recoil in diastole, there are respective increases and decreases 

in afferent nervous system activity mediated by mechanically sensitive ion channels (Zeng 

et al., 2018). An increase in baroreceptor afferent activity leads to vascular sympathetic 

neural silence and a concomitant increase in cardiovagal activity, and vice-versa. As outlined 

in Figure 8, there is complex circuitry within the brainstem which processes the afferent 

signal and then determines the reflex response. This reflex response involves changes in 

vascular sympathetic and cardiovagal activity to elicit the appropriate reflex change in blood 

pressure. 
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Figure 8 – Autonomic reflex arcs. Arterial, cardiac and pulmonary (erroneously termed 
cardiopulmonary in the figure) baroreceptors send afferent signals via the glossopharyngeal and 
vagus nerves, respectively. These nerves synapse at the nucleus of the tractus solitarius (NTS) within 
the brainstem. Upon receiving this afferent feedback, the NTS elicits three primary responses: i) The 
first is the reduction of efferent vascular sympathetic activity; this is the vascular sympathetic limb 
of the arterial baroreflex. This reflex acts via signalling through the caudal (CVLM) and rostral 
ventrolateral medulla (RVLM) regions. The RVLM is the principle controller of efferent sympathetic 
outflow. Axons descend from the RVLM through the intermediolateral cell column (IML) in the 
spinal cord and signal through the preganglionic and postganglionic nerves whereby the reduction in 
vascular sympathetic activity will elicit vasodilation (via reductions in noradrenaline release) within 
the skeletal muscle, mesenteric or renal vascular beds. In turn, vascular resistance and blood pressure 
will fall. ii) The second response to increased afferent baroreceptor activity is to increase efferent 
cardiovagal activity which acts to lengthen the cardiac interval, thereby reducing heart rate; this is 
the cardiovagal limb of the arterial baroreflex. This efferent response is transmitted through to the 
nucleus ambiguous (NA) along preganglionic neurons which subsequently increase postganglionic 
parasympathetic efferent activity to the sinoatrial node (SAN) which, via increasing acetylcholine 
(ACh), lengthens cardiac interval. iii) The third mechanism by which the baroreflex modulates blood 
pressure is via reducing circulating arginine vasopressin (AVP; a potent vasoconstrictor hormone) 
released from the pituitary, via a direct connection between the NTS and the supraoptic and 
paraventricular nuclei in the hypothalamus. Separate to the baroreflexes, thinly myelinated group III 
and IV muscle afferents, which are mechanically and metabolically sensitive, respectively, are also 
shown here. They synapse in the dorsal root ganglia and travel through the spinal cord as excitatory 
inputs to increase vascular sympathetic activity and decrease cardiac interval. These muscle afferents 
are of relevance for study 3 in this thesis. Figure adapted from Kaufmann and colleagues (2020). 
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2.3.3 Assessment of arterial baroreflex function 

The function of the arterial baroreflex is characterised by three main features: 1) operating 

pressure, 2) operating point and 3) reflex gain (Figure 9). The resting operating peripheral 

blood pressure (i.e. the input variable) and point (i.e. the output variable) are determined 

across a recording period (between 5-10 minutes). DBP and MSNA burst incidence (i.e. 

burst probability) are the input and output variables, respectively, of the vascular 

sympathetic baroreflex (Sundlof and Wallin, 1978). For the cardiovagal baroreflex, SBP and 

R-R interval are the input and output variables, respectively (Smyth et al., 1969). These 

values show the level of autonomic support of blood pressure at that time; for example, with 

increasing MSNA burst probability the sympathetic support of blood pressure is greater. 

Vascular sympathetic and cardiovagal baroreflex gain can be determined via multiple 

methods. Reflex gain is a measure of how effective that limb of the baroreflex is at regulating 

blood pressure; in other words, reflex gain provides insight into how well the three principle 

components  of the baroreflex arc (see above) are working. Reflex gain can be assessed for 

both the vascular sympathetic and cardiovagal limbs of the arterial baroreflex by the 

relationship between changes in DBP and MSNA burst probability or SBP and R-R interval, 

respectively (Figure 9).  

The most common methodology employed to assess arterial baroreflex gain in the 

literature, is termed the spontaneous method. This assesses the relationship between 

spontaneous fluctuations in arterial pressure at rest. Utilising this method enables assessment 

of arterial baroreflex responsiveness within an individual’s resting operating blood pressure 

range. This differs to the other methods used to determine arterial baroreflex function, 

including the modified oxford baroreceptor test, the Valsalva manoeuvre, the use of neck 

pressure/suction or tilt testing, as all other tests incorporate challenges which elicit changes 

in blood pressure (Carter, 2019). The modified oxford technique is the gold-standard 

technique to assess arterial baroreflex gain as it can partially open the baroreflex loop 
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allowing for assessment of baroreflex gain across a wider range of pressures (Charkoudian 

and Wallin, 2014). The modified oxford technique employs intravenous infusion of 

sequential doses, separated by 60 seconds, of sodium nitroprusside and phenylephrine which 

cause a fall and rise in arterial blood pressure, respectively (Ebert and Cowley, 1992). 

However, both sodium nitroprusside (Hogan et al., 1999; Kienbaum and Peters, 2004) and 

phenylephrine (Bonyhay et al., 1997) have independent effects on the arterial baroreflex, 

which are significant limitations of this technique, as reviewed previously (Taylor et al., 

2014). Despite this, however, sympathetic baroreflex gain values determined via the 

spontaneous and modified oxford methods are strongly correlated (Hart et al., 2010). In this 

thesis vascular sympathetic and cardiovagal baroreflex gain will be determined during 

spontaneous fluctuations in arterial pressure. 

 

Figure 9 – Assessment of arterial baroreflex function. The slope of the relationship between 
changes in either systolic (SBP) or diastolic blood pressure (DBP) and R-R interval (RRI) or muscle 
sympathetic nerve activity (MSNA) is used to index baroreflex gain (BRG). The steeper the slope, 
the more effective the arterial baroreflex is at regulating the output variable. The centring point (CP) 
of this relationship is where the gain is the highest; thus, gain is measured in the linear portion of this 
slope away from the top (saturation) and bottom (threshold) of the sigmoidal baroreflex relationship. 
The operating point (OP) figuratively indexes the average input and output variables for either the 
cardiovagal or vascular sympathetic baroreflexes. Figure adapted from Wehrwein and Joyner (2013). 
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Vascular sympathetic baroreflex 

When assessing the arterial baroreflex control of MSNA, it has been shown that the vascular 

sympathetic baroreflex has a stronger influence over the probability of MSNA burst 

occurrence rather than burst frequency and size, assessed as either burst amplitude or area 

(Kienbaum et al., 2001). In other words, the vascular sympathetic baroreflex acts as a “gate” 

which controls whether, or not, bursts of MSNA occur (Keller et al., 2006); thus, when the 

baroreflex is engaged the “gate” is closed. Furthermore, the occurrence of bursts of MSNA 

have marked cardiac rhythmicity due to their control by the vascular sympathetic baroreflex. 

MSNA bursts occur ~1.3 seconds following the R wave of the electrocardiogram (Delius et 

al., 1972a) as each cardiac cycle involves engagement and disengagement of the arterial 

baroreflex (Charkoudian and Wallin, 2014). During systole, pressure rises during left 

ventricular ejection, which engages the arterial baroreflex and inhibits MSNA (i.e. closes the 

gate); whereas, during diastole pressure falls which disengages the arterial baroreflex and 

the inhibition of bursts of MSNA is removed, which allows a burst to occur (i.e. the gate 

opens) (Charkoudian and Wallin, 2014). During spontaneous falls in blood pressure, 

baroreflex-mediated increases in MSNA act to increase total peripheral resistance and 

therefore blood pressure. 

To index vascular sympathetic baroreflex gain diastolic pressure is most often 

grouped (or binned) into increments ranging between 1-3 mmHg and plotted against the 

corresponding MSNA burst probability (Hart et al., 2010). Accordingly, vascular 

sympathetic baroreflex gain is reported in % per mmHg (%·mmHg-1). Within an individual, 

lower diastolic blood pressures are associated with higher MSNA burst probability, therefore 

the relationship is negative (i.e. inverse). 

Cardiovagal baroreflex 

When assessing cardiovagal baroreflex function both R-R interval and heart rate can be used 

as the output variable. However, the relationship between R-R interval and heart rate is 
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inverse and curvilinear (Draghici and Taylor, 2016), which can lead to differences in 

interpretation of gain especially when heart rate is changing (O'Leary, 1996). Notably, it is 

R-R interval that is the regulated variable of the cardiovagal limb of the arterial baroreflex. 

Thus, to determine spontaneous cardiovagal baroreflex gain at rest the sequence method 

(Parati et al., 1988) is most often used with R-R interval as the output variable. This method 

identifies three or more sequential baroreflex sequences, where SBP and R-R interval change 

in the same direction, and regression analyses are performed for each sequence to quantify 

baroreflex gain. The SBP is regressed against the R-R interval of the same or subsequent 

cardiac cycle (Smyth et al., 1969), dependent on the baroreflex delay and the prevailing R-

R interval. Indeed, if the R-R interval is greater than 800 msec (heart rate of >75 bpm) then 

the baroreflex exerts its effects on SBP within the same cardiac cycle, or the following 

cardiac cycle if the R-R interval is lower than 800 msec (heart rate of <75 bpm) (Eckberg 

and Eckberg, 1982). The average of all slopes recorded is taken to index cardiovagal 

baroreflex gain and is presented in milliseconds per mmHg (ms·mmHg-1). The cardiovagal 

baroreflex slope is positive, due to the cardiovagal baroreflex sequences being assessed when 

both SBP and R-R interval change in the same direction. 

2.3.4 Efferent neurotransmission in the vasculature 

The regulation of vascular tone is dependent on the balance between intra- and extra-vascular 

control. Circulating vasodilator (e.g. nitric oxide, prostaglandin and adenosine triphosphate) 

and vasoconstrictor (e.g. endothelin-1, peroxynitrite and thromboxane A2) factors, and 

vascular sympathetic activity are the principle intra- and extra-vascular control mechanisms, 

respectively. When vascular sympathetic activity increases there is a release of 

noradrenaline, amongst other vasoactive co-transmitters (Burnstock, 2013), which acts to 

elicit vascular smooth muscle cell contraction thereby increasing vascular resistance and 

blood pressure. This process is termed sympathetic vascular transduction. Therefore, 

quantifying the relationship between changes in MSNA and vascular resistance/conductance 



 

43 
 

or blood pressure provides important insight into efferent neurotransmission in the 

vasculature, the third principle component of the vascular sympathetic baroreflex arc. 

 The assessment of sympathetic vascular transduction is now being conducted more 

often due to increased technical ability with high-resolution vascular ultrasonography and/or 

greater software processing to analyse the relationship between changes in MSNA and the 

chosen vascular outcome. Sympathetic vascular transduction has been assessed both at rest 

and in response to various physiological stimuli. Initially, sympathetic vascular transduction 

was assessed at rest with the vascular outcome being the time taken from a spontaneous burst 

to the peak change in DBP; an increase of 2-3 mmHg occurred ~5.5 seconds following 

sympathetic burst occurrence in healthy individuals (Wallin and Nerhed, 1982). 30 years 

later, Vianna and colleagues (2012) reassessed sympathetic vascular transduction at rest 

using a similar approach but used MAP and total vascular conductance as the vascular 

outcomes. Subsequently many groups have employed this approach to determine the effects 

of various factors/interventions on sympathetic vascular transduction (Fairfax et al., 2013; 

Briant et al., 2016; Vranish et al., 2018; Babcock et al., 2019; Hissen et al., 2019; Robinson 

et al., 2019; Steinback et al., 2019). The assessment of sympathetic vascular transduction at 

rest enables the assessment of the relationship between temporal changes in MSNA and 

vascular tone.  

 Another approach to determine sympathetic vascular transduction is to elicit larger 

increases in MSNA and study the vascular response. This method enables the determination 

of the relationship between changes in mass sympathetic discharge and vascular responses, 

as first conducted using linear regression analyses by Halliwill and colleagues (1996), see 

Figure 10. To elicit large increases in MSNA, groups have used the following stimuli: i) 

static hand grip exercise (SHG) (Halliwill et al., 1996; Jarvis et al., 2011; Tan et al., 2013; 

Hissen, 2019; Engelland et al., 2020); ii) the cold pressor test (CPT) (Jarvis et al., 2011; 

Usselman et al., 2015) and, iii) lower body negative pressure (LBNP) (Ray and Monahan, 
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2002; Notarius et al., 2012; Stuckless et al., 2020). When assessing sympathetic vascular 

transduction in this manner (Figure 10), MSNA is indexed using either burst frequency 

(number of bursts per minute), burst amplitude/area, or total activity (bursts per minute x 

average amplitude/area). This is due to the time-dependent manner of the responses being 

assessed, as these stressors lead to graded increases in MSNA throughout the stimulus. As 

well as using the correct index of MSNA (i.e. not MSNA burst incidence which is used to 

study the vascular sympathetic baroreflex) it is important to use the appropriate index of the 

vascular and/or pressure response when quantifying sympathetic vascular transduction. In 

the vasculature, local (forearm) and systemic (total) vascular resistance and conductance can 

be calculated from arterial pressure and flow. From simultaneous recording of MAP and 

forearm blood flow (FBF) both forearm vascular resistance (FVR; [MAP/FBF]*100, 

100mmHg-1·ml·min-1) and conductance (FVC; [FBF/MAP]*100, ml·min-1·100mmHg-1) 

can be calculated. 

 

Figure 10 – Assessment of sympathetic vascular transduction. For each participant a transduction 
slope was generated, constructed using the 30 second average of MSNA (input variable) and calf 
vascular resistance (outcome variable) during handgrip exercise to fatigue. Figure from Halliwill et 
al., (1996). 
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To calculate total peripheral resistance (TPR) or total vascular conductance (TVC), FBF is 

substituted with cardiac output without multiplication by 100 (e.g. TPR = MAP/Cardiac 

Output, mmHg·L·min-1). The use of either resistance or conductance depends on the 

physiological situation under assessment. Most importantly, despite it being well 

documented that it is not the case, it is still often believed that vascular resistance and 

conductance are interchangeable indices of vascular tone, especially in response to 

physiological stress. Although mathematically vascular resistance is the reciprocal of 

vascular conductance, these outcomes should not be used interchangeably (Lautt, 1989; 

O'Leary, 1991; Buckwalter and Clifford, 2001; Joyce et al., 2019; Craig et al., 2020; 

Limberg et al., 2020). This is due to the ratio used to calculate these variables; whereby the 

numerator will have a greater influence on the response. As outlined by Lautt (1989), 

vascular resistance should be used when pressure is changing most and vascular conductance 

should be used when flow changes most (Figure 11). In other words, it is most appropriate 

to select the vascular outcome which is linearly related to the variable which is changing 

most, whether that be flow or pressure.  

In addition to using vascular resistance or conductance, DBP has been suggested as 

a vascular outcome which can be used to determine sympathetic vascular transduction 

(Briant et al., 2016). As noted above, DBP is a target variable of vascular sympathetic 

activity and changes in DBP (input variable) correlate with changes in MSNA (output 

variable), as used to determine vascular sympathetic baroreflex gain. Thus, the inverse of 

this relationship can also be used to determine the effectiveness of MSNA in eliciting 

changes in DBP. The use of DBP as the vascular outcome is recommended due to the ease 

of measurement, the relation to changes in MSNA, and the linear relationship between 

sympathetic vascular transduction assessed with DBP or TPR (Briant et al., 2016). 
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Figure 11 – Vascular resistance or conductance to express changes in vascular tone. (A) When the change in blood flow is greater than the change in arterial pressure, 
it is most appropriate to use vascular conductance, as in this instance, conductance is linearly related to the variable which is changing most and therefore better represents 
the change in vascular tone. However, (B) when pressure increases to a greater extent that blood flow, vascular resistance is the most appropriate index of vascular tone. 
This is highlighted in the quote from Lautt (1989), within the figure. Thus, the selection of the appropriate index of vascular tone is important in the study of sympathetic 
vascular transduction, either assessed at rest or during physiological stress. Figure is using hypothetical data, but based upon previous reports, including that from Lautt 
(1989).
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Buckwalter and Clifford (2001) showed that quantifying vascular responses as a delta 

or percentage change also provide a sensitive index of sympathetic vasoconstriction. This  

analysis method has been used widely within the literature in studies without the 

simultaneous recording of MSNA (Smith et al., 2007; Crecelius et al., 2015; Hearon et al., 

2017; Bunsawat et al., 2019; Hearon et al., 2019; Craig et al., 2020; Hearon et al., 2020; 

Terwoord et al., 2020). Thus, the assessment of the relative forearm vascular response to a 

stress provides insight into neural control of the vasculature; this index will be used within 

this thesis. 

Interim summary  

The arterial baroreflex is the primary controller of resting peripheral blood pressure via 

modulation of MSNA and R-R interval. Through effective transduction of efferent outflow 

to end organ responses, the cardiovagal and vascular sympathetic limbs of the arterial 

baroreflex function together to control systolic and diastolic, and therefore mean, blood 

pressure. The known effects of age and habitual exercise on the autonomic regulation 

(baroreflex function) and neural control (sympathetic vascular transduction) of peripheral 

blood pressure are outlined below.  
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2.3.5 Effects of age and habitual exercise on arterial baroreflex function 

Age 

Vascular sympathetic baroreflex function 

Many studies have reported age-related increases in resting MSNA burst incidence and 

frequency (Sundlof and Wallin, 1978; Iwase et al., 1991; Ng et al., 1993; Matsukawa et al., 

1994; Ng et al., 1994b; Esler et al., 1995; Matsukawa et al., 1996; Jones et al., 1997; Davy 

et al., 1998b; Davy et al., 1998c; Matsukawa et al., 1998b; a; Esler et al., 2002; Narkiewicz 

et al., 2005; Hart et al., 2009b; Studinger et al., 2009; Vianna et al., 2012; Greaney et al., 

2013; Hart et al., 2013; Best et al., 2014; Greaney et al., 2014; Hart et al., 2014; Shantsila 

et al., 2015), see Figure 12.  

 

Figure 12 – Relationship between age and muscle sympathetic nerve activity (MSNA) burst 
frequency. These relationships between age and MSNA were significant in 76 men (closed circles; 
r = 0.751, P < 0.0001) and 69 women (open circles; r = 0.846, P < 0.0001). There was no effect of 
age on resting HR; therefore, the age-related increase in MSNA burst frequency is mediated by 
gradual upward resetting of the vascular sympathetic baroreflex (i.e. increases in MSNA burst 
incidence) with age. Figure from Matsukawa et al. (1998b). 
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Seven of these aforementioned studies also characterised the effects of age on arterial 

baroreflex function, reporting no effects on vascular sympathetic baroreflex gain, despite the 

higher operating pressure and point (Ebert et al., 1992; Matsukawa et al., 1994; Matsukawa 

et al., 1996; Davy et al., 1998b; Davy et al., 1998c; Matsukawa et al., 1998a; Studinger et 

al., 2009; Greaney et al., 2013). Ebert and colleagues (1992) performed the first 

comprehensive study to determine the effects of age on arterial baroreflex function by 

applying the modified oxford technique they had recently developed (Ebert and Cowley, 

1992). These authors reported distinct differences in the age-related changes in the vascular 

sympathetic compared to cardiovagal limbs of the arterial baroreflex (Figure 13). With 

increasing age, Ebert and colleagues (1992) found that the operating pressure (DBP) and 

point (in this study MSNA total activity) of the vascular sympathetic baroreflex were higher 

with no difference in reflex gain between groups (Figure 13A). However, the operating 

pressure (in this study mean arterial pressure) of the cardiovagal baroreflex was higher in 

older, but not middle-aged, individuals when compared to the young group. The operating 

point (R-R interval) was not different between groups. Cardiovagal baroreflex gain was 

found to be lower in middle-aged and older adults when compared to the young group 

(Figure 13B). These findings led Ebert and colleagues (1992) to suggest that the higher 

operating point of vascular sympathetic baroreflex with age may compensate for the 

reduction in cardiovagal baroreflex gain. To the best of the authors knowledge, whether 

changes in vascular sympathetic baroreflex function influence the cardiovagal baroreflex 

gain is still not known. 
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Figure 13 – The effects of age on vascular sympathetic and cardiovagal baroreflex function and 
sympathetic vascular transduction. (A) Vascular sympathetic baroreflex gain was not different 
between young, middle-aged and older adults; despite the slopes being set further rightward (higher 
pressure) and upward (higher muscle sympathetic nerve activity [MSNA]) with increasing age (P < 
0.05). (B) Cardiovagal baroreflex gain (using MAP in this instance) was lesser in middle-aged and 
older groups when compared to the young; the slopes were set rightward (i.e. to a higher pressure; P 
< 0.05) with ageing. (C) There were no effects of age on the peak change in MSNA or forearm 
vascular resistance at the end of a 60 second cold pressor test; an index of sympathetic vascular 
transduction. Figure adapted from Ebert et al. (1992). 

 

Cardiovagal baroreflex function 

The original Oxford method (infusion of phenylephrine to increase blood pressure), 

developed by Smyth and colleagues (1969), was first used to characterise the effects of age 

on cardiovagal baroreflex function. This study reported that cardiovagal baroreflex gain was 

lower with advancing age (Bristow et al., 1969). Many subsequent studies support this 

finding and also show that the lower gain occurs alongside a higher operating systolic 

pressure with no difference in operating cardiac interval (Gribbin et al., 1971; Ebert and 



 

51 
 

Cowley, 1992; Parati et al., 1995; Davy et al., 1998a; Laitinen et al., 1998; Rudas et al., 

1999; Monahan et al., 2000; Hunt et al., 2001; Monahan et al., 2001a; Monahan et al., 2001c; 

Monahan et al., 2004). The age-related reduction in cardiovagal baroreflex gain has been 

suggested to be mediated by increased barosensory artery stiffness with age (Monahan et al., 

2001a). This vascular stiffening influences the ability of the baroreceptors to “sense” 

changes in vascular distention, thereby reducing mechanosensory transduction. Indeed, Hunt 

and colleagues (2001) showed that the mechanical (i.e. mechanosensory transduction) and 

neural (i.e. central processing and efferent neurotransmission in the heart) components of 

the cardiovagal baroreflex are lower with age. Despite these studies reporting no influence 

of age on resting heart rate, intrinsic heart rate has been shown to be lower with age (Jose 

and Collison, 1970; Opthof, 2000), which, alongside reduced cardiovagal baroreflex 

function, may explain why the vascular sympathetic support of blood pressure is greater with 

age in humans (Jones et al., 2001). 

Sympathetic vascular transduction 

Sympathetic vascular transduction has been shown to be similar (Ebert et al., 1992) (Figure 

13C) or reduced with age (Davy et al., 1998c; Vianna et al., 2012; Tan et al., 2013) in 

sedentary individuals. This effect of age is likely mediated by decreases in vascular alpha-

adrenergic sensitivity (Dinenno et al., 2002; Smith et al., 2007). The increase in the operating 

point of the vascular sympathetic baroreflex has been suggested to offset this decrease in 

sympathetic vascular transduction (Taylor and Tan, 2014). In other words, due to the blood 

vessels being less responsive to noradrenaline with age, it may be necessary for the vascular 

sympathetic baroreflex to increase the level of MSNA to maintain appropriate neural control 

of blood pressure. 
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Habitual Endurance Exercise 

Vascular sympathetic baroreflex function 

Ng and colleagues (1994a) conducted the first study to compare the level of MSNA between 

older endurance-trained and untrained individuals (Figure 14). These authors identified that 

both MSNA burst frequency and burst incidence were higher in a mixed-sex sample of older 

endurance-trained individuals. When the effects of habitual exercise were considered 

alongside the effects of sex, it was clear that the finding of higher MSNA (burst frequency 

and incidence) in older endurance-trained individuals was due to the inclusion of women; 

there was no difference between endurance-trained and untrained older men for either index 

of MSNA (Ng et al., 1994a). The authors of this study did not interpret their data in relation 

to the arterial baroreflex regulation of MSNA. However, upon inspection these data suggest 

habitual endurance exercise is associated with a higher MSNA operating point in women, 

but not men.  

 

Figure 14 – The effect of habitual exercise on muscle sympathetic nerve activity (MSNA) in 
older adults. MSNA was higher, expressed as either MSNA burst frequency (left panel) or burst 
incidence (right panel), in older athletes compared to age-matched untrained individuals. Figure 
adapted from Ng et al., (1994a). 
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 Two subsequent studies investigated the effects of habitual endurance exercise on 

MSNA in middle-aged men and have reported conflicting results. In the only study to 

characterise the effects of habitual exercise on vascular sympathetic baroreflex function, 

Stüdinger et al., (2009) found no significant influence on baroreflex gain. Furthermore, there 

was no significant difference in vascular sympathetic baroreflex operating pressure or point 

between middle-aged endurance-trained and sedentary men. However, due to the lower heart 

rate in the trained men and a similar MSNA burst incidence, MSNA burst frequency was 

lower in the trained group (Studinger et al., 2009). In the other study, Notarius and 

colleagues (2012) found that MSNA burst incidence was higher in endurance-trained 

compared to sedentary men, with no difference in MSNA burst frequency; however, the 

untrained sample in this study had high-normal blood pressure. Collectively, there is only 

one report on the effects of habitual exercise on vascular sympathetic baroreflex function in 

healthy normotensive middle-aged men with inconsistencies between all other studies on 

resting MSNA alone. Further research is warranted to better characterise this limb of the 

arterial baroreflex as the vascular sympathetic baroreflex is the primary controller of 

peripheral blood pressure. This research may provide further insight into the effects of 

chronic endurance exercise training on cardiovascular regulation.  

Cardiovagal baroreflex function  

The operating point (R-R interval) of the cardiovagal baroreflex is higher in endurance-

trained compared to sedentary individuals, due to exercise-induced bradycardia (Hellsten 

and Nyberg, 2015). Exercise-induced bradycardia could be mediated via two primary 

mechanisms: 1) a reduction in intrinsic heart rate, or 2) a greater level of cardiovagal tone; 

there is no consensus within the literature regarding which mechanism mediates this 

response, as both mechanisms likely contribute, as reviewed in a recent point:counterpoint 

series (Billman, 2017; Boyett et al., 2017). Nevertheless, exercise-induced bradycardia is a 

well described physiological characteristic of habitually endurance-trained individuals.  
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 Relative to the vascular sympathetic baroreflex, the effects of habitual exercise on 

cardiovagal baroreflex function are well characterised (Davy et al., 1996; Davy et al., 1998a; 

Monahan et al., 2000; Hunt et al., 2001; Monahan et al., 2001a; Pierce et al., 2016). The 

most comprehensive study performed to date was conducted in men by Monahan and 

colleagues (2000). Focusing on the results in middle-age, this study found that the operating 

pressure was similar between endurance-trained, moderately active and sedentary men but 

the operating point was only different between endurance-trained and sedentary men 

(Monahan et al., 2000). As shown in Figure 15, there were no significant differences in 

cardiovagal baroreflex gain between endurance-trained and moderately active men, but gain 

was higher in these groups when compared to sedentary men. This effect was suggested to 

be mediated by lower arterial stiffness in the exercising groups (Monahan et al., 2001c). 

However, this hypothesis was subsequently disproven (Hunt et al., 2001), as the higher level 

of cardiovagal baroreflex gain in older trained compared to sedentary men is mediated by a 

maintained neural component of this baroreflex arc with age. The other studies to date 

support these findings related to the effects of habitual exercise on cardiovagal baroreflex 

function (Davy et al., 1996; Davy et al., 1998a; Hunt et al., 2001; Monahan et al., 2001a; 

Monahan et al., 2001b; Pierce et al., 2016). 
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Figure 15 – The effects of age and habitual exercise on cardiovagal baroreflex sensitivity (i.e. 
gain). A marked effect of age on cardiovagal baroreflex sensitivity (BRS) is observed in sedentary 
men, with differences between each age-group (Young, 18-37 years; middle-aged, 38-56 years; and 
older, 57-79 years). Whereas, in the moderate exercise and endurance-trained groups there was no 
effect of age between young and middle-aged groups. However, cardiovagal BRS was significantly 
lower in the older group compared to the young and middle-aged groups in the moderate exercise 
and endurance-trained groups. Symbols: * P < 0·05 vs. young subjects within same activity group; † 
P < 0·05 vs. middle-aged subjects within same activity group; ‡ P < 0·05 vs. sedentary subjects of 
same age group. Abbreviations: Y, young; MA, middle age; O, older. Figure adapted from Monahan 
and colleagues (2000). 

 

Sympathetic vascular transduction 

Short-term exercise training in healthy middle-age has been shown to reduce vascular alpha-

adrenergic sensitivity (Mortensen et al., 2014). Alongside remodelling of the macro- and 

microvasculature (Hellsten and Nyberg, 2015), chronic endurance exercise training may 

therefore lower sympathetic vascular transduction. Indeed, this could explain the previous 

finding by Notarius and colleagues (2012). These authors reported that in moderately 

endurance-trained middle-aged men, there was no relationship between MSNA and FVR 

during sympathoexcitation induced by LBNP (Figure 16). In contrast, the sedentary middle-

aged group displayed a positive association between MSNA and FVR across LBNP. 

Together, the lack of relationship in trained men led the authors to suggest that endurance 
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training alters sympathetic vascular transduction (Notarius et al., 2012). Notably, however, 

the sedentary men had high-normal blood pressure; thus, it is unclear whether this difference 

is mediated by chronic endurance training or by the higher arterial pressure in sedentary 

men. In other words, it is unclear whether sympathetic vascular transduction was 

exaggerated in the sedentary individuals in this study. Together, the effects of habitual 

endurance exercise on sympathetic vascular transduction remains unclear. Understanding 

the effects of habitual exercise on efferent neurotransmission in the vasculature is important 

as it will provide new information on the effects of chronic endurance exercise training on 

the neural control of blood pressure. This is an area relatively understudied to date despite 

its importance in the control of arterial pressure. 

 

Figure 16 – The effect of fitness on reflex sympathetic neurovascular transduction in 
middle-aged men. (A) There was a significant relationship between MSNA burst frequency 
and forearm vascular resistance in sedentary men (categorised by V̇O2 Peak < 100% 
predicted). (B) However, no significant relationship was observed for endurance-trained 
men (categorised by V̇O2 Peak > 100% predicted), which led the authors to suggest that, “… 
fitness uncouples the vasoconstrictor response to reflex increases in sympathetic nerve firing 
rate present in SED men”. All data were collected during lower body negative pressure at -
5, -10, -20 and -40 mmHg. Figure redrawn from Notarius and colleagues (2012).  
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2.4 Overall Summary 

This chapter has provided an overview of the primary factors which determine aortic and 

peripheral blood pressure. The age-related increase in aortic stiffness, systolic pressure 

augmentation and pressure lead to an increase in cardiovascular risk. Studies investigating 

the effects of habitual endurance exercise to date have primarily focused on the effects on 

aortic stiffness; no study to date has systematically assessed aortic stiffness, aortic systolic 

pressure augmentation and aortic pressure, to characterise the aortic haemodynamic profile, 

in normotensive middle-age. Whether, or not, habitual exercise influences aortic 

haemodynamics, thereby reducing cardiovascular and all-cause mortality risk, is of clinical 

relevance. Similarly, the effects of age on the autonomic regulation (arterial baroreflex 

function) and neural control (sympathetic vascular transduction) of blood pressure are well 

characterised. However, there has only been one study to date to investigate the effects of 

chronic habitual endurance exercise training on all aspects of arterial baroreflex function 

(operating pressure, operating point and baroreflex gain). Furthermore, only one study has 

assessed the effects of habitual exercise on sympathetic vascular transduction in middle-age, 

despite evidence suggesting that vascular alpha-adrenergic sensitivity is lower following 

short-term exercise training. Therefore, based upon these gaps in the literature, three primary 

research questions are addressed in this thesis to determine the effects of chronic habitual 

endurance exercise training on central haemodynamics and peripheral blood pressure 

regulation. 

2.5 Aims of thesis 

The primary aim of this thesis is to characterise the effects of chronic habitual endurance 

exercise on central haemodynamics and peripheral blood pressure regulation in 

normotensive middle-aged men. Three discrete research questions were posed (Figure 17) 

as part of one large cross-sectional study and the findings are presented in the three 
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experimental chapters herein (Chapters 4-6). Hypotheses are presented within each of the 

following experimental chapters. The primary aim of each study is outlined below: 

Study (Question) 1 - Chapter 4: 

Primary aim: To determine the effects of chronic habitual endurance exercise on the aortic 

haemodynamic profile in normotensive middle-aged men. 

Study (Question) 2 - Chapter 5: 

Primary aim: To determine the effect of chronic habitual endurance exercise on the 

autonomic regulation of resting brachial blood pressure by the vascular sympathetic 

baroreflex in normotensive middle-aged men. 

Study (Question) 3 - Chapter 6: 

Primary aim: To determine the effect of chronic habitual endurance exercise on sympathetic 

vascular transduction in normotensive middle-aged men. 
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Figure 17 – The three primary research questions addressed in this thesis.
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CHAPTER 3. METHODOLOGY AND PARTICIPANT 

CHARACTERISTICS 
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This chapter outlines the study design and the participant screening procedures and 

characteristics. Each experimental chapter contains the relevant methodology with further 

detail on the statistical analyses used. 

3.1 Study Overview 

To determine the effects of habitual exercise on central haemodynamics and peripheral blood 

pressure regulation, in line with the three discrete aims (and therefore studies) of this thesis, 

a four-group cross sectional design was employed. To address the primary aim, groups of 

middle-aged recreationally-active nonrunners (MNR) and middle-aged endurance-trained 

runners (MR) were recruited. A separate, but secondary, aim was to discern the effects of 

chronic habitual exercise from the effects of age by also studying young recreationally-active 

nonrunners (YNR) and young endurance-trained runners (YR). As outlined within the 

literature review, men only were studied in this thesis for the following reasons. The effects 

of habitual exercise on central haemodynamics (Tanaka et al., 1998) and resting vascular 

sympathetic activity (Ng et al., 1994a) have been previously reported in women. 

Furthermore, there are marked sex differences in sympathetic vascular control (Casey et al., 

2011; Joyner et al., 2015; Briant et al., 2016) and autonomic support of blood pressure 

(Christou et al., 2005). 

All participants were asked to complete two experimental visits in a temperature-

controlled laboratory (~22°C). The first visit involved the assessment of body mass, stature 

and supine BP, followed by the measurement of the aortic haemodynamic profile at rest 

(question 1), prior to the assessment of V̇O2 Peak on a cycle ergometer. For the remaining 

visit, participants fasted for six hours prior to their arrival to the laboratory, before 

haemodynamics and vascular sympathetic activity were recorded at rest (question 2) and in 

response to physiological stress (question 3), see Figure 18.  
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Figure 18 – Thesis Schematic. All participants completed two study visits. The first visit included assessments of anthropometrics, peripheral blood pressure and the 
aortic haemodynamic profile (Question 1), which was followed by an incremental maximal exercise test on a cycle ergometer. Participants then completed the remaining 
study visit, which addressed Questions 2 and 3 of this thesis. For Question 2, following supine rest, participants were instrumented for continuous recording of brachial 
arterial blood pressure and vascular sympathetic activity (i.e. muscle sympathetic nerve activity [MSNA]), followed by the assessment of left ventricular stroke volume 
with echocardiography. The red arrow denotes that data collection continued from question 2 to address question 3. To address Question 3, participants were already 
instrumented to record blood pressure and MSNA. Vascular ultrasonography of the contralateral brachial artery was conducted to determine forearm blood flow, during 
a cold pressor test and then, following a period of rest, during static hand grip exercise (SHG) and a period of post-exercise muscle ischaemia (PEMI). Left ventricular 
stroke volume was assessed intermittently during CPT, SHG and PEMI via echocardiography. 
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Other than the screening procedures which are detailed here, the remaining methods are 

outlined within each experimental chapter (Chapters 4-6). Due to the number and nature of 

the techniques involved in this thesis, it took a team of researchers to conduct these 

experiments (see Appendix III for list of investigators and associated techniques).The 

coefficients of variation (CoV) for each primary outcome, other than MSNA, are reported 

within this chapter (Table 2). Other than left ventricular stroke volume, the author of this 

thesis conducted all remaining analyses. 

3.2 Ethics and Participant Consent 

This study conformed to the most recent Declaration of Helsinki and all procedures were 

approved the Cardiff Metropolitan University School of Sport Research Ethics Committee 

(16/7/02R – Appendix I), other than registration in a database. Prior to testing, all 

participants provided both written (Appendix II) and verbal informed consent following 

reading the participant information sheet (Appendix II) and completing a screening 

questionnaire and PARQ+. 

3.3 Participant Screening during Visit 1 

Participants abstained from caffeine, alcohol and strenuous exercise for the twenty-four 

hours preceding their arrival to the laboratory on both occasions.  

Anthropometrics 

All participants underwent the assessment of body mass (SECA, Model 770, Vogel & Halke, 

Hamburg, Germany), stature (Holtain, Fixed Stadiometer, Pembs, UK) and body fat 

percentage (via bioelectrical impedance analysis; Bodystat 1500, Bodystat Ltd, Douglas, Isle 

of Man). 

Screening blood pressure 

Supine brachial arterial blood pressure was determined, in triplicate, for all participants via 

manual sphygmomanometry (Welch Allyn Durashock DS66, UK). The assessment of aortic 
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haemodynamics followed; however, this was not part of participant screening and is detailed 

in Chapter 4.  

Cardiorespiratory fitness 

All participants completed an incremental exercise test to exhaustion on a cycle ergometer 

(Lode Corival, Groningen, The Netherlands) to assess V̇O2 peak. Cycling was chosen for 

reasons of safety and assessment of the exercise electrocardiogram. Each increment of the 

exercise test corresponded to an increase of workload by 20 watts per minute (young and 

middle-aged runners started at 120W and 90W, respectively; middle-aged and young 

nonrunners started at 30W and 50W, respectively). During the maximal exercise test oxygen 

consumption was measured continuously via a breath-by-breath analyser (Oxycon Pro, 

Jaeger, Hoechberg, Germany). Heart rate was measured throughout the exercise test via 

either a 12-lead electrocardiography (ECG) in middle-aged men (Oxycon Pro, Jaeger, 

Hoechberg, Germany) or a chest strap in the young groups (Polar Electro, RS400, Finland). 

A cardiologist oversaw all electrocardiograms conducted in middle-aged men to screen for 

any ECG anomalies. All middle-aged men (n = 23) presented with a normal ECG, both at 

rest and during exercise.    

3.4 Participant Characteristics  

Each participant was categorised according to his age (i.e. middle-aged or young) and 

training status (i.e. runner or nonrunner). Participants were healthy (free of chronic disease, 

as assessed via self-report), non-smoking, normotensive (supine resting blood pressure 

<140/90 mmHg) and non-obese (Body mass index, BMI ≤ 30 kg·m2) males who were 

recruited into four groups (10 young nonrunners, 13 young endurance-trained runners, 10 

middle-aged nonrunners and 13 middle-aged endurance-trained runners). All runners had a 

5km road running time within the top 30% for their age group in the UK in the year that they 

were studied; training history for the runners is presented in Table 1. Nonrunners were 
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recruited based upon self-report of completing at least 150 minutes of moderate to vigorous 

physical activity (i.e. brisk walking) per week. 

 

 

3.5 Statistical analyses 

In line with the primary and secondary aims of this thesis, separate runner versus nonrunner 

comparisons were made for middle-aged and young men in all studies. Age was not 

considered an independent variable in this thesis. Within each experimental chapter, separate 

statistical analyses sections outline the approach employed to address each research 

Table 1 - Sample characteristics 

Variable YNR YR P MNR MR  P 

 n 10 13  10 13  

Anthropometrics      

Age (years) 23 ± 3 22 ± 3 0.588 53 ± 2 57 ± 5 0.141 
Stature (cm) 178.1 ± 5.8 179.9 ± 5.1 0.439 175.6 ± 7.1 174.7 ± 6.3 0.763 
Body mass (kg) 80.4 ± 16.2 67.0 ± 5.1 0.010 80.9 ± 9.9 66.1 ± 7.9 0.001 
BMI (kg·m2) 25.4 ± 4.6 20.8 ± 1.3 0.002 26.2 ± 3.1 21.6 ± 1.6 < 0.001 
Body fat (%) 19.7 ± 6.3 10.7 ± 4.6 0.001 26.8 ± 9.0 17.5 ± 3.0 0.002 
Heart rate and Blood Pressure     
Heart rate (bpm) 60 ± 12 46 ± 7 0.001 57 ± 11 43 ± 9 0.003 
SBP (mmHg) 119 ± 13 111 ± 5 0.065 119 ± 7 118 ± 8 0.848 
DBP (mmHg) 71 ± 7 66 ± 6 0.037 76 ± 5 74 ± 7 0.374 
Cardiorespiratory Fitness        

V̇O2 Peak  
(mL·min-1) 

2894 ± 508 4018 ± 607 < 0.001 2641 ± 726 3349 ± 572 0.016 

V̇O2 Peak  
(mL·kg-1·min-1) 

36.5 ± 6.3 60.6 ± 9.3 < 0.001 32.6 ± 8.4 50.7 ± 6.1 < 0.001 

V̇O2 Peak  
(% Predicted) 

85 ± 14 116 ± 20 < 0.001 106 ± 32 143 ± 23 0.004 

Training History      
Exercise/week  
(miles) - 65 ± 14  - 35 ± 10  

Training history  
(years) 

- 8 ± 5  - 29 ± 15  

5000m time  
(mins:secs) - 15:22 ± 00:37   - 19:31 ± 00:57  

Data are presented as mean ± standard deviation. P values were determined by independent samples 
t-tests.  Abbreviations: b, brachial; BMI, body mass index; bpm, beats per minute; DBP, brachial 
diastolic blood pressure; MNR, middle-aged nonrunner; MR, middle-aged nonrunner; SBP, brachial 
systolic blood pressure; V̇O2, volume of oxygen; YNR, young nonrunner; YR, young runner. 
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question. All statistical analyses were conducted using the Statistics Package for Social 

Sciences (SPSS) software for Windows (version 24, Chicago, IL). The alpha value was set 

at < 0.05 for all studies. Between-group differences in sample characteristics (Table 1) were 

determined via independent samples t-tests. For all primary outcomes, hedges g is reported 

as an estimate of effect size ([-]0.2 small effect, [-]0.5 medium effect, [-]0.8 large effect) 

(Cohen, 1992). Hedges g was calculated using the equation below.  

Calculation of effect size (hedges g): 

Hedges g = 
M1− M2

SD pooled
 

SD pooled = √
(n1−1)SD1

2 + (n2−1)SD2
2 

n1+ n2 – 2
 

Where: M, mean; n, sample size, SD, standard deviation. Sub- and superscript values represent 
group (1 or 2) for the respective between-group comparison. 

  

3.5.1 Sample Size estimation 

Due to the differences in findings between the small number of previous studies on the 

primary outcomes of each experimental study herein, an a-priori sample size was not 

conducted. This is because selecting a study to calculate a sample size estimation from would 

bias this thesis towards finding between-group differences, or not, depending on the results 

of the chosen study. Accordingly, we recruited a sample size similar to previous studies 

which have and have not observed differences in the key outcomes for Chapters 4 

(Vaitkevicius et al., 1993; Gates et al., 2003), 5 (Ng et al., 1994a; Studinger et al., 2009; 

Notarius et al., 2012) and 6 (Notarius et al., 2012).  

3.5.2 Reliability of primary outcome measures 

Multiple assessments of the primary outcomes were conducted within each study enabling 

the assessment of the reliability of each experimenter of the research team who collected 

primary outcome data. Accordingly, the coefficient of variation (CoV) data reported were 

calculated using a within-participant and within-day approach. Thus, aortic haemodynamics 
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(Chapter 4), stroke volume (Chapter 5 and 6) and forearm vascular parameters (Chapter 6) 

were assessed twice with participants remaining in the same supine position between 

assessments; see Appendix III for a list of techniques for each experimenter during each 

visit. After analysis, the mean, standard deviation and CoV were calculated; a CoV of less 

than 35% was deemed acceptable (Harris et al., 2007).  

Calculation of CoV and absolute difference required: 

CoV (%) = ( SD
Average

)  × 100  

Where: CoV, coefficient of variation; SD, standard deviation.  

 

Notably, the reliability of MSNA recordings was not calculated in this thesis, as this would 

require removing and reinserting the microelectrode, with no guarantee of reacquisition of a 

stable and appropriate neural recoding. Furthermore, whenever the needle is reinserted there 

is potential for dysesthesia (Meah et al., 2019); thus, to limit this, once an appropriate neural 

signal was acquired the study began. Notably, the reliability of MSNA has been reported 

previously, showing despite marked variability between individuals there is strong intra-

individual variability over the short, medium and long-term (Fagius and Wallin, 1993; Grassi 

et al., 1997; Kimmerly et al., 2004; Fonkoue and Carter, 2015; Notay et al., 2016). 

   Table 2 – Observer reliability for primary outcomes 
Variable Average SD CoV (%) 
Aortic Parameter    
   aPWV (m·s-1) 6.2 0.4 5.8 
   AP (mmHg) 3 0.8 9.6 
   aSBP (mmHg) 102 0.5 0.4 
Cardiac Parameter    
   Stroke Volume (ml) 86 6 6.4 
Vascular Parameter    
   Diameter (cm) 0.39 0.02 4.2 
   Doppler Velocity (cm·s-1) 14.6 3.5 22.1 
   Forearm blood flow (ml·min-1) 103 30 27.2 
Abbreviations: aPWV, aortic pulse wave velocity; AP, augmentation pressure; 
aSBP, aortic systolic blood pressure. 
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CHAPTER 4. EXPERIMENTAL STUDY 1 

THE EFFECT OF CHRONIC HABITUAL ENDURANCE EXERCISE ON 

THE AORTIC HAEMODYNAMIC PROFILE IN NORMOTENSIVE 

MIDDLE-AGED MEN 
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4.1 Introduction   

Aortic systolic pressure augmentation (augmentation pressure [AP]) increases throughout 

human ageing, whereas aortic stiffness (aortic pulse wave velocity [aPWV]) only begins to 

increase more linearly at ~55 years of age (McEniery et al., 2005). Together, these changes 

contribute to the elevation in aortic systolic blood pressure (aSBP) with advancing age. The 

assessment of the aortic haemodynamic profile, that is aortic stiffness, aortic systolic 

pressure augmentation and aortic blood pressure, is of clinical relevance as these indices 

are predictive of cardiovascular morbidity and/or mortality (Roman et al., 2007; Roman et 

al., 2009; Vlachopoulos et al., 2010; Wang et al., 2010; Ben-Shlomo et al., 2014). Whether 

lifestyle factors, such as habitual endurance exercise, can influence the aortic 

haemodynamic profile, especially in healthy human ageing, is currently unclear. 

The effects of habitual endurance exercise on the aortic haemodynamic profile in 

middle-age are not well characterised, with studies to date focusing primarily on aortic 

stiffness (Seals et al., 2019). These studies showed that aortic stiffness and pressure are 

lower in middle-aged endurance-trained compared to sedentary individuals, with no 

difference in systolic pressure augmentation measured at either the carotid artery or aorta 

(Vaitkevicius et al., 1993; Gates et al., 2003; McDonnell et al., 2013; Tarumi et al., 2013). 

However, sedentarism negatively influences cardiovascular health (Lavie et al., 2019) 

which may exaggerate the effects of habitual endurance exercise when studied using a 

cross-sectional design. The effect of chronic endurance exercise training on the aortic 

haemodynamic profile when compared to a moderately-active, not sedentary, lifestyle is 

unknown and requires further investigation. Furthermore, the effects of physiological 

confounders (e.g. aMAP and heart rate) on aPWV and aortic systolic pressure augmentation 

have not always been performed, potentially leading to authors making “erroneous 

conclusions” (Van Bortel et al., 2020). Therefore, the primary aim of this study was to 

determine the effects of chronic habitual endurance exercise on the aortic haemodynamic 
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profile in normotensive middle-aged men. To achieve this aim, groups of middle-aged male 

endurance-trained runners (MR) and recreationally-active nonrunners (MNR) were studied. 

A secondary aim was to compare the effects of chronic habitual endurance exercise in 

young men; accordingly, the aortic haemodynamic profile was assessed in groups of young 

endurance-trained runners (YR) and recreationally-active nonrunners (YNR). In line with 

previous reports in endurance-trained and sedentary individuals, it was hypothesised that 

adjusted aortic stiffness and aortic blood pressure would be lower in middle-aged runners 

compared to nonrunners, with no difference in systolic pressure augmentation between 

groups. 

4.2 Methodology 

Study Overview 

To address this research question, all participants underwent assessments of peripheral blood 

pressure and aortic haemodynamics (Figure 19). 

 
Figure 19 – Study 1 Schematic.  

 

Assessment of aortic haemodynamics 

First, brachial arterial blood pressure (manual sphygmomanometry; Welch Allyn Durashock 

DS66, UK) was measured following 10 minutes of supine rest. Then, to estimate ascending 

aortic blood pressure and aortic systolic pressure augmentation, radial arterial waveforms 

were acquired by applanation tonometry from the right wrist at the site of maximal arterial 

pulsation using a high-fidelity micromanometer tipped probe (Millar Instruments; 

SphygmoCor, AtCor Medical, Australia). Brachial artery blood pressure values were used 

to calibrate the radial arterial waveforms within the SphygmoCor software. At least three 
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waveforms were collected in accordance with the quality criteria within the SphygmoCor 

software, and an average is reported. Ascending aortic blood pressure was estimated by 

applying a generalised inverse transfer function, validated by Pauca and colleagues (2001), 

to radial arterial waveforms (SphygmoCor, AtCor Medical, Australia). 

Following this, all participants underwent the assessment of aortic and brachial 

arterial stiffness. First, the measurement of carotid-femoral path length was assessed via the 

subtracted method using a tape measure along the body surface. Subsequently, sequential 

ECG-gated arterial pressure waveforms were recorded from the carotid and femoral arteries, 

at the site of maximal arterial pulsation, to determine carotid-femoral (aortic) pulse wave 

velocity (aPWV; expressed as m∙s-1) (Townsend et al., 2015). Brachial artery stiffness was 

assessed via determining carotid-radial pulse wave velocity (bPWV), as above, after 

measuring the carotid-radial path length using the subtracted method. To quantify aortic and 

brachial arterial stiffness, the SphygmoCor software determined the transit time between the 

foot of the carotid and the femoral or radial arterial waveforms and divided this by the 

respective path length. Assessments of aortic stiffness, systolic pressure augmentation and 

pressure were conducted by one experienced researcher (Appendix III). The coefficient of 

variation for aPWV, AP and aSBP are 5.8%, 9.6% and 0.4%, respectively (Table 2).  

Data Analyses 

In order for the aPWV data presented in this thesis to be comparable with previous studies, 

as well as the published reference values (Reference Values for Arterial Stiffness, 2010), 

raw aPWV was converted using the equation below (Van Bortel et al., 2012), and are 

presented as “converted aPWV”: 

Conversion of raw aPWV:  

Converted aPWV = (Raw carotid to femoral distance × 1.12)

Time
 

 

Where: distance is measured in mm; 1.12 is the conversion factor; time is the absolute difference 
between the foot of the carotid and femoral pulse waves in seconds (Van Bortel et al., 2012). 
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This conversion is used so that the PWV distance better reflects true aortic length, as 

determined from magnetic resonance imaging (MRI) (Huybrechts et al., 2011). However, in 

line with recent suggestions (Van Bortel et al., 2020), both raw and converted aPWV are 

reported. Converted aPWV and raw bPWV were statistically adjusted for the respective 

MAP (Van Bortel et al., 2020) and heart rate (Tan et al., 2016b). The respective MAP 

adjustment was due to the significant difference between aMAP and MAP in young men 

(YNR: mean difference -5 [95% confidence interval, -8 to -2], P = 0.004; YR: -3 [-5 to -1], 

P = 0.013). This significant pressure gradient was, however, not apparent in middle-aged 

men (MNR: 0 [-1 to 1], P = 1.00; MR: -1 [-4 to -2], P = 0.420). The arterial stiffness gradient 

was also quantified as the difference central and peripheral stiffness (bPWV-aPWV; m∙s-1).  

From the ascending aortic waveform the following variables were recorded: non-

augmented aortic systolic pressure (P1, the first systolic peak from the aortic waveform), 

aSBP, aortic diastolic pressure (aDBP), aortic pulse pressure (aPP; aSBP-aDBP) and aortic 

mean arterial pressure (aMAP). Also, augmentation pressure (AP; the difference between 

the first and second peaks of the aortic waveform, expressed in mmHg) and aortic 

augmentation index (AIx; [AP/aPP*100], expressed as a %) were calculated. Both indices 

are automatically adjusted to a heart rate of 75bpm within the SphygmoCor software; 

however, this adjustment is not physiological for these groups. Therefore, in line with recent 

suggestions (Stoner et al., 2014), these data were adjusted in a statistical model. AP and AIx 

are influenced by aMAP, heart rate and stature. Notably, the primary variable of interest 

when comparing systolic pressure augmentation is adjusted AP, as AP increases linearly 

with age (McEniery et al., 2005) and is not influenced mathematically by the concurrent 

increase in aPP (Namasivayam et al., 2010). Thus, raw and adjusted AP, but only raw AIx, 

are reported. Pulse pressure amplification was also determined (PP-aPP). 
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Statistical Analyses 

All data were normally distributed and there were no significant outliers (> 3 standard 

deviations from the mean). Between group comparisons were made via two separate one-

way analysis of variance (ANOVA) tests, to address the primary (MNR vs MR) and 

secondary (YNR vs YR) study aims. ANOVA was used, instead of independent samples t-

tests, so that the between group differences were compared using a similar statistical model 

in both raw and adjusted form. Following this, one-way analysis of covariance (ANCOVA) 

was used to determine and compare adjusted group mean data. Adjusted group standard 

deviations (SD) were using the following equation (Atkinson and Batterham, 2013): 

Calculation of standard deviation from standard error: 

SD = √n × SE 

Where: SD, standard deviation; n, sample size; SE, the standard error of the estimated marginal 
mean from each ANCOVA model. 

 

Data were not adjusted for multiple comparisons as the present study completed pre-planned, 

and not exploratory, statistical analyses (Perneger, 1998; Cramer et al., 2016). All data are 

presented as mean ± standard deviation or mean difference [95% confidence interval (CI) 

for difference] and α was set a-priori at < 0.05. All statistical analyses were conducted using 

SPSS for Windows (version 24, Chicago, IL). 

4.3 Results 

Arterial stiffness, systolic pressure augmentation and blood pressure data are reported in 

Table 3. Adjusted aPWV, adjusted AP and raw aSBP are also presented in Figure 20. Only 

primary outcomes have mean differences with 95% CI and hedges g noted within text; P 

values for adjusted aPWV, adjusted AP and aSBP are reported in Figure 20.  
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Effects of habitual exercise in middle-aged and young men 

Heart rate and blood pressure  

In middle-aged men, heart rate was lower in middle-aged runners compared to nonrunners, 

with no significant differences in aortic or brachial pressures between groups. aSBP was not 

significantly different between middle-aged runners and nonrunners (3 [-3 to 8] mmHg, 

hedges g = 0.3). In young men, heart rate, non-augmented aSBP, aSBP (-8 [-13 to -3] mmHg, 

hedges g = -1.1), aDBP and DBP were lower in runners. There were no other significant 

differences between young groups. 

Arterial Stiffness 

Adjusted aPWV (mean difference [95% CI] -0.6 [-1.6 to 0.5] m∙s-1, hedges g = -0.5) and 

bPWV (0.1 [-0.6 to 0.8] m∙s-1, P = 0.773) were not significantly different between middle-

aged runners and nonrunners. Converted aPWV (hedges g = -0.8) and raw bPWV were also 

not significantly different between middle-aged runners and nonrunners. The aortic-brachial 

stiffness gradient was not different between middle-aged men. In young men, adjusted 

aPWV was not significantly different between runners and nonrunners (-0.5 [-1.2 to 0.3] 

m∙s-1, hedges g = -0.7). However, adjusted bPWV was lower in young runners compared to 

nonrunners (-1.4 [-2.1 to -0.7] m∙s-1, P = 0.001). Without adjustment, converted aPWV 

(hedges g = -1.2) and raw bPWV were lower in young runners compared to nonrunners. 

There was no significant difference in the aortic-brachial arterial stiffness gradient between 

young groups. 

Systolic Pressure augmentation 

Adjusted AP was not different between middle-aged runners and age-matched nonrunners 

(2 [-1 to 4] mmHg, hedges g = 0.6). However, raw AP (hedges g = 1.3) was significantly 

higher in middle-aged runners compared to middle-aged nonrunners; this was similar for 

raw AIx. Adjusted AP was not different between young runners and nonrunners (-1 [-4 to 1] 
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mmHg, hedges g = -0.3). Similarly, raw AP (hedges g = -0.5) was not different between 

young groups. These findings were similar when comparing raw AIx between young groups. 

 

Table 3 – Aortic and brachial haemodynamics 

Variable YNR YR P MNR MR P 

n 10 13  10 13  
Arterial Stiffness 
Raw aPWV 
(m∙s-1) 5.8 ± 0.7 5.1 ± 0.5 0.009 7.5 ± 0.8 6.8 ± 0.9 0.062 

Converted aPWV  
(m∙s-1) 6.5 ± 0.8 5.7 ± 0.5 0.009 8.4 ± 1.0 7.6 ± 1.0 0.064 

Adjusted aPWV  
(m∙s-1) 6.3 ± 0.8 5.8 ± 0.7 0.231 8.3 ± 1.1 7.7 ± 1.1 0.291 

Raw bPWV 
(m∙s-1) 7.0 ± 0.9 6.2 ± 0.4 0.014 7.3 ± 0.7 7.2 ± 0.6 0.703 

Adjusted bPWV  
(m∙s-1) 7.3 ± 0.7 5.9 ± 0.7 0.001 7.2 ± 0.7 7.3 ± 0.7 0.773 

bPWV-aPWV 
(m∙s-1) 1.2 ± 0.9 1.1 ± 0.7 0.836 -0.2 ± 0.6 0.4 ± 0.9 0.073 

Systolic Pressure Augmentation 
Raw AP 
(mmHg) -2 ± 2 -3 ± 2 0.301 6 ± 3 10 ± 3 0.002 

Adjusted AP 
(mmHg) -2 ± 3 -3 ± 3 0.217 7 ± 3 9 ± 3 0.179 

Raw AIx 
(%) -6 ± 9 -11 ± 9 0.178 19 ± 9 28 ± 8  0.016 

Heart Rate and Blood Pressure 
Heart Rate 
(bpm) 60 ± 12 46 ± 7 0.001 57 ± 11 43 ± 9 0.003 

Non-augmented aSBP  
(mm Hg) 99 ± 9 92 ± 4 0.022 102 ± 6 100 ± 7 0.606 

aSBP 
(mmHg) 100 ± 9 92 ± 5 0.014 108 ± 4 110 ± 8 0.337 

aDBP 
(mmHg) 73 ± 10 66 ± 6 0.048 78 ± 5 76 ± 9 0.615 

aPP 
(mmHg) 27 ± 8 26 ± 4 0.822 30 ± 4 34 ± 6 0.054 

aMAP 
(mmHg) 82 ± 5 78 ± 6 0.089 90 ± 5 88 ± 7 0.274 

SBP 
(mmHg) 119 ± 13 111 ± 5 0.065 119 ± 7 118 ± 8 0.848 

DBP 
(mmHg) 71 ± 7 66 ± 6 0.037 76 ± 5 74 ± 7 0.374 

PP 
(mmHg) 47 ± 11 45 ± 7 0.609 42 ± 6 44 ± 5 0.471 

MAP 
(mmHg) 87 ± 8 81 ± 5 0.203 90 ± 5 89 ± 7 0.522 

PPA 
(mmHg) 21 ± 7 19 ± 3 0.522 12 ± 4 9 ± 7 0.285 

Data are mean ± SD from two one-way analysis of variance tests for middle-aged and young 
men separately. Abbreviations: a, aortic; AIx, augmentation index; AP, augmentation pressure; 
b, brachial; DBP, diastolic blood pressure; MAP, mean arterial pressure; MNR, middle-aged 
nonrunner; middle-aged runner; PP, pulse pressure; PPA, pulse pressure amplification; PWV, 
pulse wave velocity; SBP, systolic blood pressure; YNR, young nonrunner; YR, young runner.  
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Figure 20 – Effects of habitual exercise on the aortic haemodynamic profile. All data are presented as means with standard deviation error bars. The P values presented 
in panels A & B are from separate ANCOVA analyses to adjust aPWV and AP appropriately. Panel C presents the P values as determined by two separate ANOVAs. 
Adjusted aPWV (A) and AP (B) were not different between middle-aged or young groups. (C) aSBP was not different in middle-aged groups, but was lower in young 
runners compared to young nonrunners. Abbreviations: AP, augmentation pressure; aPWV, aortic pulse wave velocity; aMAP, aortic mean arterial pressure; aSBP, 
aortic systolic blood pressure; HR, heart rate; MNR, middle-aged nonrunners; MR, middle-aged runners; Y, young nonrunners; YR, young runners. 
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4.4 Discussion 

The primary aim of this thesis chapter was to determine the effects of chronic habitual 

endurance exercise on the aortic haemodynamic profile in middle-aged men. The principal 

findings from this chapter are as follows. First, adjusted aPWV, adjusted AP and aSBP were 

not different between middle-aged runners and nonrunners. Second, adjusted aPWV and 

adjusted AP were not different between young runners and nonrunners, yet aSBP was lower 

in young runners. Together, these data suggest that chronic habitual endurance exercise until 

middle-age does not significantly change the aortic haemodynamic profile when compared 

to recreationally-active individuals. Furthermore, these data highlight that is necessary to 

adjust aortic stiffness and systolic pressure augmentation to avoid reporting “erroneous 

conclusions” regarding the effects of habitual exercise on aortic haemodynamics. 

Aortic Stiffness 

In the present study, adjusted aPWV was not influenced by habitual exercise in middle-aged 

men. Notably, converted (and raw) aPWV was also not significantly different between 

middle-aged endurance-trained runners and recreationally-active nonrunners; the statistical 

adjustment of aPWV lowered the effect size from a large to a medium effect. These data are 

in opposition to the previous reports on the effects of habitual exercise in middle-age, which 

reported lower (raw) aPWV in endurance-trained compared to sedentary individuals 

(Vaitkevicius et al., 1993; McDonnell et al., 2013; Tarumi et al., 2013). One study also 

included a recreationally-active group, but only reported a main effect of habitual exercise 

across groups of young, middle-aged and older men (Gates et al., 2003). Furthermore, in 

these studies aPWV was not adjusted for aMAP or heart rate (Vaitkevicius et al., 1993; Gates 

et al., 2003; McDonnell et al., 2013; Tarumi et al., 2013). The inclusion of recreationally-

active, but not sedentary, men, alongside the appropriate statistical adjustment, likely 

explains the disparity between the findings presented here and those reported previously. 

Including sedentary individuals as a control group may exaggerate the effects of habitual 
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exercise on aortic stiffness, due to the adverse cardiovascular consequences of sedentarism 

(Lavie et al., 2019).  

Young runners and nonrunners were also compared to discern the effects of habitual 

exercise from that of age. In younger individuals the effects of habitual exercise on raw 

aPWV are more equivocal with reports of aortic stiffness being similar (McDonnell et al., 

2013; Bjarnegard et al., 2018) or lower (Otsuki et al., 2007a; b) in young trained compared 

to sedentary individuals, again without appropriate statistical adjustment. When assessed 

here, adjusted aPWV was not different between young runners and nonrunners. However, 

unlike in middle-age, habitual exercise was associated with significantly lower converted 

aPWV in young men. Thus, the adjustment of aPWV may have more importance when 

comparing younger groups, where, aSBP but not aMAP or aDBP, was lower in runners. 

Taken together, habitual exercise does not influence aortic stiffness in normotensive middle-

aged or young men. In support of these findings, a recent study of older normotensive mixed-

sex individuals reported no main effect of habitual exercise on raw aPWV (assessed via 

applanation tonometry) comparing sedentary, casual, committed and competitive exercisers 

(Shibata et al., 2018). Nevertheless, future studies should further characterise the effects of 

habitual exercise on aortic stiffness throughout healthy human ageing. 

Aortic systolic Pressure augmentation 

Aortic systolic pressure augmentation is also an important determinant of aortic blood 

pressure, which independently increases cardiovascular risk (Wang et al., 2010). When 

adjusted for heart rate, aMAP and stature there were no significant effects of habitual 

endurance exercise on AP (or AIx) in the middle-aged men studied here. Thus, it is unlikely 

that aortic reservoir pressure, which is the primary determinant of the increase in systolic 

pressure augmentation (Davies et al., 2010; Schultz et al., 2015), is affected by habitual 

exercise. Nevertheless, as aortic reservoir pressure was not measured in this thesis chapter, 

future studies should provide more evidence on this. The finding that habitual exercise does 
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not significantly influence systolic pressure augmentation is similar to previous reports in 

middle-aged (McDonnell et al., 2013) and older (Shibata et al., 2018) individuals. In young 

individuals, however, there are reports that systolic pressure augmentation is similar (Knez 

et al., 2008; Denham et al., 2016) or lower (Edwards and Lang, 2005; McDonnell et al., 

2013; Bjarnegard et al., 2018) in endurance-trained compared to sedentary individuals. In 

this chapter, there were no differences in adjusted AP in between young groups. As noted 

above, the comparison of endurance-trained and sedentary individuals may exaggerate the 

effects of habitual exercise. The appropriate selection of a recreationally-active control 

group, statistical adjustment of AP and study of men only may explain the difference 

between the findings presented here and those reported previously. Thus, the current study 

suggests that habitual endurance exercise exerts no significant influence on adjusted indices 

of systolic pressure augmentation in middle-aged or young men, when compared to 

recreationally-active individuals. 

Aortic blood pressure 

The interaction between aortic stiffness and systolic pressure augmentation largely 

determines aSBP (Nichols et al., 2008). In the present study, there was no significant effect 

of habitual endurance exercise on aSBP in middle-aged men. Previously, McDonnell et al. 

(2013) reported that aortic blood pressure was lower in middle-aged/older active compared 

to sedentary individuals. However, in that study all individuals had high-normal blood 

pressure or were hypertensive. The authors also compared groups of young individuals, 

finding that aSBP was lower in the active group (McDonnell et al., 2013). These data are 

supported by the findings in the current study, whereby aSBP was lower in young runners 

compared to nonrunners. Thus, at least in normotensive men, there appears to be an age-

dependent effect of habitual exercise on aSBP; this occurs despite no effects of habitual 

exercise on adjusted aortic stiffness or systolic pressure augmentation in either middle-aged 

or young men. The greater magnitude of difference in non-augmented aSBP between young 
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(-6 mmHg) compared to middle-aged (-2 mmHg) runners and nonrunners, likely explains 

this age-dependent effect on aSBP. Non-augmented aSBP (i.e. the first systolic shoulder of 

the aortic waveform) is determined by the interaction between the left ventricular ejection 

wave and ascending aortic stiffness (Nichols et al., 2008). This is often the peak pressure 

reached during systole in young men (Hughes et al., 2013), as was the case for the young 

men studied here. In this instance, aSBP is largely independent of systolic pressure 

augmentation. The age-dependent effect of habitual exercise on aSBP is likely influenced 

by differences in the influence of habitual exercise on ascending aortic stiffness with age; 

the reason(s) for this are unclear. Short term endurance exercise training has been shown to 

lower ascending aortic stiffness (Bhuva et al., 2020), as assessed using MRI. The effects of 

chronic habitual endurance exercise on ascending aortic stiffness are currently unknown but 

warrant future investigation, especially in relation to the data presented here. The data 

presented here show that the effect of habitual exercise on aSBP is age-dependent in 

normotensive men. Notably, therefore, in terms of cardiovascular risk as determined by 

aortic blood pressure (Vlachopoulos et al., 2010; Kollias et al., 2018), the benefit of habitual 

exercise is apparent in young but not middle-aged men. 

Methodological considerations 

There are some limitations of this study which warrant discussion. First, as women were not 

included in this study, it is not possible to determine the effects of habitual exercise in men 

and women separately. However, since the collection of these data a study has detailed the 

effects of habitual exercise on aortic haemodynamics in young women (Bjarnegard et al., 

2018) and shows similar findings to those presented here. The effect of habitual exercise on 

aortic haemodynamics in middle-aged/older women has also been studied previously 

(Tanaka et al., 1998). This study reported that the age-related (pre- vs post-menopausal) 

increase in aPWV was absent in physically-active women, unlike the markedly higher aPWV 

with age in sedentary women (Tanaka et al., 1998).  



 

81 
 

Second, augmentation pressure was used as an index of systolic pressure 

augmentation. It is recommended that wave intensity analysis provides better insight into 

arterial wave reflection, which contributes to backward-travelling pressure, than AP or AIx 

(Townsend et al., 2015). Accordingly, AP was interpreted as an index of systolic pressure 

augmentation only, which is determined primarily by aortic reservoir pressure (Davies et al., 

2010; Schultz et al., 2015).  

Finally, as a cross-sectional study design was utilised in this study, it is not possible 

to determine the effects of chronic habitual exercise within individuals. Future studies should 

complete longitudinal follow-up studies in endurance-trained, recreationally-active and 

sedentary men and women of different ethnicities to discern the effects of age, sex, race and 

habitual exercise on the aortic haemodynamic profile. 

4.5 Conclusion 

These data provide important new information on the effects of habitual exercise on aortic 

haemodynamics in middle-aged and young normotensive men. This study shows an age-

dependent effect of habitual exercise on aortic haemodynamics with lower aortic blood 

pressure in young, but not middle-aged, runners compared to nonrunners. The reason(s) for 

this difference with age are unclear, but may be related to the age-dependent effects of 

habitual endurance exercise on ascending aortic stiffness. Future studies are required to 

investigate the interaction between age, habitual endurance exercise and potential 

differences in regional aortic stiffness (i.e. ascending vs arch vs descending). Furthermore, 

the data presented here show that there is no influence of habitual exercise on adjusted aortic 

stiffness or systolic pressure augmentation in either age group. These data highlight the 

importance of selecting recreationally-active, but not sedentary, control groups when 

determining the effects of habitual endurance exercise; as well as the importance of 

appropriately adjusting aPWV and AP. 



 

82 
 

4.6 Study Hypotheses 

i) Adjusted aortic stiffness and aortic blood pressure would be lower in middle-aged runners 

compared to nonrunners, with no difference in systolic pressure augmentation between 

groups. (REJECTED) 

This chapter reports no effect of habitual exercise on the aortic haemodynamic profile in 

middle-aged normotensive men. The next chapter will determine the effects of habitual 

endurance exercise on the primary factor which regulates peripheral blood pressure at rest, 

the vascular sympathetic baroreflex.  
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CHAPTER 5. EXPERIMENTAL STUDY 2 

THE EFFECT OF CHRONIC HABITUAL ENDURANCE EXERCISE ON 

THE AUTONOMIC REGULATION OF RESTING BRACHIAL BLOOD 
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5.1 Introduction 

Healthy human ageing exerts a marked influence on the determinants of arterial blood 

pressure. As reported in the previous chapter, habitual endurance exercise did not influence 

aortic stiffness, systolic pressure augmentation or aortic blood pressure in normotensive 

middle-aged men. A hallmark age-related change in the cardiovascular system, in relation 

to peripheral blood pressure, is the elevation of MSNA burst incidence and frequency (Iwase 

et al., 1991; Ebert et al., 1992; Matsukawa et al., 1998b). Notably, this age-related increase 

in MSNA reflects a change in the autonomic regulation of peripheral (i.e. brachial) blood 

pressure. However, the increase in vascular sympathetic vasoconstrictor drive does not 

necessarily lead to arterial hypertension (Taylor and Tan, 2014). Whether habitual exercise 

influences the autonomic regulation of peripheral blood pressure in healthy ageing is the 

focus of this experimental chapter.   

The interaction of chronic habitual exercise training and age-related changes to 

vascular sympathetic activity is unclear. This is despite arterial baroreflex control of MSNA 

(i.e. the vascular sympathetic limb of the arterial baroreflex) being the primary mechanism 

through which the autonomic nervous system regulates vascular resistance. Thus, the 

vascular sympathetic baroreflex plays a pivotal role in blood pressure homeostasis. To date, 

relatively little consensus exists among previous microneurographic studies, which have 

found that basal MSNA burst frequency for middle-aged and older endurance-trained men 

is either higher (Ng et al., 1994a), not different (Notarius et al., 2012) or lower (Studinger 

et al., 2009), compared to sedentary peers. Furthermore, quantification of MSNA burst 

occurrence relative to the number of opportunities for a burst (i.e. burst incidence; the 

vascular sympathetic baroreflex operating point) does not provide further clarity. However, 

the method of burst quantification provides different neurophysiological insight into 

regulation of vascular sympathetic activity (Charkoudian and Wallin, 2014). Burst frequency 

indicates the amount of sympathetic activity (or local noradrenaline release) that the 
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vasculature is exposed to in a given time period (Wallin et al., 1992). In contrast, burst 

incidence indicates the probability of a sympathetic burst occurring at a given arterial 

pressure (McAllen and Malpas, 1997). Baroreceptor signals influence both the timing and 

the probability of sympathetic bursts over a wide pressure range. Burst incidence, therefore, 

is an index of sympathetic burst ‘gating’, which couples a burst of MSNA with a cardiac 

cycle (Keller et al., 2006), rather than vascular sympathetic activity per se. In the only study 

to consider the influence of chronic exercise training in healthy ageing on vascular 

sympathetic baroreflex function, the training status of healthy older males had no effect on 

resting diastolic blood pressure (DBP; operating pressure), MSNA burst incidence 

(operating point), or the MSNA responsiveness (gain) assessed during a modified Oxford 

baroreceptor test (Studinger et al., 2009).  

The cardiovagal baroreflex plays a primary role in the regulation of cardiac interval 

at rest (Dampney, 2017), and thus contributes to the support of arterial pressure via eliciting 

changes in cardiac output. Despite this, the vascular sympathetic limb of the arterial 

baroreflex contributes more to the support of arterial blood pressure at rest and during 

physiological stress (Ogoh et al., 2003a; Dampney, 2017), by mediating reflex changes in 

vascular resistance. Cross-sectional evidence from middle-aged and older men indicates that 

chronic endurance training is associated with greater cardiovagal baroreflex responsiveness 

when compared to sedentary, but not moderately exercising, middle-aged men (Monahan et 

al., 2000). The finding of greater cardiovagal baroreflex responsiveness in middle-aged and 

older endurance-trained compared sedentary individuals has been observed in several other 

studies to date (Davy et al., 1996; Davy et al., 1998a; Monahan et al., 2000; Hunt et al., 

2001; Monahan et al., 2001a; Pierce et al., 2016).  

Taking the various uncertainties into account, the primary aim of this chapter was to 

determine the effect of chronic habitual endurance exercise on the autonomic regulation of 

resting brachial blood pressure by the vascular sympathetic baroreflex in normotensive 

middle-aged men. Furthermore, to discern the effect of exercise training from age, a 
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secondary aim was to compare the sympathetic control of blood pressure between young 

runners and young nonrunners. Based upon limited data, it was hypothesised that vascular 

sympathetic baroreflex function would not be different between middle-aged runners and 

nonrunners. 

5.2 Methodology 

Study Overview 

For this experimental chapter, participants underwent comprehensive haemodynamic and 

neurophysiological assessment (Figure 21). 

 

Figure 21 – Study 2 Schematic. 

 

Experimental Measures 

Heart rate and arterial blood pressure 

Heart rate and brachial artery blood pressure were monitored continuously via three-lead 

electrocardiography and finger photoplethysmography, respectively (Finometer® Pro, FMS, 

Groningen, Netherlands). Participants were supine throughout testing. A blood pressure cuff 

was attached to the second or third digit of the right hand, which was height corrected for 

the distance from the heart to the finger cuff. The Finometer® Pro enabled continuous beat-

by-beat arterial blood pressure monitoring via a photo-electric plethysmograph and a servo-

controlled setpoint adjuster within the finger cuff. To assess arterial pressure, unloaded 

arterial volume is determined when intra- and extra-arterial pressure are matched by 

adjustments of external pressure on the artery. When pressures are matched, extra-arterial 

pressure is an indirect measure of intra-arterial pressure (Boehmer, 1987). This technique is 

termed the volume-clamp method, as first described by Peňáz (1973). The dynamic servo-
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controlled setpoint adjuster modulates cuff pressure and allows for, via an infrared light-

emitting diode in the cuff, automated assessment of arterial unloaded volume. This is used 

to re-calibrate pressure throughout recordings (Wesseling, 1995). Furthermore, a return to 

flow (RTF) calibration is used to determine brachial SBP, via automated 

sphygmomanometry, which finger SBP is subtracted from. This calibration corrects for 

brachial-radial PPA. Alongside a digital filter which adjusts for change in pulse wave 

morphology, the RTF calibration enables reconstruction of the brachial artery pressure 

waveform (Bos et al., 1996). This reconstruction of the brachial artery wave form has been 

validated for use to estimate brachial artery blood pressure from finger 

photoplethysmography (Guelen et al., 2008). These data were sampled at 1000Hz using a 

commercial data acquisition system and stored for offline data analysis (Chart Version 8, 

Lab Chart Pro, AD Instruments, UK).  

Muscle sympathetic nerve activity  

The microneurography technique involves the insertion of a tungsten microelectrode into a 

peripheral nerve (Figure 22A). As shown in Figure 22B, there are many axons within the 

nerve in which the recording electrode is placed. Accordingly, microneurography enables 

researchers to directly record either multi-unit (an average from multiple axons) or single-

unit (from one axon) MSNA. The collection and analysis of multi-unit and single-unit nerve 

recordings differs markedly. Due to the greater understanding and more widespread use of 

the multi-unit signal in the relevant literature, this thesis focuses upon multi-unit MSNA as 

assessed from the integrated neurogram (Figure 22C). From the integrated neurogram, four 

indices of MSNA can be quantified (Figure 22D): i) burst frequency, ii) burst amplitude (or 

area), iii) total activity, and iv) burst incidence. Each index of MSNA provides different 

insight into the autonomic regulation and neural control of blood pressure (Charkoudian and 

Wallin, 2014). MSNA total activity, calculated as the sum of MSNA burst frequency and 

amplitude, reflects the “amount” of MSNA directed to blood vessels per unit time. These 

indices are used to quantify the resting level of MSNA and as an index of neural control of 
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blood pressure when assessing the transduction of changes in MSNA into changes in 

vascular tone. Importantly, the arterial baroreflex couples MSNA bursts with the cardiac 

cycle. Thus, as MSNA burst frequency/total activity are time-dependent, they are influenced 

by the number of “opportunities” (i.e. cardiac cycles) for a burst to occur per unit time. 

MSNA burst incidence, however, reflects the probability of burst occurrence, which is 

independent of the number of cardiac cycles. Accordingly, MSNA burst incidence is used 

as an index of the arterial baroreflex (autonomic) regulation of MSNA. Thus, reporting all 

indices of MSNA together provides more comprehensive insight into the sympathetic control 

of blood pressure. 

Multi-unit muscle sympathetic nerve activity was obtained via microneurography 

using a recording system (Nerve Traffic Analyser, Model 663 C, University of Iowa, Iowa 

City, IA, USA) following a recognized technique (Sundlof and Wallin, 1978). These data 

were sampled at 1000Hz using a commercial data acquisition system and stored for offline 

data analysis (Chart Version 8, Lab Chart Pro, AD Instruments, UK). First, external mapping 

of the nerve was conducted to track the route of the nerve. This enables directed insertion of 

a unipolar tungsten microelectrode (FHC, Bowdoin, ME), with shaft diameter of 0.1 mm 

(impedance 1-5 MW), across the skin at the popliteal fossa and into the fibular nerve by an 

experienced microneurographer. A maximum search time of 60 minutes was stipulated to 

minimize the risk of mild paraesthesia, which occurs in < 5% of cases, when the recording 

microelectrode is in place. Importantly, this paraesthesia is not permanent and disappears 

with removal of the microelectrode (Meah et al., 2019). A reference electrode was placed 

subcutaneously approximately 2-3 cm from the site of the recording electrode. The recorded 

raw neurogram was amplified (70 000 to 160 000 fold), band-pass filtered (700 to 2000 Hz), 

full-wave rectified and integrated with a resistance-capacitance circuit (time constant 0.1 

sec).  
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Figure 22 – Sympathetic microneurography and quantifying muscle sympathetic nerve 
activity. (A) The technique of microneurography requires the insertion of two tungsten electrodes 
subcutaneously. The first electrode (with a blue tag) is inserted superficially under the skin and acts 
as a reference electrode. (B) The second, recording, electrode is inserted into a nerve fascicle in the 
fibular nerve to record either single-unit (from one axon) or multi-unit (an average from multiple 
axons) sympathetic nerve activity. (C) In this example, muscle sympathetic nerve activity (MSNA) 
is being recorded. The raw nerve signal is amplified (in part by the preamplifier strapped to the 
participants leg) and then integrated. The positive peaks in the integrated nerve signal are termed 
bursts of MSNA which are identified and analysed post-hoc. (D) The four indices of MSNA are used 
to provide different insight into the neural control and autonomic regulation of blood pressure (see 
text). Burst amplitude (or area) is dependent on the proximity of the recording electrode to the nerve 
axon(s) it is recording from. To account for this limitation when conducting multi-unit analyses, the 
tallest MSNA burst in a recording period is assigned a value of 100 (%); all other bursts are expressed 
as a percentage of this largest normalised burst. Panels A-C and D are adapted from Macefield (2013) 
and Busch (2018), respectively. 
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Satisfactory recordings of MSNA were identified, dependent on the following 

criteria (White et al., 2015), (i) pulse-synchronous bursts of activity, (ii) increased burst 

occurrence in response to voluntary apnoea, (iii) unaffected burst pattern during stroking of 

the skin and (iv) 3:1 signal to noise ratio. Respiratory rate was monitored via a nasal cannula 

attached to a capnograph (Capnocheck® Sleep Capnograph, Smiths Medical, UK) to 

confirm that participants avoided breath holding (Delius et al., 1972b). No adverse events or 

complications occurred during or were reported following the microneurography procedure 

in any subject. At least 10 minutes after an acceptable MSNA recording site was found, 

echocardiograms were acquired. The reliability of MSNA has been determined previously, 

showing that despite large inter-individual variability there is strong intra-individual 

variability over the short, medium and long-term (Fagius and Wallin, 1993; Grassi et al., 

1997; Kimmerly et al., 2004; Fonkoue and Carter, 2015; Notay et al., 2016). 

Assessment of arterial baroreflex function 

Brachial blood pressure, R-R interval and MSNA recordings were acquired during six 

minutes of spontaneous breathing to characterize vascular sympathetic and cardiovagal 

baroreflex function; the analyses of these data are described later.  

Cardiac Ultrasound (Echocardiography) 

High-resolution ultrasonography allows for determination of internal bodily structures via 

ultrasonic waves (> 20,000 Hz; a frequency too high for the human to hear) which are sent 

and received by a transducer. Within each transducer piezoelectrical crystals generate and 

receive ultrasonic waves, which are reflected (or echo) back to the transducer from tissues 

at different depths, enabling simultaneous assessment of deep and superficial body structures 

(Galiuto, 2011). The reflected waves cause disturbances to the crystals within the transducer. 

The magnitude of this disturbance is converted to a grey-scale (B-mode) image which 

enables the assessment of the heart (termed echocardiography) and blood vessels (termed 

vascular ultrasonography, see chapter 6). 
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 In this thesis transthoracic echocardiography was used to assess the morphology of 

the left ventricle to enable characterisation of ventricular volumes (Radjenovic and Roditi, 

2019). Echocardiograms were acquired using a commercially available ultrasound system 

(Vivid E9, GE Medical, Norway) with a 1.5 to 4 MHz array probe to determine left 

ventricular stroke volume. Images were obtained from apical 4- and 2-chamber views by a 

single experienced sonographer (see Appendix III) and saved for offline analysis with 

commercially available software (EchoPAC, BT12, GE Medical, Norway). 

Data Analyses 

The reconstructed brachial arterial pressure waveform was calibrated at regular intervals to 

the average resting systolic and diastolic pressures measured, at that time point, via manual 

sphygmomanometry (Welch Allyn Durashock DS66, UK). This was conducted to adjust for 

any potential drift in the measurement which may occur during extended recording periods.  

 Left ventricular stroke volume was estimated using the Simpson’s-biplane method 

(Lang et al., 2015); thus permitting determination of cardiac output (heart rate x stroke 

volume) and total peripheral resistance (TPR; MAP/cardiac output). Stroke volume was 

calculated as the absolute difference between left ventricular end-diastolic and end-systolic 

volumes, via tracing around the endocardial borders at each time point within the cardiac 

cycle, in both the 4- and 2-chamber views. The coefficient of variation for left ventricular 

stroke volume in this study was 6.4% (see Table 2). The average of three cardiac cycles was 

used for analysis and calculation of related haemodynamics. Satisfactory images for the 

quantification of stroke volume were not recorded in one individual (one middle-aged 

runner). Allometric scaling of left ventricular stroke volume and cardiac output to body 

surface area, to account for between-group differences in body size (Dewey et al., 2008), did 

not change the findings from this study. Thus, only absolute stroke volume and cardiac 

output are reported. 
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Multi-unit bursts of MSNA were verified via visual inspection following adjustment 

for baroreflex latency (time between R wave and peak burst height; Table 4) (White et al., 

2015), which aligned each burst with the appropriate R wave of the ECG. MSNA was 

quantified as burst frequency (bursts per minute [bursts·min-1]) and burst incidence (bursts 

per 100 heartbeats [bursts·100hb-1]). Examples of the dynamic relationship between beat-by 

beat arterial pressure and bursts of MSNA at rest are shown in Figure 23. 

 

 

Figure 23 – Example recordings of muscle sympathetic nerve activity and brachial blood 
pressure during supine rest. 20 seconds of resting muscle sympathetic nerve activity (MSNA) and 
blood pressure (BP) data are shown from one representative participant per group: (A) Middle-aged 
runner; (B) Middle-aged non-runner; (C) Young runner; (D) Young non-runner. 

 

The slope of the stimulus-response relationship between DBP and MSNA burst 

probability was calculated to represent vascular sympathetic baroreflex gain (Sundlof and 

Wallin, 1978; Kienbaum et al., 2001). DBP was averaged into bins of 2 mmHg increments, 

to minimize the influence of respiration on MSNA and to maximize the number of data 

points for inclusion in the linear regression model (Figure 24). The percentage of cardiac 



 

93 

cycles associated with a burst of MSNA (ranging from zero to 100%), per bin of DBP, was 

used to calculate burst probability. Data were included for further analysis if, (i) at least five 

data points for each linear regression were available and (ii) a correlation coefficient of ≥ 

0.5 was present (Hart et al., 2011). Mean values and tests of statistical significance are 

presented for 20 middle-aged (11 runners) and 21 younger men (11 runners). Numerical 

weighting was adopted for this analyses to minimize the influence of differences in the 

number of cardiac cycles within each DBP bin (Kienbaum et al., 2001). The operating 

pressure and point of the vascular sympathetic baroreflex was determined from mean 

diastolic pressure and corresponding average burst incidence, respectively.  

 

Figure 24 – Assessment of vascular sympathetic baroreflex gain. An example of the weighted 
linear regression analyses used to determine vascular sympathetic baroreflex gain from the slope 
(identified in red). The number by each data point represents the number of cardiac cycles per 2 
mmHg bin. 

 

Cardiovagal baroreflex gain was assessed by the sequence method using customized 

computer software (CardioSeries version 2.4, Ribeirao Preto, São Paulo, Brazil; Figure 25). 

Thresholds for a minimum change in SBP and R-R interval were set at 1 mmHg and 6 ms, 
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respectively (Parati et al., 1988). If average R-R interval for an individual was ≥ 800 ms a 

delay of 1 beat was applied so that the SBP was regressed against the following R-R interval 

(Eckberg and Eckberg, 1982). Data were included for further analysis upon conditions of (i) 

a minimum of three data points for a linear regression were available and (ii) a correlation 

coefficient of ≥ 0.8 was present (Parati et al., 2000). The operating point of the cardiovagal 

baroreflex was determined from mean prevailing SBP and corresponding average R-R 

interval. Data, including “up” and “down” sequence gain, and the number of baroreflex 

sequences, are presented for 20 middle-aged (11 runners) and 21 younger men (11 runners). 

 

Figure 25 – Assessment of cardiovagal baroreflex gain. An example of the sequence method 
analysis, using the CardioSeries software (CardioSeries version 2.4, Ribeirao Preto, São Paulo, 
Brazil), to determine the average of both “up” (red slopes) and “down” (blue slopes) sequences. 

 

Statistical Analyses 

In line with the primary (MR vs MNR) and secondary (YR vs YNR) aims of this study, and 

after checking compliance with basic parametric assumptions, between-group differences 



 

95 

were assessed for each comparison via independent samples t-tests. Alpha was set a priori 

as P < 0.05. All statistical analyses were completed using SPSS for Windows (Version 24, 

Chicago, IL) and data are reported as mean ± standard deviation. 

5.3 Results 

Table 4 presents the between-group differences in haemodynamics, MSNA and cardiovagal 

baroreflex gain. Arterial baroreflex function is presented in Figure 26. 

Resting haemodynamics, and vascular sympathetic neural activity 

In middle-aged runners compared to nonrunners heart rate was lower and stroke volume was 

higher. There were no other differences in resting haemodynamics in middle-aged men and 

MSNA burst frequency was not different.  

As for middle-aged men, stroke volume was higher and heart rate was lower in young 

runners compared to nonrunners. MSNA burst frequency and the other haemodynamic 

indices were not significantly different between young men.  

Arterial baroreflex function 

Among middle-aged men, there was no difference between runners and nonrunners for the 

diastolic operating pressure of the vascular sympathetic baroreflex (hedges g = 0.3, P = 

0.525); however, the corresponding MSNA operating point was higher in the runners 

(hedges g = 1.1, P = 0.008; Figure 26A). The vascular sympathetic baroreflex gain was not 

influenced by habitual exercise in middle-aged men (-6.1 ± 3.3 vs. -7.3 ± 2.9 %·mmHg-1, 

hedges g = 0.4, P = 0.582; Figure 26A). Vascular sympathetic baroreflex latency was shorter 

in middle-aged runners compared to nonrunners (Table 4). As for the cardiovagal baroreflex, 

the systolic operating pressure was not different between middle-aged runners and 

nonrunners (hedges g = 0.2, P = 0.622), but the corresponding operating R-R interval was 

higher for runners (hedges g = 1.6, P = 0.001; Figure 26B). The cardiovagal baroreflex gain 

(33.6 ± 13.7 vs 25.5 ± 11.9, P = 0.174; Figure 26B) and number of combined baroreflex 

sequences (25 ± 12 vs. 37 ± 17, P = 0.103) were not different in middle-aged men; data for 
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positive and negative pressure ramps and the number of sequences per ramp are presented 

in Table 4. 

Among young men, there was no significant difference in the vascular sympathetic 

operating pressure (hedges g = 0.4, P = 0.281), corresponding MSNA operating point 

(hedges g = 0.5, P = 0.244) or gain (-5.8 ± 1.9 vs. -6.7 ± 3.9 %·mmHg-1, hedges g = -0.3, P 

= 0.670) between young runners and nonrunners (Figure 26A). For the cardiovagal limb of 

the arterial baroreflex, the systolic operating pressure was lower (hedges g = -1.2, P = 0.012) 

and the corresponding R-R interval was higher (hedges g = 3.0, P < 0.001) for young runners 

when compared to young nonrunners. The cardiovagal baroreflex gain was not different 

(37.2 ± 13.8 vs 26.4 ± 10.3, P = 0.061; Figure 27B) but was assessed during fewer baroreflex 

sequences in young runners compared to nonrunners (11 ± 17 vs. 50 ± 23, P < 0.001). 
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Table 4 – Haemodynamics, muscle sympathetic nerve activity and cardiovagal baroreflex 
gain 

Variable YNR YR P MNR MR P 

n 10 13  10 13  
Haemodynamics    
Heart rate  
(bpm) 64 ± 9 45 ± 5 < 0.001 56 ± 9 43 ± 7 < 0.001 

Stroke volume  
(ml) 

61 ± 5 92 ± 8 < 0.001 62 ± 8 70 ± 11 0.029 

Cardiac output  
(L·min-1)  3.8 ± 0.5 4.1 ± 0.5 0.204 3.4 ± 0.5 3.0 ± 0.6 0.099 

TPR  
(mmHg·L·min-1) 

24.3 ± 4.3 21.3 ± 3.4 0.077 29.1 ± 3.1 31.6 ± 4.9 0.183 

MAP  
(mmHg) 90 ± 9 86 ± 6 0.086 95 ± 8 92 ± 5 0.541 

Respiration rate  
(breaths·min-1) 

13 ± 3 15 ± 1 0.051 11 ± 3 12 ± 4 0.387 

Muscle Sympathetic Nerve Activity    
Burst Frequency  
(bursts·min-1) 

18 ± 8 16 ± 9 0.601 28 ± 13 30 ± 6 0.578 

Burst Incidence  
(bursts·100hb-1) 27 ± 12 36 ± 22 0.244 50 ± 23 72 ± 15 0.008 

Baroreflex latency  
(seconds) 

1.26 ± 0.05 1.23 ± 0.07 0.273 1.24 ± 0.07 1.14 ± 0.12 0.023 

Cardiovagal Baroreflex Gain     
‘Up’ Gain  
(ms·mmHg-1) 

31 ±12 41 ± 21 0.187 28 ± 13 34 ± 15 0.293 

# of sequences 
(n) 20 ± 12 8 ± 4 0.004 17 ± 9 11 ± 6 0.147 

‘Down’ Gain  
(ms·mmHg-1) 

24 ± 10 33 ± 12 0.079 23 ± 12 33 ± 17 0.159 

# of sequences 
(n) 

30 ± 14 9 ± 5 < 0.001 20 ± 9 13 ± 8 0.107 

Data are presented as mean ± standard deviation. P values were determined from independent 
samples t-tests. Abbreviations: MAP, mean arterial pressure; MNR, Middle-aged nonrunner; MR, 
Middle-aged runner; n, number; TPR, total peripheral resistance. YNR, Young nonrunner; YR, 
Young runner. 
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Figure 26 – Effects of habitual exercise on vascular sympathetic and cardiovagal baroreflex 
function. (A) Group mean regressions between diastolic blood pressure (DBP) and muscle 
sympathetic nerve activity (MSNA) burst probability/incidence are presented with the sympathetic 
operating points superimposed on the regression lines. Middle-age runners had similar operating 
DBP compared to middle-aged nonrunners but the corresponding level of MSNA was higher (by 22 
bursts·100hb-1; red arrow), with similar sympathetic baroreflex gain between groups. However, in 
young men training status had no influence on the operating DBP, corresponding level of MSNA or 
sympathetic baroreflex gain. (B) Group mean regressions between systolic blood pressure (SBP) and 
R-R interval (sequence method) are shown with the operating points of the cardiac baroreflex 
overlaid on the regression lines. Middle-aged runners had similar operating SBP and cardiovagal 
baroreflex gain compared to middle-aged nonrunners, but the corresponding R-R interval was longer 
(by 352 msec; red arrow). In contrast, when compared to young nonrunners, the operating SBP was 
set leftward (by 9 mmHg; green dashed arrow) in young runners with a longer corresponding R-R 
interval (by 418 msec; green solid arrow), with similar cardiac baroreflex gain between groups. 
Abbreviations: MNR, Middle-aged nonrunner; MR, Middle-aged runner; YNR, Young nonrunner; 
YR, Young runner. NB: Baroreflex responsiveness data are presented from: 9 middle-aged 
nonrunners, 11 middle-aged runners, 10 young nonrunners, 11 young runners. 
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5.4 Discussion  

The principal findings from this chapter are as follows. First, for middle-aged men, in 

contrast to our hypothesis, chronic endurance exercise training sets the operating point of 

the vascular sympathetic baroreflex at a burst occurrence that is higher than for 

recreationally-active peers. Second, the higher vascular sympathetic operating point in 

middle-aged runners occurs despite no differences in the operating pressure, vascular 

sympathetic baroreflex gain or basal MSNA burst frequency. Third, for younger men, 

habitual endurance training has no effect on the vascular sympathetic operating pressure, 

point, gain or basal MSNA burst frequency compared with recreationally-active peers. 

Taken together, these findings indicate that chronic habitual endurance exercise training 

elicits some form of cardiovascular or neural remodelling occurs in middle-aged men, that 

plays a critical role in the baroreflex regulation of vascular sympathetic activity and therefore 

control of peripheral blood pressure. 

The effect of habitual exercise on vascular sympathetic baroreflex function 

In the middle-aged men studied here, basal MSNA was similar between endurance-trained 

runners and nonrunners during supine rest. An intriguing finding, however, is that the 

middle-aged runners exhibit a greater MSNA burst occurrence, by 40-50 %; this is despite 

no significant difference in the operating DBP. These data for MSNA burst frequency and 

occurrence suggest that chronic habitual exercise alters the gating of sympathetic bursts (i.e. 

baroreflex regulation) without influencing the frequency of sympathetic bursts per minute 

(i.e. amount of neurotransmitter release per unit time). Although this might seem 

contradictory, burst frequency and incidence provide slightly different neurophysiological 

information (Wallin et al., 1992; McAllen and Malpas, 1997; Charkoudian and Wallin, 

2014). Furthermore, reciprocal interplay between exercise bradycardia (i.e. fewer 

opportunities for a burst), and greater burst incidence (operating point) explain why the burst 

frequency for middle-aged runners and nonrunners is similar. 
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The upward setting of the MSNA operating point in middle-aged runners occurs 

without any change in the ability to increase or decrease vascular sympathetic activity during 

spontaneous fluctuations in resting arterial pressure. In other words, vascular sympathetic 

baroreflex overall gain is unaffected by habitual exercise. Stüdinger and colleagues (2009), 

using the modified Oxford baroreceptor test, also observed that overall gain was similar 

among older trained and sedentary men. Unlike the present study, however, these authors 

observed no difference in the vascular sympathetic baroreflex operating point but found 

resting burst frequency to be marginally lower for endurance-trained versus recreationally-

active middle-aged males. 

Other studies of endurance-trained and sedentary middle-aged and older individuals 

have recorded resting MSNA without specifically addressing the function of the vascular 

sympathetic baroreflex. Notarius and colleagues (2012) observed that MSNA burst 

incidence was higher, while basal MSNA burst frequency was similar, for moderately 

endurance-trained middle-aged men compared with sedentary peers (whom had high-normal 

blood pressure). In contrast, Ng and co-workers (1994a) reported higher sympathetic burst 

incidence and frequency for older-endurance trained athletes. However, these findings may 

reflect an older cohort, or inclusion of endurance-trained females, for whom sympathetic 

burst incidence and frequency were markedly higher compared with sedentary peers (Ng et 

al., 1994a). Whilst it is difficult to explain this lack of consensus in the literature, it may 

reflect the differences in the endurance phenotype across the studies. Furthermore, factors 

that influence basal vascular sympathetic outflow with human ageing, such as abdominal 

adiposity (Jones et al., 1997) and blood volume (Best et al., 2014), all are influenced by the 

“dose” of endurance exercise training. 

To isolate the effect of habitual endurance exercise training from that of age, younger 

males were also studied here. As for the older men, no difference was found for basal burst 

frequency between well-trained runners and nonrunners. The vascular sympathetic 
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baroreflex operating point was marginally higher for the runners (by ~33%), but not 

significantly different unlike in the middle-aged groups. These findings for young men are 

similar to those of previous cross-sectional studies (Svedenhag et al., 1984; Seals, 1991; 

Christou et al., 2003). Furthermore, vascular sympathetic baroreflex gain was similar for 

young runners and nonrunners. Thus, these data suggest that chronic habitual endurance 

exercise in young men does not “induce” a higher operating point of the vascular 

sympathetic baroreflex. 

Differences in resting heart rate between young runners and nonrunners are 

comparable with those for the middle-aged men. However, one noteworthy distinction 

relates to the difference in resting stroke volume. For young well-trained men, stroke volume 

during supine rest was 50% greater than that of age-matched nonrunners. For middle-aged 

men, resting stroke volume was only 12% greater for runners compared with age-matched 

nonrunners. This lesser difference in stroke volume may explain why habitual endurance 

exercise only effects the operating point for the vascular sympathetic baroreflex for middle-

aged runners. That is, compared to young runners, middle-aged runners are more reliant on 

MSNA support of arterial blood pressure rather than cardiac output. However, further 

investigation of the potential interaction of left ventricular stroke volume, the vascular 

sympathetic baroreflex and habitual exercise is required. 

The interpretation for young men in this study is consistent with a previous report 

that endurance training does not influence autonomic support of blood pressure in the young 

(Jones et al., 2002). However, these findings do contrast with those from another study by 

Alvarez and colleagues (2005). As in the present study, burst occurrence was marginally 

higher in trained men, while basal MSNA burst frequency was similar. However, when 

adiposity is taken into account, burst occurrence and burst frequency both were greater for 

endurance-trained versus sedentary men (Alvarez et al., 2005). Furthermore, in contrast to 

the data presented in this chapter, sympathetic baroreflex gain (assessed during the modified 
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oxford baroreceptor test) was lower in endurance-trained compared with sedentary young 

men; an effect irrespective of percentage body fat (Alvarez et al., 2005). This suggests that 

body composition may be important, at least in younger men; however, the lack of difference 

in the vascular sympathetic operating point between the young men in this chapter remained 

following ANCOVA with either BMI (P = 0.265) or body fat percentage (P = 0.153).  

The effect of habitual exercise on cardiovagal baroreflex control  

Although considerable debate exists surrounding mechanism(s) involved (Billman, 2017; 

Boyett et al., 2017), it is well known that endurance athletes display exercise-induced 

bradycardia. In spite of this, arterial baroreflex regulation of blood pressure is mediated 

predominantly via sympathetic vascular control, rather than by reflex changes in cardiac 

interval (Dampney, 2017). Nevertheless, the effects of habitual endurance exercise on the 

responsiveness of the cardiovagal baroreflex in middle-age were studied here. For well-

trained middle-aged men, as expected, the cardiovagal baroreflex operated around a longer 

R-R interval at rest; however, both operating pressure and gain were similar between middle-

aged runners and nonrunners. Previous work has shown that middle-aged endurance trained 

men display greater cardiovagal baroreflex gain than sedentary controls, but not moderately-

active, age-matched peers (Monahan et al., 2000). In the case of the younger trained men, 

the cardiovagal baroreflex also operated around a longer heart period, with a lower operating 

pressure but no difference in baroreflex gain compared with age-matched nonrunners. This 

finding for cardiovagal baroreflex gain is in agreement with previous studies in younger men 

(Monahan et al., 2000; Christou et al., 2003; Alvarez et al., 2005). 

Remodelling of the vascular sympathetic baroreflex  

Mechanosensory transduction, central processing, and efferent neurotransmission are 

integrated as the three primary components of baroreflex regulation of vascular tone and R-

R interval, and therefore arterial pressure. It is proposed that human ageing may have 

opposing influences on the mechanical and neural components of the vascular sympathetic 
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baroreflex (Studinger et al., 2009). However, it is only possible to speculate upon potential 

sites where additional remodelling in the vascular sympathetic baroreflex arc might have 

occurred in committed middle-aged runners, which may explain the findings presented here. 

Many years of training may influence the strength and/or timing of barosensory signals 

controlling vascular sympathetic burst occurrence. This could arise from altered 

mechanosensory transduction, in the more compliant carotid arteries (Tanaka et al., 2000; 

Talbot et al., 2020) but not aorta (Chapter 4) and/or a change to the threshold for baroreceptor 

activation. Specifically, during the longer diastole, in runners, more complete elastic recoil 

could lead to a longer period of ‘silence’ in the afferent baroreceptor signal (Kienbaum et 

al., 2001). The apparent lack of a similar upward setting of the MSNA operating point for 

younger trained men, who also display bradycardia, does contradict this. However, 

endurance-training induced cardiovascular remodelling may only lead to upward setting of 

the vascular sympathetic baroreflex in middle-aged men due to increased autonomic support 

of blood pressure with age (Jones et al., 2001). 

Animal studies indicate that chronic exercise potentially influences baroreceptor 

control of sympathetic bursts at brain structures including, the nucleus tractus solitairius, the 

paraventricular nucleus of the hypothalamus, and the rostral ventrolateral medulla (Mueller 

et al., 2017). Brain imaging studies have identified some of these sites as regions of 

baroreflex control in humans (Kimmerly et al., 2005; Kramer et al., 2014). Notably, 

however, short-term exercise training in animals leads to reduction in the level of vascular 

sympathetic activity; whether these same brain regions remodel in the opposite manner to 

facilitate increases in sympathetic outflow with chronic exercise, as shown in this chapter, 

is unclear. It is possible, therefore, that neural plasticity and exercise-induced changes in 

central processing underpin the higher sympathetic burst occurrence in middle-aged trained 

males. 
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 Changes to efferent neurotransmission in the vasculature also may mediate the 

upward setting of the vascular sympathetic baroreflex in middle-aged runners. 

Vasoconstrictor responsiveness to noradrenaline declines with advancing age (Dinenno et 

al., 2002; Smith et al., 2007), which may counteract the effects of elevated MSNA burst 

frequency. Alpha-adrenergic vasoconstrictor responsiveness has been shown to be reduced 

following short-term (8 weeks) exercise training in middle-age (Mortensen et al., 2014). 

This may contribute to the findings of Notarius and colleagues (2012), where they observed 

lower sympathetic vascular transduction, assessed during baroreflex-mediated 

sympathoexcitation, in endurance-trained compared to sedentary middle-aged men. 

Previously, a reduction of sympathetic vascular transduction has been proposed to contribute 

to orthostatic intolerance observed in some highly-trained individuals (van Lieshout, 2003). 

Another possibility is that this higher vascular sympathetic baroreflex operating point may 

be a compensatory mechanism to offset training-induced microvascular adaptation, for 

example exercise-induced angiogenesis (Laughlin et al., 2012). Each of these possibilities 

require investigation. Notably, irrespective of the location(s), habitual endurance exercise-

induced cardiovascular remodelling does not alter vascular sympathetic baroreflex gain, at 

least not the integrated gain. 

Methodological Considerations 

There are some limitations of this chapter which warrant consideration. First, vascular 

sympathetic baroreflex gain was calculated by associating spontaneous fluctuations in DBP 

to the probability of MSNA burst occurrence. Burst strength (i.e amplitude) was not taken 

into account because baroreceptor signals modulate burst occurrence, whereas less is known 

as to whether baroreflex mechanisms govern burst amplitude (McAllen and Malpas, 1997; 

Kienbaum et al., 2001). In addition, vascular sympathetic baroreflex gain was not assessed 

separately during “ups” and “downs” in pressure; therefore this analysis does not take 

baroreflex hysteresis into account (Hart et al., 2011).  
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Second, many external factors could influence the results presented here. It is 

reported that dietary salt and nitrate can influence vascular sympathetic activity (Matthews 

et al., 2017; Notay et al., 2017). Although diet was not controlled in this study and may have 

affected the outcomes, all participants did attend the laboratory following a 6 hour fast. Every 

effort was made to accurately record the number of years over which an individual had 

exercised at their current level. In addition, self-reported training history was recorded in 

runners and there was a clear difference in maximal aerobic capacity between the trained 

and recreationally-active groups. However, group allocation, determined by habitual 

endurance training, may limit the conclusions based on other components of exercise 

training. These components include mode, intensity, duration, all of which may have an 

impact on cardiac, vascular and neural remodelling. Furthermore, we did not collect any 

objective measures of physical activity levels. Because sex of the participants was controlled 

for in this study, future studies are required to further address potential sex differences in the 

effects of habitual exercise on vascular sympathetic baroreflex function. Although all 

participants were non-obese, adiposity was not specifically controlled for, which is known 

to influence vascular sympathetic activity. However, post-hoc analysis suggests that 

percentage body fat was not a significant covariate for any indices of MSNA in this study.  

Finally, the a priori intention of this study was to investigate the effect that chronic 

habitual endurance exercise has on vascular sympathetic activity and vascular sympathetic 

baroreflex regulation of resting blood pressure in healthy middle-aged men. However, young 

men were also studied to discern the effect of habitual exercise independently of 

cardiovascular ageing. The use of independent samples t-tests reflects these a priori 

questions. To limit the chance of a type 1 error, the statistical comparisons to determine the 

effects of habitual exercise were not completed in one statistical model. 
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5.5 Conclusion 

This study demonstrates upward setting of the vascular sympathetic baroreflex regulation of 

MSNA in habitually endurance-trained middle-aged men. Notably, upward setting of the 

vascular sympathetic baroreflex coupled with exercise-induced bradycardia, results in a 

similar basal MSNA burst frequency compared with recreationally-active peers. 

Furthermore, this study demonstrates that training status does not significantly influence the 

MSNA operating point for younger well-trained men, who also display similar exercise-

induced bradycardia and basal MSNA burst frequency compared with recreationally-active 

peers. Notably, there was no effect of habitual exercise on vascular sympathetic or 

cardiovagal baroreflex gain studied here, which were assessed during supine rest only. The 

effects of habitual exercise on vascular sympathetic and cardiovagal baroreflex function 

during reflex sympathoexcitation are unclear but warrant future investigation. Remodelling 

within the vascular sympathetic baroreflex arc, culminating in a higher MSNA operating 

point, may also be an example of phenotypic adaptation to chronic (~30 years) habitual 

endurance exercise. This occurs, presumably, to maintain resting vascular tone and blood 

pressure and to complement cardiac and vascular adaptations to chronic endurance exercise 

training. 

5.6 Study Hypothesis 

i) Vascular sympathetic baroreflex function would not be different between middle-aged 

runners and nonrunners (REJECTED).  

 

This chapter shows that chronic habitual endurance exercise until middle-aged 

normotensive influences the operating point of the vascular sympathetic baroreflex, despite 

no influence on the operating pressure or gain. This occurs independently of differences in 

the aortic haemodynamic profile (Chapter 4). The influence of habitual exercise on the 

effects of increases in MSNA on vascular tone, and subsequently blood pressure, are 
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however unclear. The effects of habitual exercise on efferent neurotransmission in the 

vasculature (i.e. sympathetic vascular transduction) will be addressed in the final (next) 

experimental chapter. 
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CHAPTER 6. EXPERIMENTAL STUDY 3 

THE EFFECT OF CHRONIC HABITUAL ENDURANCE EXERCISE ON 

SYMPATHETIC VASCULAR TRANSDUCTION DURING 

SYMPATHOEXCITATION IN NORMOTENSIVE MIDDLE-AGED MEN 
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6.1 Introduction 

Chronic habitual endurance exercise in middle-aged men does not influence either aortic 

haemodynamics (Chapter 4) or resting vascular sympathetic activity despite the upward 

setting of the vascular sympathetic baroreflex (Chapter 5). The final research question 

addressed in this thesis is whether chronic habitual endurance exercise influences the third 

component of the vascular sympathetic baroreflex arc, which is efferent neurotransmission 

in the vasculature (as outlined in Chapter 2). This component can be assessed by relating 

MSNA and vascular and/or blood pressure responses during sympathoexcitation and is 

termed sympathetic vascular transduction. The influence of habitual endurance exercise on 

sympathetic vascular transduction is not well studied to date despite the important role it 

plays in the regulation of blood pressure. 

This research question arises from the report that short-term (8 weeks) aerobic 

exercise training reduces vascular alpha-adrenergic sensitivity in normotensive  middle-aged 

individuals (Mortensen et al., 2014). This study reported blunted vascular responses to intra-

arterial infusions of tyramine, which stimulates the endogenous release of noradrenaline, 

following exercise training. Notably, this could explain the previous finding by Notarius and 

colleagues (2012). In this study of moderately endurance-trained middle-aged men, there 

was no relationship between MSNA and forearm vascular resistance (FVR) during 

sympathoexcitation induced by lower body negative pressure (LBNP). In contrast, the 

sedentary middle-aged men displayed a positive association between MSNA and FVR across 

LBNP. These findings led the authors to suggest that there was an alteration in sympathetic 

vascular transduction in middle-aged endurance-trained men (Notarius et al., 2012). 

However, resting blood pressure was different between these groups of middle-aged men, 

with the sedentary group having high-normal blood pressure. Thus, it is unclear as to whether 

the differences in the MSNA-FVR relationship reflects the effects of habitual exercise on 

sympathetic vascular transduction per se or between-group differences in arterial pressure. 

In other words, it is unclear whether sympathetic vascular transduction was exaggerated in 
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the sedentary individuals in this study. Furthermore, endurance-trained men were compared 

to sedentary and not recreationally-active men. 

Given this uncertainty, the primary aim of this study was to determine the effect of 

chronic habitual endurance exercise on sympathetic vascular transduction in normotensive 

middle-aged men. To address this aim, participants underwent multiple conditions which 

elevate vascular sympathetic activity (termed sympathoexcitation): i) cold pressor test 

(CPT); ii) static hand grip exercise (SHG), where both central command (Williamson, 2010) 

and the muscle metaboreflex (Mitchell et al., 1983) are engaged; and, iii) isolated muscle 

metaboreflex activation following SHG, with post-exercise muscle ischaemia (PEMI). To 

quantify sympathetic vascular transduction, relationships between MSNA and FVR and 

forearm vascular conductance (FVC) and systemic vasomotor tone (DBP) were constructed 

for CPT and PEMI. These linear slopes were compared between middle-aged runners and 

nonrunners. In line with the report of lower vascular alpha-adrenergic sensitivity following 

short term exercise training in middle-age (Mortensen et al., 2014), the hypothesis for this 

study was that sympathetic vascular transduction would be lower in middle-aged male 

runners compared to age-matched recreationally-active nonrunners. Testing this hypothesis 

also enabled investigation of a potential explanation for the higher set point of the vascular 

sympathetic baroreflex in middle-aged male runners reported in this thesis. (Chapter 5). As 

a secondary aim, sympathetic vascular transduction was also compared for young runners 

and nonrunners to isolate the effect of habitual exercise from that of age. 

6.2 Methodology 

Study Overview 

For this experimental chapter, participants underwent continuous recordings of blood 

pressure, vascular sympathetic activity (i.e. MSNA) and forearm blood flow (FBF) during 

CPT, SHG and PEMI (Figure 27). Echocardiography was also performed during baseline 

and at the end of each stimulus. SHG was utilised to elicit a period of isolated muscle 
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metaboreflex activation. However, sympathetic vascular transduction was only assessed 

during CPT and PEMI. During SHG cardiac output and contralateral forearm, but not leg, 

blood flow is increased (Eklund et al., 1974; Jacobsen et al., 1994); the increase in FBF 

appears to be mediated via β-mediated vasodilation (Eklund and Kaijser, 1976). Notably, 

alpha-adrenergic blockade significantly blunts the pressor response to CPT (Monahan et al., 

2013) and PEMI (Kiviniemi et al., 2012) which highlights that the response to these stimuli 

is primarily mediated via the sympathetic vascular response. Therefore, the forearm vascular 

and blood pressure responses during CPT and PEMI primarily reflect the ability of MSNA 

to elicit changes in vascular tone, as there is no confounding influence of an increase in 

cardiac output and/or FBF on sympathetic vasoconstriction. 

 

Figure 27 – Study 3 Schematic. 

 

Cold pressor test, static hand grip exercise and post-exercise muscle ischemia 

Following one minute of baseline, all participants submerged their left hand, up to the wrist, 

in an ice water bath (2-4°C) for two minutes. After at least 10 minutes of recovery from CPT, 

during which the hand was warmed, SHG exercise was performed at 35% of maximal 

voluntary contraction (MVC) until task failure using a commercially-available device 

(MLT003/D, ADInstruments, UK) gripped with the left hand (5 participants were left hand 

dominant). Task failure was determined when participants were unable to maintain 85% of 

the required force for > 3 seconds. The MVC was calculated as the highest value of three 

maximal efforts completed prior to the SHG test. During SHG, participants were given 

continuous visual and auditory feedback to help maintain the required force. At the point of 

task failure, PEMI was established which lasted for two minutes. This involved inflation, to 
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220 mmHg, of a cuff positioned around the forearm of the left arm, immediately distal to the 

olecranon process, and attached to a rapid inflation and deflation pneumatic device (E20 

Rapid Cuff Inflation System, D.E. Hokanson, Bellevue, USA). Beat-by-beat R-R interval, 

blood pressure (contralateral hand), brachial artery diameter and blood velocity 

(contralateral arm) and MSNA (lower limb) were collected continuously throughout each of 

the tests. Each stimulus was performed with participants supine. Furthermore, stroke volume 

was assessed during the final 15 seconds of baseline, CPT, SHG and PEMI. Participants 

were instructed to avoid breath holding during each test, which was monitored throughout 

as all participants were instrumented with a nasal cannula attached to a capnograph 

(Capnocheck® Sleep Capnograph, Smiths Medical, UK). 

Experimental Measurements 

Haemodynamics 

Beat-by-beat brachial artery blood pressure was monitored via finger photoplethysmography 

and R-R interval was recorded using a three-lead electrocardiogram (Finometer® Pro, FMS, 

Groningen, Netherlands), as for Chapter 5. Reconstructed brachial artery blood pressure 

waveforms were calibrated against average resting SBP and DBP measured via manual 

sphygmomanometry (Welch Allyn Durashock DS66, UK). Stroke volume was recorded via 

echocardiography (Vivid E9, GE Medical, Norway) as outlined in the previous chapter; 

however, only single-plane (4-chamber) images were used to calculate left ventricular stroke 

volume in this chapter, due to it not being possible to record reliable apical 2-chamber images 

during each stress. 

Forearm Blood flow 

B-mode images of the brachial artery, in the distal third of the upper right arm, were obtained 

to determine arterial diamater by one experienced vascular sonographer (see Appendix III) 

using a 12-MHz linear array transducer attached to a high-resolution ultrasound machine 

(Vivid Q, GE Medical, Norway). Doppler ultrasound was used to record blood velocity. 
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Doppler ultrasound 

The Doppler effect enables determination of the velocity of motion of blood or tissue, which 

is important for both vascular and cardiac imaging (although only relevant for vascular 

assessments in this thesis). This Doppler effect is the change in the received frequency of 

vibrations due to the movement of the object (e.g. blood) which reflects the ultrasound 

vibrations back to the transducer. The magnitude of this shift in received frequency is 

directly related to the velocity of movement (McDicken and Anderson, 2011). Due to very 

high temporal resolution, Doppler ultrasound enables real-time recording of sharp peaks and 

troughs in velocity signals and when coupled with B-mode images, termed Duplex 

ultrasonography (Figure 28), it is possible to image both arterial diameter and blood 

(Doppler) velocity simultaneously. Accordingly, duplex ultrasonography was utilised to 

record brachial artery diameter and blood velocity throughout each stimulus.  

 

Figure 28 – Example of a duplex ultrasound image. The right brachial artery was imaged using 
duplex ultrasonography to determine simultaneous recordings of arterial diameter and blood 
(Doppler) velocity. 

 

Muscle Sympathetic Nerve Activity 

Multi-unit MSNA was recorded from the fibular nerve using microneurography, as 

described in Chapter 5. The recording of MSNA was maintained following the six minutes 
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of resting data which was analysed and reported on in Chapter 5. The microneurography 

electrode was not adjusted from recording MSNA throughout this study protocol unless the 

neural signal became diminished or was lost. In these instances, the microelectrode was 

repositioned to enable acquisition of an acceptable MSNA signal in line with the criteria set 

out in Chapter 5. 

Data Analyses 

The two minutes of CPT and PEMI were divided into quartiles, so that data bins were 30 

seconds in duration. To account for inter-individual variability, SHG duration (i.e. time to 

failure) was divided into quintiles, that is 20, 40, 60, 80 and 100%. Haemodynamic, neural 

and vascular data were averaged across each quartile of CPT and PEMI and each quintile of 

SHG. 

 Blood pressure, R-R interval and MSNA were sampled at 1000 Hz on a personal 

computer using a commercially-available data acquisition system (Chart Version 8, 

LabChart Pro, ADInstruments, UK) and saved for offline analysis, as outlined for chapter 5.  

 Stroke volume was calculated as detailed in the previous chapter, but only in one 

plane as noted above. The assessment of stroke volume permitted the calculation of cardiac 

output (heart rate x stroke volume), TPR (MAP/cardiac output) and total vascular 

conductance (TVC; cardiac output/MAP). As for Chapter 5, allometrically scaling stroke 

volume and cardiac output to body surface area did not change the findings from this study; 

accordingly, only absolute stroke volume and cardiac output are reported. Stroke volume, 

and associated haemodynamics, are reported for 42 individuals during all stimuli (7 middle-

aged nonrunners, 12 middle-aged runners, 10 young nonrunners and 13 young runners).  

Post-hoc analysis of synchronised arterial diameter and blood flow velocity data were 

performed using custom semi-automated operator-independent arterial wall-tracking 

software (Woodman et al., 2001), which is independent of investigator bias. The intra-

observer coefficient of variation when analysing arterial diameter using this software is 7% 
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(Woodman et al., 2001). The coefficients of variation for brachial artery diameter, blood 

velocity and forearm blood flow are 4.2%, 22.1% and 27.2%, respectively (see Table 2). 

Video files were imported into the software (BloodFlow Analysis, version 4.0) and each file 

underwent separate calibration to enable determination of artery diameter (cm) and blood 

(Doppler) velocity (time-averaged maximum velocity [TAMAX], expressed in cm·s-1). 

Subsequently, region of interest boxes were placed over a segment of the arterial wall, which 

was stable throughout the recording period, as well as over the doppler signal to enable 

frame-by-frame recording (at 30 Hz, i.e. 30 frames per second) of arterial diameter and 

Doppler velocity. Arterial diameter was determined by a wall-tracking algorithm which 

identifies the top and bottom walls by a rake routine which scans up the region of interest 

and detects the most rapid change in the pixel intensity (i.e. the high contrast of the bright 

arterial walls compared to the dark vessel lumen). From the synchronised measures of 

arterial diameter and blood velocity, FBF was calculated as the product of lumen cross-

sectional area (CSA) and average TAMAX Doppler velocity (as below). 

Calculation of Forearm flood blow: 

Forearm blood flow = ((Diameter/2)2 × 3.14) × Doppler Velocity × 60)  

Where: Brachial diameter is in cm; 3.14 represents π; Doppler velocity is TAMAX in cm·s-1; 
60 is used to convert ml·sec-1 to ml·min-1; FBF is in ml·min-1 (Hearon et al., 2017). 

 

 To index forearm vascular responses during all stimuli FVR ([MAP/FBF]*100, 

100mmHg-1·ml·min-1) and FVC ([FBF/MAP]*100], ml·min-1·100mmHg-1) were calculated. 

Brachial artery diameter did not change during any stimulus, for any group; therefore, the 

changes in blood velocity underpinned any observed changes in FBF. To compare the 

forearm sympathetic vasoconstrictor responses during CPT and PEMI, the percentage 

change (%∆) in both FVR and FVC were calculated from baseline to the final quartile, for 

example: ([FVR final time point-FVR Baseline]/[FVR Baseline]) (Buckwalter and Clifford, 

2001). FVR is the primary index of arterial vascular tone during CPT and PEMI, as blood 
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pressure changes more than flow (Lautt, 1989); nevertheless, both FVR and FVC are 

presented for completeness.  

 Following alignment of each MSNA burst with the appropriate R wave of the ECG, 

inter-recording differences in electrode position were accounted for via normalising burst 

amplitude, which is dependent on the size (Steinback et al., 2010) and number (Ninomiya et 

al., 1993) of neurons firing in close proximity to the recording electrode. The largest 

spontaneous burst was assigned a value of 100 and all other bursts were expressed relative 

to this value. MSNA was quantified as burst frequency (bursts·min-1), mean burst amplitude 

(%), total activity (burst frequency x burst amplitude; %·min-1) and burst incidence 

(bursts·100hb-1). In this chapter, MSNA total activity was focused upon to compare 

between-group responses to CPT, SHG and PEMI and to assess sympathetic vascular 

transduction. However, analyses of between-group differences were also conducted using 

MSNA burst frequency alone, an index of vascular sympathetic activity which is less 

dependent on electrode position. The findings based upon MSNA burst frequency and total 

activity were similar, accordingly only data on MSNA total activity are reported. During 

SHG and PEMI it was not possible to obtain satisfactory recordings of MSNA from one 

middle-aged nonrunner; therefore, data are reported on 9 middle-aged nonrunners during 

these stimuli. Thirty seconds of representative MSNA and blood pressure data are presented 

from one young (Figure 29, A, B and C) and one middle-aged man (Figure 29, D, E and F) 

during baseline, at the end of SHG and at the end of PEMI. 
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Figure 29 – Representative neural and blood pressure data from one young and one middle-
aged man. Thirty seconds of raw muscle sympathetic nerve activity (MSNA) and brachial blood 
pressure (BP) data are shown from one young (panels A, B and C) and one middle-aged male 
participant (panels D, E and F) at baseline, the end of static hand grip (SHG) and the end of post-
exercise muscle ischemia (PEMI), respectively. 

 

To determine sympathetic vascular transduction, stimulus-response relationships 

between indices of MSNA (burst frequency & total activity) and indices of vasomotor tone 

(FVR, FVC and DBP) were constructed, and slopes were calculated from linear regression 

analysis, as performed previously (Halliwill et al., 1996). DBP was used as it is a 

reproducible, easy to measure, target variable of vascular sympathetic activity which 
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indicates systemic vascular responses (Briant et al., 2016). To generate sympathetic vascular 

transduction slopes during CPT and PEMI, the relationship between MSNA burst frequency 

and total activity was plotted against FVR/FVC/DBP from each quartile during CPT and 

PEMI. The baseline value for each variable was included in the regression analyses. Due to 

similar between-group differences when sympathetic vascular transduction was determined 

using MSNA burst frequency and total activity, only data using total activity are reported. 

Statistical Analyses 

As the resting data have been reported and compared in Chapter 5, only data collected during 

CPT, SHG and PEMI are presented and analysed here; that is from the one-minute baseline 

until the end of each test. In line with the primary (MR vs MNR) and secondary (YR vs 

YNR) aims of this study, and after checking data compliance with parametric assumptions, 

the haemodynamic, neural and vascular responses to each stimulus were compared between 

the middle-aged and the young groups. To do this, linear mixed-effects models (including 

subjects as a random factor) were used to determine the main effects of group and time 

(baseline and end of stimulus), as well as for the presence of a significant group*time 

interactions for each between-group comparison during each stimulus. In the presence of a 

significant group*time interaction, post-hoc multiple comparisons would be conducted using 

Fisher’s LSD, as this study conducted pre-planned statistical analyses in line with the 

primary and secondary aims (Perneger, 1998; Cramer et al., 2016). Data collected during the 

intermediate phases of CPT and PEMI are presented in Figures 30 and 31, respectively, 

without error bars, to illustrate the response of each variable as these intermediate data points 

were used to calculate the sympathetic vascular transduction slopes. However, no statistical 

analyses were undertaken on these intermediate data points. Following the linear mixed 

model analyses, the primary research question was addressed by comparing sympathetic 

vascular transduction slopes between the two middle-aged and between the two young 

groups via independent samples Mann-Whitney U tests. Independent samples t-tests were 

used to compare the sympathetic vasoconstrictor responses between groups. All statistical 
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analyses were performed using SPSS (Version 24, Chicago, IL) and all data are reported as 

mean ± standard deviation. Alpha was set a priori at P < 0.05. 

6.3 Results 

Middle-aged men 

The haemodynamic, neural and vascular responses to CPT and SHG/PEMI are reported in 

Tables 5 and 6, respectively. Significant main effects or group*time interactions are 

described in text. The responses of FVR, DBP and MSNA total activity to CPT and PEMI 

are presented separately in Figure 30, as these data were utilised to assess sympathetic 

vascular transduction. Sympathetic vascular transduction slopes, with DBP as the vascular 

outcome, are also shown in Figure 30. The forearm vascular transduction slopes are 

presented alongside forearm sympathetic vasoconstrictor responses during CPT and PEMI 

in Table 7. 

Cold pressor test 

Throughout CPT, heart rate and MAP were lower and stroke volume, MSNA burst frequency 

and incidence were higher in middle-aged runners compared to middle-aged nonrunners. In 

response to the CPT, TPR and all indices of blood pressure and MSNA increased, whereas 

stroke volume and TVC decreased, with no between-group differences in the responses (i.e. 

no significant time*group interactions). Sympathetic vascular transduction, using either 

FVR, FVC or DBP as the vascular outcome, was not significantly different between middle-

aged runners and nonrunners during CPT. Forearm sympathetic vasoconstriction was also 

similar between groups during CPT. 

Static Hand Grip Exercise and Post-Exercise Muscle Ischaemia 

Time to fatigue during SHG was similar in middle-aged runners and nonrunners (255 ± 87 

vs 242 ± 129 seconds, P = 0.798). Throughout SHG, heart rate was significantly lower in 

runners and stroke volume and MSNA burst incidence were higher. Heart rate, cardiac 
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output, MAP, MSNA burst frequency, incidence and amplitude and FBF increased; whereas 

stroke volume decreased during SHG. There were no significant group*time interactions.  

During PEMI, heart rate and MSNA burst amplitude were lower in middle-aged 

runners compared to age-matched nonrunners; whereas stroke volume and MSNA burst 

incidence were higher in runners. TPR, MAP and MSNA burst frequency, incidence and 

amplitude all increased during PEMI; whereas, stroke volume, cardiac output, and TVC 

decreased. There were no significant group*time interactions during PEMI. Sympathetic 

vascular transduction and forearm sympathetic vasoconstrictor responses were not 

significantly different between groups during PEMI. 

Table 5 – Haemodynamic, neural and vascular responses to CPT in middle-aged runners and 
nonrunners 

Variable Group n Baseline End Group 
P 

Time 
P 

Int. 
P 

Haemodynamic        
Heart Rate NR 10 58 ± 9 62 ± 14 < 0.001 0.474 0.743 (bpm) R 13 46 ± 10 47 ± 10 
Stroke Volume  NR 7 73 ± 8 64 ± 9 < 0.001 0.005 0.591 (ml) R 12 84 ± 8 78 ± 7 
Cardiac Output  NR 7 4.5 ± 0.8 4.1 ± 1.0 0.132 0.318 0.924 (l·min-1) R 12 4.0 ± 1.0 3.7 ± 0.8 
TPR  NR 7 22.0 ± 3.4 27.6 ± 5.5 0.250 0.016 0.831 (mmHg·l·min-1) R 12 24.8 ± 5.8 29.5 ± 7.5 
TVC  NR 7 0.046 ± 0.006 0.038 ± 0.007 0.401 0.019 0.699 (l·min-1·mmHg) R 12 0.043 ± 0.011 0.036 ± 0.008 
MAP  NR 10 96 ± 8 108 ± 8 0.031 0.001 0.626 (mmHg) R 12 92 ± 6 100 ± 12 
Neural        
MSNA BF  NR 10 19 ± 11 36 ± 11 0.012 < 0.001 0.183 (bursts·min-1) R 13 31 ± 8 40 ± 11 
MSNA BI  NR 10 32 ± 16 59 ± 18 < 0.001 < 0.001 0.208 (bursts·100hb-1) R 13 69 ± 20 83 ± 17 
MSNA BA  NR 10 64 ± 11 88 ± 42 0.269 0.001 0.651 (%) R 13 52 ± 10 83 ± 27 
Vascular        
FBF  NR 6 93 ± 16 102 ± 15 0.769 0.588 0.997 (ml·min-1) R 9 98 ± 48 107 ± 55 
FVC NR 6 95 ± 15 89 ± 16 0.413 0.725 0.937 (ml·min1·100mmHg-1) R 9 104 ± 47 103 ± 52 
Data are presented as mean ± standard deviation. Significant main effects or interactions are highlighted 
in bold, determined via a linear mixed model. Abbreviations: BA, burst amplitude; BF, burst frequency; 
BI, burst incidence; CPT, cold pressor test; DBP, diastolic blood pressure; FBF, forearm blood flow; 
FVC, forearm vascular conductance; Int., Interaction; MAP, mean arterial pressure; MSNA, muscle 
sympathetic nerve activity; n, sample size; NR, nonrunner; R, runner; TPR, total peripheral resistance; 
TVC, total vascular conductance. 
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Table 6 – Haemodynamic, neural and vascular responses to SHG and PEMI in middle-aged runners and nonrunners 

     SHG  PEMI 

Variable Group n Baseline  End SHG Group 
P 

Time 
P 

Int. 
P 

 End PEMI Group 
P 

Time 
P 

Int. 
P 

Haemodynamic              

Heart Rate NR 9 59 ± 8  81 ± 11 
0.002 < 0.001 0.706 

 56 ± 10 
< 0.001 0.654 0.713 

(bpm) R 13 47 ± 9  72 ± 13  46 ± 11 

Stroke Volume  NR 6 73 ± 7  61 ± 8 
0.007 0.001 0.990 

 62 ± 8 
0.021 0.001 0.591 

(ml) R 12 82 ± 10  70 ± 9  68 ± 9 

Cardiac Output  NR 6 4.4 ± 0.8  5.2 ± 0.9 
0.363 0.014 0.749 

 3.6 ± 0.8 
0.149 0.015 0.979 

(l·min-1) R 12 3.9 ± 1.1  5.0 ± 1.2  3.1 ± 0.8 

TPR  NR 6 22.7 ± 3.1  23.2 ± 3.6 
0.380 0.901 0.731 

 32.5 ± 6.2 
0.319 0.003 0.907 

(mmHg·l·min-1) R 12 25.5 ± 6.8  24.4 ± 7.9  36.0 ± 12.6 

TVC  NR 6 0.045 ± 0.006  0.044 ± 0.007 
0.841 0.793 0.615 

 0.032 ± 0.007 
0.500 0.001 0.828 

(l·min-1·mmHg) R 12 0.042 ± 0.011  0.045 ± 0.015  0.030 ± 0.009 

MAP  NR 9 97 ± 7  118 ± 8 
0.267 < 0.001 0.985 

 111 ± 7 
0.080 < 0.001 0.6538 

(mmHg) R* 12 94 ± 8  115 ± 12  104 ± 11 

Neural              

MSNA BF  NR 9 23 ± 12  47 ± 10 
0.414 < 0.001 0.450 

 36 ± 9 
0.298 0.005 0.450 

(bursts·min-1) R 13 29 ± 10  47 ± 16  37 ± 12 

MSNA BI  NR 9 39 ± 19  63 ± 14 
0.008 0.011 0.208 

 64 ± 17 
0.003 0.004 0.208 

(bursts·100hb-1) R 13 64 ± 22  70 ± 19  74 ± 22 

MSNA BA  NR 9 64 ± 14  107 ± 68 
0.163 0.001 0.507 

 101 ± 50 
0.034 0.002 0.219 

(%) R 13 56 ± 7  85 ± 22  73 ± 22 

Vascular              

FBF  NR 7 101 ± 23  151 ± 58 
0.608 0.018 0.758 

 102 ± 15 
0.701 0.935 0.995 

(ml·min-1) R** 6 106 ± 73  169 ± 63  107 ± 55 

FVC NR 7 103 ± 20  108 ± 40 
0.522 0.583 0.744 

 78 ± 26 
0.960 0.179 0.850 

(ml·min1·100mmHg-1) R** 6 97 ± 59  128 ± 52  82 ± 45 
Data are presented as mean ± standard deviation. Significant main effects or interactions are highlighted in bold, determined via separate linear mixed models for SHG and PEMI.  
* represents n = 13 during PEMI. ** represents n = 6 NRs and n = 7 Rs, during PEMI. Abbreviations: BA, burst amplitude; BF, burst frequency; BI, burst incidence; FBF, forearm blood 
flow; FVC, forearm vascular conductance; Int., interaction; MAP, mean arterial pressure; MSNA, muscle sympathetic nerve activity; n, sample size; NR, nonrunner; PEMI, post-exercise 
muscle ischaemia; R, runner; SHG, static hand grip exercise; TPR, total peripheral resistance; TVC, total vascular conductance.   
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Figure 30 – The forearm vascular, blood pressure and neural responses to CPT and SHG & PEMI in middle-aged runners and nonrunners. (A-F) Data are presented as mean with 
standard deviation error bars. The data points without error bars represent continuously collected data which are shown for completeness only; no statistical analyses were conducted on these 
data but are presented as they were used to construct the transduction slopes. Main effects of group and time and group*time interactions were determined from separate linear mixed models 
comparing baseline to the end of CPT (Panels A-C), SHG and PEMI (Panels D-F); significant (P < 0.05) main effects or group*time interactions are reported in bold. (G-H) Data are 
presented as mean sympathetic vascular transduction slopes from linear regression analyses of MSNA total activity and diastolic blood pressure in 10 middle-aged nonrunners and 13 middle-
aged runners for the CPT (G) and PEMI (H). Effect sizes and P values are presented within Table 7. Abbreviations: CPT, cold pressor test; G, main effect of group; Int, group*time interaction; 
M, middle-aged nonrunner; MR, middle-aged runner; PEMI, post-exercise muscle ischaemia; s, seconds; SHG, static hand grip exercise; T, main effect of time. 
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  Table 7 – Sympathetic vascular transduction and forearm sympathetic vasoconstriction during CPT and PEMI in middle-aged runners and nonrunners 
  Cold Pressor Test  Post-Exercise Muscle Ischaemia 

Variable  nonrunners runners Effect 

Size 
P 

 nonrunners runners Effect 

Size P 

Slopes           

TA-FVR  
(100mmHg-1·ml·min-1·%·min-1) 

n 6 8    5 7   
Slope 0.0241 ± 0.0517 0.0047 ± 0.0172 0.5 0.282  -0.0005 ± 0.0085 0.0098 ± 0.0145 -0.8 0.432 

r 0.38 ± 0.32 0.27 ± 0.29 0.3 0.852  0.33 ± 0.17 0.25 ± 0.26 0.3 0.627 

TA-FVC  
(ml·min-1·100mmHg-1·%·min-1) 

n 6 9    5 7   

Slope -0.0282 ± 0.0610 -0.0017 ± 0.0107 0.6 0.456  0.0027 ± 0.0086 -0.0115 ± 0.0107 1.3 0.106 
r 0.43 ± 0.31 0.34 ± 0.32 0.3 0.615  0.33 ± 0.19 0.20 ± 0.27 0.5 0.688 

TA-DBP 
(mmHg·%·min-1) 

n 10 13    9 13   
Slope 0.0053 ± 0.0077 0.0028 ± 0.0031 0.4 0.563  0.0028 ± 0.0022 0.0016 ± 0.0089 0.2 0.794 

r 0.62 ± 0.28 0.55 ± 0.38 0.2 0.563  0.51 ± 0.33 0.35 ± 0.21 0.6 0.393 
           

Sympathetic Vasoconstriction n 6 9    7 9   
FVR (%∆)  7 ± 12 6 ± 19 0.1 0.889  23 ± 46 6 ± 26 0.5 0.351 
FVC (%∆)  -6 ± 11 -3 ± 16 -0.2 0.748  -10 ± 26 -2 ± 21 -0.3 0.468 
Data are presented as mean ± standard deviation.  Significant differences are highlighted in bold, determined via ANOVA. * represents data reported for 10 middle-
aged nonrunners and 13 middle-aged runners. Abbreviations: CPT, cold pressor test; DBP, diastolic blood pressure; FVC, forearm vascular conductance; FVR, 
forearm vascular conductance; PEMI, post-exercise muscle ischaemia; TA, MSNA total activity.  
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Young men 

The haemodynamic, neural and vascular responses to CPT and SHG and PEMI are reported 

in Tables 8 and 9, respectively. Significant main effects or group*time interactions are 

described in text. FVR, DBP and MSNA total activity are presented in Figure 31. 

Sympathetic vascular transduction slopes, with DBP as the vascular outcome, are also shown 

in Figure 31. The sympathetic vascular transduction slopes are presented alongside forearm 

sympathetic vasoconstrictor responses during CPT and PEMI in Table 10. 

Cold pressor test 

Throughout CPT, heart rate, cardiac output, TVC, SBP and FVC were lower in young 

runners compared to nonrunners; whereas, stroke index, TPR, FVR, and MSNA burst 

incidence were higher in runners. During CPT, TPR, blood pressure (all indices) and MSNA 

(all indices) increased; stroke volume and TVC decreased. There were no significant 

differences in the response to CPT between groups. Sympathetic vascular transduction was 

not significantly different between young runners and nonrunners when assessed using any 

vascular outcome during CPT. There was also no significant effect of habitual exercise in 

young men on forearm sympathetic vasoconstriction during CPT. 

Static Hand Grip Exercise and Post-Exercise Muscle Ischaemia 

Time to fatigue was not different during SHG between young runners and nonrunners (216 

± 161 vs 154 ± 63 seconds, P = 0.282). Heart rate, cardiac output, SBP and MAP were lower 

in young runners compared to nonrunners throughout SHG; whereas, stroke volume, FVR, 

MSNA burst frequency, incidence and total activity were higher in runners. During SHG, 

heart rate, cardiac output, TVC, blood pressure (all indices), MSNA burst frequency, 

amplitude and total activity, and FBF increased; whilst stroke volume and TPR decreased. 

There were no significant group*time interactions during SHG.  

During PEMI, heart rate, cardiac output and SBP were lower in young runners 

compared to nonrunners; stroke volume, TPR and MSNA burst incidence were higher in 
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runners. In response to PEMI, TPR, blood pressure (all indices) and MSNA (all indices) 

increased and stroke volume, cardiac output and TVC decreased. There were no significant 

group*time interactions during PEMI. Neither sympathetic vascular transduction assessed 

during nor the forearm sympathetic vasoconstrictor responses to PEMI were significantly 

different between young runners and nonrunners.  

 

Table 8 – Haemodynamic, neural and vascular responses to CPT in young runners and nonrunners 

Variable Group n Baseline End Group 
P 

Time 
P 

Int. 
P 

Haemodynamic        
Heart Rate NR 10 67 ± 10 72 ± 14 < 0.001 0.310 0.516 (bpm) R 13 48 ± 9 50 ± 10 
Stroke Volume  NR 10 86 ± 16 76 ± 16 0.057 0.036 0.828 (ml) R 13 93 ± 11 85 ± 14 
Cardiac Output  NR 10 5.7 ± 0.9 5.3 ± 0.7 < 0.001 0.281 0.912 (l·min-1) R 13 4.5 ± 0.9 4.2 ± 1.1 
TPR  NR 10 16.7 ± 3.4 19.4 ± 2.9 0.002 0.022 0.737 (mmHg·l·min-1) R 13 20.7 ± 4.2 24.2 ± 5.9 
TVC  NR 10 0.062 ± 0.012 0.053 ± 0.008 0.003 0.018 0.680 (l·min-1·mmHg) R 13 0.051 ± 0.011 0.044 ± 0.012 
MAP  NR 10 93 ± 9 102 ± 8 0.065 0.001 0.589 (mmHg) R 13 90 ± 5 96 ± 7 
Neural        
MSNA BF  NR 10 14 ± 8 26 ± 15 0.820 < 0.001 0.888 (bursts·min-1) R 13 15 ± 7 27 ± 9 
MSNA BI  NR 10 21 ± 13 35 ± 16 0.004 0.001 0.423 (bursts·100hb-1) R 13 32 ± 17 55 ± 19 
MSNA BA  NR 10 63 ± 9 80 ± 23 0.441 0.001 0.502 (%) R 13 56 ± 10 79 ± 22 
Vascular        
FBF  NR 9 122 ± 45 120 ± 42 0.050 0.757 0.872 (ml·min-1) R 10 95 ± 45 89 ± 43 
FVC NR 9 135 ± 50 121 ± 44 0.016 0.874 0.931 (ml·min1·100mmHg-1) R 10 107 ± 49 92 ± 44 
Data are presented as mean ± standard deviation. Significant main effects or interactions are highlighted 
in bold, determined via a linear mixed model. Abbreviations: BA, burst amplitude; BF, burst frequency; 
BI, burst incidence; CPT, cold pressor test; FBF, forearm blood flow; FVC, forearm vascular 
conductance; Int., interaction; MAP, mean arterial pressure; MSNA, muscle sympathetic nerve activity; 
n, sample size; NR, nonrunner; R, runner; TPR, total peripheral resistance; TVC, total vascular 
conductance. 
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Table 9 – Haemodynamic, neural and vascular responses to SHG and PEMI in young runners and nonrunners 

     SHG  PEMI 

Variable Group n Baseline  End SHG Group 
P 

Time 
P 

Int. 
P 

 End PEMI 
Group 

P 

Time 
P 

Int. 
P 

Haemodynamic              

Heart Rate NR 10 70 ± 13  99 ± 9 
< 0.001 < 0.001 0.981 

 66 ± 11 
< 0.001 0.393 0.521 

(bpm) R 13 48 ± 7  77 ± 17  47 ± 7 

Stroke Volume  NR 10 83 ± 13  75 ± 11 
0.001 0.004 0.346 

 72 ± 14 
0.001 0.003 0.617 

(ml) R 13 99 ± 14  84 ± 11  85 ± 12 

Cardiac Output  NR 10 5.8 ± 1.5  7.4 ± 0.9 
0.016 < 0.001 0.823 

 4.7 ± 1.1 
0.015 0.009 0.514 

(l·min-1) R 13 4.7 ± 0.8  6.5 ± 1.7  4.0 ± 1.1 

TPR  NR 10 17.4 ± 3.8  14.4 ± 2.1 
0.049 0.009 0.950 

 23.0 ± 4.4 
0.049 < 0.001 0.589 

(mmHg·l·min-1) R 13 19.6 ± 3.8  16.6 ± 4.29  27.0 ± 7.4 

TVC  NR 10 0.061 ± 0.016  0.071 ± 0.009 
0.074 0.009 0.826 

 0.045 ± 0.009 
0.052 < 0.001 0.692 

(l·min-1·mmHg) R 13 0.052 ± 0.011  0.064 ± 0.017  0.040 ± 0.010 

MAP  NR 10 97 ± 9  121 ± 11 
0.028 < 0.001 0.844 

 122 ± 7 
0.100 < 0.001 0.483 

(mmHg) R 13 91 ± 6  116 ± 7  120 ± 11 

Neural              

MSNA BF  NR 10 11 ± 7  19 ± 12 
0.017 < 0.001 0.214 

 22 ± 11 
0.050 < 0.001 0.611 

(bursts·min-1) R 13 15 ± 9  32 ± 15  29 ± 9 

MSNA BI  NR 10 17 ± 10  21 ± 12 
< 0.001 0.074 0.328 

 34 ± 17 
0.003 < 0.001 0.246 

(bursts·100hb-1) R 13 33 ± 19  47 ± 21  62 ± 19 

MSNA BA  NR 10 62 ± 15  85 ± 32 
0.235 0.001 0.843 

 76 ± 23 
0.619 0.001 0.477 

(%) R 13 56 ± 7  77 ± 23  77 ± 21 

Vascular              

FBF  NR 9 121 ± 50  211 ± 70 
0.086 0.001 0.620 

 113 ± 50 
0.179 0.909 0.707 

(ml·min-1) R* 12 93 ± 48  161 ± 96  97 ± 54 

FVC NR 9 128 ± 50  175 ± 51 
0.148 0.050 0.756 

 92 ± 35 
0.281 0.071 0.679 

(ml·min1·100mmHg-1) R* 12 104 ± 55  159 ± 92  96 ± 52 

Data are presented as mean ± standard deviation. Significant main effects or interactions are highlighted in bold, determined via separate linear mixed models.  
* represents n = 13 during PEMI. Abbreviations: BA, burst amplitude; BF, burst frequency; BI, burst incidence; FBF, forearm blood flow; FVC, forearm vascular 
conductance; Int., interaction; MAP, mean arterial pressure; MSNA, muscle sympathetic nerve activity; n, sample size; NR, nonrunner; PEMI, post-exercise muscle 
ischaemia; R, runner; SHG, static hand grip exercise; TPR, total peripheral resistance; TVC, total vascular conductance. 
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Figure 31 – The forearm vascular, blood pressure and neural responses to CPT and SHG & PEMI in young runners and nonrunners. (A-F) Data are presented as mean with 
standard deviation error bars. The data points without error bars represent continuously collected data which are shown for completeness only; no statistical analyses were conducted on 
these data. Main effects of group and time and group*time interactions were determined from separate linear mixed models comparing baseline to the end of CPT (Panels A-C), SHG and 
PEMI (Panels D-F); significant (P < 0.05) main effects or group*time interactions are reported in bold. (G-H) Data are presented as mean slopes from linear regression analyses in 10 
young nonrunners and 13 young runners. Effect sizes and P values are presented within Table 10. Abbreviations: CPT, cold pressor test; DBP, diastolic blood pressure; G, main effect of 
group; Int, group*time interaction; M, middle-aged nonrunner; MR, middle-aged runner; PEMI, post-exercise muscle ischaemia; s, seconds; SBP, systolic blood pressure; SHG, static 
hand grip exercise; T, main effect of time.   
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Table 10 – Sympathetic vascular transduction and forearm sympathetic vasoconstriction during CPT and PEMI in young runners and nonrunners 
  CPT  PEMI 

Variable  nonrunners runners Effect 

Size 
P  nonrunners runners Effect 

Size P 

Slopes           
TA-FVR  
(100mmHg-1·ml·min-1·%·min-1) 

n 9 9    8 11   
Slope 0.0049 ± 0.0061 0.0042 ± 0.0147 0.0 0.489  0.0048 ± 0.0100 0.0114 ± 0.0384 -0.2 0.657 

r 0.35 ± 0.33 0.32 ± 0.27 0.0 1.000  0.15 ± 0.12 0.24 ± 0.23 -0.5 0.840 
TA-FVC  
(ml·min-1·100mmHg-1·%·min-1) 

n 9 8    8 12   
Slope -0.0061 ± 0.0107 -0.0048 ± 0.0092 0.1 0.606  -0.0068 ± 0.0168 -0.0013 ± 0.0157 0.3 0.678 

r 0.36 ± 0.32 0.32 ± 0.27 0.1 0.888  0.17 ± 0.13 0.28 ± 0.23 -0.5 0.592 

TA-DBP 
(mmHg·%·min-1) 

n 9 13    10 13   
Slope 0.0033 ± 0.0021 0.0041 ± 0.0026 -0.3 0.744  0.0013 ± 0.0053 0.0033 ± 0.0023 0.5 0.563 

r 0.42 ± 0.25 0.51 ± 0.32 -0.3 0.512  0.35 ± 0.30 0.51 ± 0.33 -0.5 0.693 
           
Sympathetic Vasoconstriction n 9 10    9 13   
FVR (%∆)  12 ± 14 18 ± 30 -0.3 0.598  22 ± 34 11 ± 26 0.4 0.441 
FVC (%∆)  -10 ± 12 -10 ± 22 0.0 0.927  -11 ± 29 -5 ± 20 -0.2 0.678 
Data are presented as mean ± standard deviation. Abbreviations: CPT, cold pressor test; DBP, diastolic blood pressure; FVC, forearm vascular conductance; FVR, 
forearm vascular conductance; PEMI, post-exercise muscle ischaemia; TA, MSNA total activity.  
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6.4 Discussion 

The main novel findings from this study are as follows. First, in contrast to the primary 

hypothesis, sympathetic vascular transduction during sympathoexcitation, associated with 

increases in arterial pressure, was not significantly different between middle-aged 

endurance-trained runners and age-matched recreationally-active men. Second, sympathetic 

vascular transduction was also not different between young endurance-trained runners and 

age-matched recreationally-active men. Together, this finding for middle-aged men suggests 

that sympathetic vascular transduction is not an explanation for the upward setting of the 

vascular sympathetic baroreflex in chronic habitually endurance-trained male runners, as 

presented in the previous chapter of this thesis. 

The primary aim of this study was to investigate the effect of chronic habitual 

endurance exercise on sympathetic vascular transduction in middle-aged males. A previous 

study suggested that sympathetic vascular transduction is lower in habitually endurance-

trained middle-aged men, possibly mitigating against an age-related increase in vascular 

sympathetic activity (Notarius et al., 2012). In that study, there was no significant 

relationship between MSNA-FVR in moderately endurance-trained middle-aged men during 

LBNP, unlike the significant correlation observed in age-matched sedentary men. However, 

the sedentary group had a higher resting SBP, which remained higher throughout LBNP, and 

the endurance-trained group had a mean V̇O2 Peak of 42.7 mL·kg-1·min-1 which was 129% 

of predicted (Notarius et al., 2012). Given the interest in the chronic effects of habitual 

endurance exercise in this thesis, sympathetic vascular transduction was assessed in this 

study using a cohort of normotensive habitually endurance-trained runners and age-matched 

recreationally-active nonrunners. In comparison to the participants studied by Notarius and 

colleagues (2012), the runners studied here presented with a V̇O2 Peak of 50.7 mL·kg-1·min-

1 which, using the same equation, was 143% of predicted, suggesting the runners studied in 

this thesis were more well-trained than those studied previously (Notarius et al., 2012). 
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However, in contrast to findings of Notarius and colleagues, this study found that 

sympathetic vascular transduction was not different between trained and untrained middle-

aged males. Furthermore, in the current study, habitual exercise had no influence on 

sympathetic vascular transduction in younger males. This finding also contradicts a previous 

report which found smaller vasomotor responses despite a greater increase in MSNA in 

young endurance-trained compared to untrained men (Fadel et al., 2001). Notably, the 

vasoconstrictor response during orthostatic stress also is attenuated for young endurance-

trained men (Raven et al., 1984; Smith et al., 1988; Stevens et al., 1992; Ogoh et al., 2003b). 

Thus, it has been suggested that endurance training may decrease sympathetic vascular 

control (van Lieshout, 2003). Lower sympathetic vascular transduction could contribute to 

orthostatic hypotension and intolerance in some endurance-trained athletes (Levine et al., 

1991a; Levine et al., 1991b), and why “trained men can run, but they cannot stand” 

(Greenleaf et al., 1981). However, future studies are warranted to further explore whether 

habitual exercise does influence sympathetic vascular transduction. 

Compared with these previous studies, a different methodological approach was 

utilised to characterise sympathetic vascular transduction in this chapter. Here, 

sympathoexcitation was associated with elevated arterial pressure, which contrasts 

sympathoexcitation induced by LBNP (Notarius et al., 2012) and thigh cuff release (Fadel 

et al., 2001). This differential effect on blood pressure may explain the contrasting findings 

for sympathetic vascular transduction in this study. Notably, however, non-alpha-adrenergic 

effects on total vascular conductance appear to be greater during baroreflex stress (Kiviniemi 

et al., 2012), unlike the primarily adrenergic mediated responses to CPT (Monahan et al., 

2013) and PEMI (Kiviniemi et al., 2012). Collectively, the findings of this study may reflect 

that, as part of an integrated pressor response dependent primarily on alpha-adrenergic 

vasoconstriction, habitual exercise does not influence sympathetic vascular transduction. 

Indeed, any difference in sympathetic vascular transduction between endurance-trained and 

untrained men could be apparent only during a hypotensive stimulus; whereby reflex 
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sympathoexcitation is fundamental to “defend” arterial pressure. Whether blunted 

sympathetic vascular transduction during hypotension is mediated by neural mechanisms, 

such as lower rate coding, or recruitment, of previously silent sympathetic axons (Shoemaker 

et al., 2018), or vascular mechanisms, such as reduced alpha-adrenergic responsiveness 

(Mortensen et al., 2014), requires further study. Nevertheless, in the present study, utilising 

previously employed hypertensive physiological stressors (Halliwill et al., 1996; Jarvis et 

al., 2011; Tan et al., 2013; Usselman et al., 2015; Hissen et al., 2019; Engelland et al., 2020), 

sympathetic vascular transduction was not influenced by habitual exercise in middle-aged 

or young men. Future studies should provide further evidence as to the effects of habitual 

exercise on sympathetic vascular transduction throughout healthy human ageing utilising 

hypo- and hypertensive stimuli and recording vascular responses in both upper and lower 

limbs, as the effects may be stimulus and/or limb (i.e. trained vs untrained) dependent. 

The hypothesis tested in the current study was formulated based upon a report of 

lower vascular alpha-adrenergic sensitivity following short term endurance-training in 

middle-age (Mortensen et al., 2014). Importantly, to the best of the authors knowledge, no 

study has specifically investigated the effect of chronic habitual endurance exercise on 

vascular adrenergic sensitivity. Therefore, differential effects of acute and chronic endurance 

training may explain the disparity between the findings from Mortensen and colleagues 

(2014) and those presented here. Furthermore, differences in the methodological approaches, 

that is assessment of vascular alpha-adrenergic sensitivity via intra-arterial tyramine infusion 

in the lower limb versus vascular transduction assessed in the upper limb, may also 

contribute. Adrenergic sensitivity of vessels appears greater in the lower compared to the 

upper limbs (Pawelczyk and Levine, 2002); whether this difference is accentuated by 

exercise training is unknown (i.e. trained lower vs untrained upper limbs). Future studies 

should determine the effects of chronic habitual exercise of vascular adrenergic sensitivity, 

alongside assessments of sympathetic vascular transduction, in both trained and untrained 

limbs. 
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Another finding of note in this study relates to the changes in DBP and MSNA burst 

incidence (i.e. vascular sympathetic baroreflex resetting) in response to CPT, SHG and 

PEMI. It is well known that the vascular sympathetic baroreflex resets during these stimuli 

(Cui et al., 2002; Ichinose et al., 2004; Ichinose et al., 2006), to mediate the increase in 

arterial pressure. Although not tested specifically in the present study, the findings of similar 

increases in DBP and MSNA burst incidence in response to all stimuli suggest that the 

resetting of the vascular sympathetic baroreflex operating point occurs independently of 

habitual exercise in middle-aged and young men. Notably, baroreflex gain was not assessed 

during any stimulus in this study. This observation is of interest in middle-aged men 

especially, since the resting vascular sympathetic baroreflex operating point is higher in 

middle-aged runners (Chapter 5). Thus, runners can only increase burst incidence from rest 

by around one third before they hit the “ceiling” of MSNA burst incidence (i.e. 100 

bursts·100hb-1). Whereas, middle-aged nonrunners have the capacity to double the MSNA 

operating point before reaching this ceiling. Hypothetically, operating closer to the “ceiling” 

may make it more difficult for middle-aged runners to increase MSNA burst incidence, 

requiring a greater change in MSNA burst amplitude. Nevertheless, during moderate 

sympathetic stress at utilised in this study, vascular sympathetic baroreflex resetting is 

proportionally similar for middle-aged runners and nonrunners. Furthermore, the response 

of MSNA burst amplitude was similar between middle-aged groups. This suggests that the 

higher resting operating point is not a barrier to elevating MSNA in middle-aged runners. 

Whether this is the case during more severe sympathetic stress, for example combined head-

up tilt and LBNP to presyncope (el-Bedawi and Hainsworth, 1994), is unknown but warrants 

future investigation. 

Methodological considerations 

There are some limitations of this chapter which warrant consideration. First, in the present 

study MSNA was recorded from the fibular nerve and local blood flow was recorded in the 

brachial artery. During SHG the increases in MSNA are similar between upper and lower 
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limbs, but are lesser in the lower limb during PEMI (Wallin et al., 1989). Importantly, 

however, there were no differences in sympathetic vascular transduction when calculated 

using a systemic vascular outcome (DBP). Future studies should record both upper and lower 

limb arterial and venous tone, with simultaneous fibular and radial MSNA, during each 

stimulus to further characterise sympathetic vascular control.  

Second, there are multiple methods being employed within the literature to assess 

sympathetic vascular transduction, with no consensus as to which is the most appropriate. In 

this study sympathetic vascular transduction was assessed from the slope of the relationship 

between vascular sympathetic activity and indices of vascular tone calculated using an 

established method (Halliwill et al., 1996). This analysis is used widely in the literature, but 

it presumes a linear relationship between vascular sympathetic activity and vasomotor 

responses and does not assess the temporal relationship between variables. In addition, 

forearm sympathetic vasoconstriction (%∆ in FVR and FVC) was assessed, a measure 

mathematically-independent of MSNA; these findings support the conclusion of no effects 

of habitual exercise on sympathetic vascular control. Whether habitual exercise related 

differences in sympathetic vascular transduction exist at rest (Fairfax et al., 2013), but not 

during reflex sympathoexcitation, is unknown but warrants further investigation.  

Finally, in the current study only males were included due to sex-based differences 

in sympathetic vascular control (Briant et al., 2016), to isolate the effects of habitual 

exercise. Future studies should assess whether there are sex-dependent effects of habitual 

exercise on sympathetic vascular transduction, as there are sex-related differences in the 

level of resting MSNA in older age (Ng et al., 1994a). 

6.5 Conclusion 

This chapter provides important new insight into the interaction of habitual exercise and 

efferent neurotransmission in the vasculature, studied here as sympathetic vascular 

transduction. Chronic habitual endurance exercise does not influence sympathetic vascular 



 

134 

transduction in normotensive, middle-aged men. Furthermore, this effect does not appear to 

age-dependent, as sympathetic vascular transduction was similar for young groups. When 

considered alongside the key novel finding from Chapter 5, it appears that the upward setting 

of the vascular sympathetic baroreflex in middle-aged men is not explained by lower efferent 

neurotransmission in the vasculature. 

6.6 Hypotheses 

i) Middle-aged runners would have lower sympathetic vascular transduction compared to 

age-matched nonrunners (REJECTED).  
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7.1 Introduction 

The primary aim of this thesis was to characterise the effects of chronic habitual endurance 

exercise on central haemodynamics and peripheral blood pressure regulation in 

normotensive middle-aged men. Three discrete research questions were posed and addressed 

in one large overarching study. Young habitually endurance-trained and recreationally-

active men were also recruited to discern the effects of habitual exercise independently of 

age. The findings from these three related thesis studies provide a comprehensive insight 

into the determinants of blood pressure in the central and peripheral arteries, as data for all 

three studies were collected in the same individuals.  

7.2 Summary of key findings 

The main findings from this thesis are outlined within Figure 32, which describe the effects 

of habitual exercise on aortic haemodynamics and brachial blood pressure regulation in 

normotensive middle-aged men.  

The first main finding from this thesis was that, in opposition to the working 

hypothesis, the aortic haemodynamic profile (stiffness, systolic pressure augmentation and 

pressure) was not different between middle-aged habitually endurance-trained and 

recreationally-active men. Notably, the data presented in chapter 4 contend the well-accepted 

notion that habitual exercise lowers aortic stiffness; aPWV was not different between 

middle-aged runners and nonrunners following the appropriate statistical adjustment for 

aMAP and heart rate. 

 The second key finding, again in contrast to the hypothesis, was that middle-aged 

habitually endurance-trained men were found to have a higher operating point (MSNA burst 

incidence) of the vascular sympathetic baroreflex. The higher MSNA operating point in 

middle-aged runners occurred despite similar operating diastolic pressure and vascular 

sympathetic baroreflex gain. The higher likelihood of MSNA burst occurrence in middle-
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aged runners may represent a fundamental physiological adaptation to chronic endurance 

exercise training that supports resting peripheral arterial blood pressure. 

 Lastly, the third key finding from this thesis was that habitual endurance exercise did 

not influence sympathetic vascular transduction in middle-aged men. This finding contrasts 

the a-priori hypothesis. Thus, at least when compared to age-matched recreationally-active 

men, middle-aged runners do not present with lower efferent neurotransmission in the 

vasculature. 

7.2.1 Habitual exercise, central haemodynamics and peripheral blood pressure regulation 

The main novel finding from this thesis is that the vascular sympathetic baroreflex operating 

point is higher in middle-aged male endurance-trained runners compared to age and blood 

pressure matched recreationally-active nonrunners (Chapter 5). This occurs despite no 

significant between-group differences in aortic haemodynamics and sympathetic vascular 

transduction. All hypotheses tested within this thesis were rejected, and all findings appear 

to contradict the previous literature. The reason(s) for the disparity between the findings 

from this thesis and from the previous literature could be related to differences in study 

design. Specifically, the studies in this thesis were developed to investigate the effects of 

habitual endurance exercise on central and peripheral blood pressure in the same sample of 

middle-aged men. This study design provides important new insight which may not have 

been revealed previously, as these assessments have been conducted in different samples of 

individuals across different laboratories. Furthermore, unlike most previous studies, 

endurance-trained runners were compared to age matched recreationally-active, but not 

sedentary, nonrunners; all of whom were normotensive. Thus, these data highlight the effects 

of habitual endurance exercise without the confounding effects of sedentarism and elevated 

blood pressure.
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Figure 32 – Effects of habitual endurance exercise on central haemodynamics and peripheral blood pressure regulation in middle-aged men. The findings from 
study 1 (chapter 4; top), 2 (chapter 5; middle) and 3 (chapter 6; bottom). Significant differences between groups are shown by the green directional arrows; no significant 
difference between groups is shown by the red bi-directional arrows.
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It is important to consider the primary components of the arterial baroreflex arc when 

attempting to understand the contributing mechanism(s) to this upward setting of the 

vascular sympathetic baroreflex in middle-aged runners. The three primary components are: 

(1) mechanosensory transduction, which is influenced by barosensory vessel pressure and 

stiffness (as assessed in the aorta in Chapter 4); (2) central processing; and (3) efferent 

neurotransmission of nerve signals into an end-organ response (i.e. sympathetic vascular 

transduction as assessed in Chapter 6). Based upon the data reported in this thesis, it is 

possible to rule out some potential mechanism(s) which may contribute to the upward setting 

of the vascular sympathetic baroreflex. First, aortic stiffness and pressure were not different 

between middle-aged groups (Chapter 4). Along with the same parameters within the carotid 

arteries, aortic stiffness and pressure play a key role in the arterial baroreceptor sensing of 

mechanical deformation and subsequent afferent signalling to the brainstem. The study of 

mechanical deformation and the associated changes in afferent nerve traffic are difficult to 

study in humans. Thus, these data provide some insight into the central pressure which 

distends the aortic baroreceptors. However, aortic pressure and stiffness are not indices of 

mechanical transduction per se. Second, left ventricular stroke volume was greater in 

middle-aged runners compared to nonrunners (Chapter 5). Hypothetically, this would lead 

to greater likelihood of baroreflex engagement (i.e. gate closing) with each cardiac systole, 

due to the interaction of a greater stroke volume in an aorta of similar stiffness (Chapter 4). 

Whether the baroreceptors themselves reset (Chapleau et al., 1988) following exercise 

training is unknown; however, it is not currently possible to test this in humans. Third, there 

was no difference in the vascular sympathetic baroreflex operating pressure or gain between 

middle-aged men (Chapter 5). Thus, independently of differences in the stimulus to, and the 

responsiveness of, the vascular sympathetic baroreflex the level of MSNA was set higher in 

middle-aged runners. Fourth, sympathetic vascular transduction was not different between 

middle-aged groups (Chapter 6), which, if lower, could lead to increases in MSNA burst 

incidence due to reduced efferent neurotransmission in the vasculature. Together, these four 
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factors which could influence the vascular sympathetic operating point are not effected by 

chronic habitual endurance exercise until middle-age; accordingly, other mechanism(s), 

independently of differences in aspects of mechanical transduction or efferent 

neurotransmission, likely contribute to this difference between groups.  

One possible mechanism is the interaction between exercise-induced bradycardia 

and left ventricular stroke volume in middle-aged runners. Stroke volume was only 

moderately (12%) higher in middle-aged runners when compared to age-matched 

nonrunners. In young men, however, stroke volume was much greater (50% higher) in 

runners compared to nonrunners, with a similar magnitude of exercise-induced bradycardia. 

Notably, there was no difference in the vascular sympathetic operating point in young men. 

Thus, the smaller magnitude of difference in stroke volume between middle-aged runners 

and nonrunners may contribute to the chronic endurance exercise related upward setting of 

the vascular sympathetic baroreflex. The difference in stroke volume between middle-aged 

groups may not be able to offset the increased microvascular density following endurance 

exercise training (Hoier et al., 2012; Laughlin et al., 2012; Baum et al., 2015; Haas and 

Nwadozi, 2015). Accordingly, in an ageing system which is already more reliant on the 

autonomic support of blood pressure (Jones et al., 2001), likely mediated by lower blood 

volume (Best et al., 2014), the moderately higher stroke volume in middle-aged endurance 

runners may not be able to maintain arterial pressure during a longer diastolic period. This, 

in turn, may contribute to why middle-aged runners operate at DBP which is further leftward 

of the midpoint (termed T50) of their baroreflex operating pressure range (Figure 33B), 

compared to nonrunners, quantified as the DBP offset (T50-DBP, mmHg; Figure 33A). 

Operating leftward of T50 (i.e. a negative DBP offset) is associated with higher MSNA burst 

probability (Wehrwein et al., 2010). Importantly, operating DBP and T50 were similar 

between middle-aged groups. As the operating DBP for middle-aged nonrunners was the 

same as their T50 value (DBP offset = 0 mmHg) MSNA burst incidence was 50 
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bursts·100hb-1; whereas, the operating DBP for runners was lower (DBP offset = 6 mmHg) 

than T50, equating to an average MSNA burst incidence of 72 bursts·100hb-1 (Figure 33B). 

 

Figure 33 – Diastolic blood pressure offset from the midpoint (T50) of the operating pressure 
range. (A) T50 is determined from the linear regression equation determined by the analysis of 
vascular sympathetic baroreflex gain. T50 is calculated as the diastolic blood pressure (DBP) 
associated with a 50% likelihood of MSNA burst occurrence, as shown here from a young individual. 
The DBP offset represents the difference between the T50 and the operating DBP. (B) T50 is 
represented by 0. The more positive the DBP offset the lower the MSNA burst probability and vice 
versa. The average DBP offset was more negative in the middle-aged runners compared to the 
nonrunners; accordingly, the average MSNA burst probability was higher in middle-aged runners, 
despite the midpoint of the baroreflex operating range (i.e. T50) being similar between groups (P = 
0.304).  
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The reason(s) for the age-dependent effect of habitual endurance exercise on the 

magnitude of difference in left ventricular stroke volume are unclear. In previous studies of 

middle-aged and older individuals, using both transthoracic echocardiography and cardiac 

MRI, habitual exercise has been shown to be associated with a greater left ventricular stroke 

volume by 17-40% (Arbab-Zadeh et al., 2004; Wilson et al., 2011; Bohm et al., 2016; 

Maessen et al., 2017). In these studies, however, endurance trained individuals were 

compared to age-matched sedentary counterparts. Thus, the finding of a smaller magnitude 

of difference between middle-aged groups here, of 12%, may be mediated by the greater 

level of physical activity in the middle-aged nonrunners studied in this thesis. In young 

individuals, using both transthoracic echocardiography and cardiac MRI, left ventricular 

stroke has been shown to be between 17-55% higher in endurance athletes (Levine et al., 

1991b; Scharhag et al., 2002; D'Andrea et al., 2011; Cooke et al., 2018). Thus, in support of 

the data presented within this thesis, previous studies also report a smaller range of effects 

of habitual endurance exercise on the magnitude of difference in left ventricular stroke 

volume in middle-aged/older compared to younger individuals. Again, the reasons for this 

difference are unclear but may be related to age-associated changes in left ventricular 

diastolic function (Park et al., 2007) or blood volume (Best et al., 2014). However, an effect 

of age was not apparent in the nonrunners studied here as stroke volume was marginally 

higher with age (+2%), unlike the effects of age in the runners (-24%). The aforementioned 

studies (Levine et al., 1991b; Scharhag et al., 2002; Arbab-Zadeh et al., 2004; D'Andrea et 

al., 2011; Wilson et al., 2011; Bohm et al., 2016; Maessen et al., 2017; Cooke et al., 2018) 

used either transthoracic echocardiography or cardiac MRI to determine ventricular 

volumes. Although echocardiography underestimates absolute ventricular volumes 

compared to cardiac MRI (Gardner et al., 2009; Greupner et al., 2012; Marwick et al., 2013), 

the magnitude of difference between-groups is likely to be similar between techniques. 

Together, when the data presented within this thesis are compared to data from previous 

studies, it appears that the magnitude of difference in left ventricular stroke volume is smaller 
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in middle-aged runners compared to nonrunners, but similar in young runners compares to 

nonrunners.  

Physical-activity dependent neuroplasticity could also contribute to the higher 

operating point of the vascular sympathetic baroreflex in middle-aged runners. The 

phenomenon of physical-activity dependent neuroplasticity describes alterations within the 

NTS and RVLM, amongst other brain regions, which adapt following sustained physical 

(in)activity (Mueller et al., 2017). In the animal studies which report this neuroplasticity 

within the central circuitry, the level of peripheral vascular sympathetic activity reduces 

following short-term exercise training (Mueller et al., 2017). Whether these same brain 

regions can also remodel to facilitate increases in vascular sympathetic activity with chronic 

exercise in humans is unclear. It is possible, therefore, that neuroplasticity and exercise-

induced changes in central processing underpin the higher MSNA burst incidence in middle-

aged trained males. However, central processing is difficult to study in humans. Recently, 

recordings of MSNA have been conducted during functional MRI to assess the activation of 

different brain regions, including the NTS and RVLM, and relate this brain activity to the 

firing of MSNA bursts (Macefield and Henderson, 2019). More studies like these will further 

the understanding of the autonomic control of the circulation in humans. Despite suggesting 

this as a mechanism contributing to the upward baroreflex setting, the signal which leads to 

this is not clear. 

In summary, the mechanism(s) which underpin this upward setting of the vascular 

sympathetic baroreflex are unclear but are unlikely to be related to differences in 

mechanosensory transduction or efferent neurotransmission in the vasculature. Thus, the 

most likely mechanism is related to a change in central processing within the brainstem 

following chronic habitual endurance exercise training. These data provide novel insight into 

central haemodynamics and the autonomic regulation and neural control of the circulation 

following chronic habitual endurance exercise. Furthermore, this thesis challenges the 
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conventional wisdom regarding the central haemodynamic and neuro-circulatory 

adaptations with habitual endurance exercise. 

7.3 Significance 

Exercise training is known to induce significant cardiac and vascular remodelling in healthy, 

sedentary and patient populations (Hellsten and Nyberg, 2015). The effects of short-term 

exercise training leads to beneficial cardiovascular adaptations; however, the responses to 

short-term (i.e. weeks) exercise training, independent of the population, are not likely to 

reflect the adaptations to chronic (i.e. years) exercise training. Furthermore, both the number 

and magnitude of the physiological adaptations that occur are likely dependent on training 

intensity and duration. The overarching aim of this thesis was to determine the effects of 

chronic habitual endurance exercise on central haemodynamics and peripheral blood 

pressure regulation. The principal finding from this thesis is related to the effects of habitual 

exercise on the vascular sympathetic baroreflex regulation of peripheral blood pressure. 

 The effects of exercise training on the autonomic nervous system, specifically 

vascular sympathetic activity (i.e. MSNA), have been shown to be minimal in healthy 

individuals. However, significant reductions in MSNA are often observed following exercise 

training in patient populations (Carter and Ray, 2015). To date, the effects of exercise 

training on MSNA are often extrapolated from the studies reporting effects in patients to 

healthy individuals, despite no clear evidence base for this conclusion. Furthermore, when 

endurance-trained individuals are studied they are often compared to sedentary individuals, 

despite the negative cardiovascular consequences of sedentarism (Lavie et al., 2019). 

Therefore, the findings regarding the effects of habitual exercise may differ when healthy, 

normotensive, recreationally-active individuals are used as a control group compared to 

studies recruiting sedentary controls. In line with this, the operating point of the vascular 

sympathetic baroreflex was higher in normotensive middle-aged runners compared to age-

matched nonrunners and was not different between young runners and nonrunners. 
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Therefore, these data clearly show that, in middle-aged and young normotensive men, 

chronic endurance exercise was not associated with lower MSNA and provide evidence that 

exercise training can lead to increases in the MSNA operating point, in the context of the 

arterial baroreflex, to help support peripheral blood pressure in middle-aged men.  

 There are other examples of physiological elevations in MSNA in response to 

cardiovascular remodelling. For example, MSNA increases by ~100% during normotensive 

healthy pregnancy (Reyes et al., 2018). This occurs due to many factors, including the 

significant decrease in total vascular resistance which is not offset by an appropriate increase 

in cardiac output (Meah et al., 2016). Accordingly, this physiological increase in the MSNA 

operating point is a necessary adaptation to aid in the support of arterial blood pressure. 

Although orders of magnitude smaller compared to the vascular adaptations to pregnancy, 

the changes in microvascular density that occur with chronic exercise, mediated by exercise-

induced angiogenesis within the skeletal muscle vasculature (Hoier et al., 2012; Laughlin et 

al., 2012; Baum et al., 2015; Haas and Nwadozi, 2015), may lead to a higher vascular 

sympathetic baroreflex operating point. Furthermore, in this thesis the training-related effect 

on stroke volume was only moderate in middle-age; thus, the magnitude of difference in 

stroke volume may not be large enough to offset the increased microvascular density 

associated with chronic endurance exercise training. Therefore, heightened levels of MSNA 

alongside normal blood pressure may represent an important and necessary autonomic 

adaptation to aid in the regulation of peripheral blood pressure. However, chronically high 

levels of vascular sympathetic activity are suggested to have negative consequences for the 

cardiovascular system. Yet, this conclusion is not binary. This is because the level of 

sympathetic outflow is dependent on the integration of systemic physiology (Charkoudian 

and Wallin, 2014). The cause(s) for the high levels of sympathetic outflow, and to which 

end-organ (i.e. skeletal muscle vasculature versus heart) need to be considered before 

determining whether, or not, the level of sympathetic outflow is of negative consequence 
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(Fisher and Paton, 2012). High levels of sympathetic outflow to other organs or vascular 

beds, as opposed to the skeletal muscle vasculature, may have important clinical 

consequences, as reviewed previously (Fisher and Paton, 2012). 

A key theme that has been referred to throughout this thesis is the appropriate 

selection of a control group when determining the effects of habitual endurance exercise on 

physiological function. The effects of differences in physical activity levels should be 

determined by comparing habitually trained or sedentary individuals to recreationally-active 

individuals. Recreationally-active individuals, who meet the current exercise 

recommendations of at least 150 minutes of moderate or 75 minutes of vigorous physical 

activity per week, as set out by the UK Chief Medical Officers (2019), may more likely 

reflect the “normal” healthy ageing process. This is supported by the data presented in this 

thesis as only heart rate, stroke volume and the MSNA operating point were significantly 

different between middle-aged groups. This suggests that chronic endurance exercise does 

elicit marked adaptations within the cardiovascular system, when compared to 

recreationally-active individuals.  

7.4 Future Directions 

Although there are many research questions regarding the effects of chronic endurance 

exercise training on central and peripheral blood pressure that have come from this thesis, 

future studies should focus on three main themes based upon the data presented here: 

1. The effects of chronic exercise “dose” (i.e. sedentary vs recreationally-active vs 

endurance-trained) on the aortic haemodynamic profile and vascular sympathetic 

activity. These data should be collected across the lifespan (i.e. young vs middle-

aged vs older adults); studies should also determine the effects of sex and race. This 

will have important implications for the understanding of the integrative 

cardiovascular control of blood pressure with healthy human ageing.  
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2. The mechanism(s) underpinning the upward setting of the vascular sympathetic limb 

of the arterial baroreflex following chronic habitual exercise.  The use of functional 

MRI could be coupled with measurements of MSNA, as conducted previously 

(Macefield and Henderson, 2019), to characterise whether changes in the central 

neural circuitry occur with habitual exercise in humans. 

3. To comprehensively determine the effects of habitual exercise on efferent 

neurotransmission in the vasculature. Future studies should assess vascular 

adrenergic sensitivity as well as sympathetic vascular transduction at rest and during 

hypo- and hypertensive stimuli. Vascular responses should be assessed in both upper 

and lower limbs, as the effects may be stimulus and/or limb (i.e. trained vs untrained) 

dependent. The effects of habitual exercise are not well documented across the 

lifespan and may potentially represent an important component of the cardiovascular 

adaptation to habitual exercise that, to date, remains relatively unknown.  

7.5 Thesis Limitations 

There are some general limitations relating to the findings from this thesis that warrant 

consideration. First, the sample size of groups studied in this thesis is small and therefore 

these data need to be collected in a larger population to confirm/refute the findings presented 

here. However, this study was designed to comprehensively assess the integrative regulation 

of arterial blood pressure in four groups, which required simultaneous data collection from 

multiple investigators. This study, albeit in a small sample size, does provide novel insight 

into the effects of habitual endurance exercise on central haemodynamics and peripheral 

blood pressure regulation. Second, only males were studied in thesis due to the sex-based 

differences in central haemodynamics and sympathetic vascular regulation (Hart et al., 

2009a; Casey et al., 2011; Hart et al., 2012a; Hart et al., 2012b; Hart et al., 2013). Future 

investigations should also determine the effects of sex and race on the interaction between 

age and habitual endurance exercise.  Third, in conscious humans it is only possible to record 
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continuous sympathetic vasomotor activity directed to the skeletal muscle vasculature (i.e. 

MSNA); whether the findings presented here would be similar in other vascular regions is 

unknown. Notably, however, the muscle circulation is the largest within the body, thus is of 

prime importance in the regulation of arterial blood pressure (Dornhorst, 1963). Fourth, 

baroreflex function was only assessed at rest in this thesis; the effects of habitual endurance 

exercise on baroreflex function during physiological stress are unclear but warrant further 

investigation. Finally, sympathetic vascular transduction was assessed during two stressors 

associated with increases in arterial blood pressure. Whether the findings presented here 

would be similar when assessed during supine rest or other stressors associated with a fall 

or no significant change in arterial pressure is unknown. 

7.6 Conclusion 

The data in the thesis challenges conventional wisdom which calls for further studies to 

(re)evaluate the effects of chronic habitual endurance exercise on aortic stiffness and the 

autonomic regulation of vascular sympathetic activity. These two parameters contribute to 

central and peripheral blood pressure, respectively. Currently, lower aortic stiffness and 

vascular sympathetic activity are thought to be "hallmark" adaptations to habitual endurance 

exercise; however, data included in this thesis suggest that this may not be the case. This 

thesis shows that chronic (~30 years) habitual endurance exercise has no effect on the aortic 

haemodynamic profile (stiffness, systolic pressure augmentation and pressure), peripheral 

blood pressure, vascular sympathetic and cardiovagal operating pressure and gain, and 

sympathetic vascular transduction. However, habitual endurance exercise in middle-age 

does lead to an increased likelihood of MSNA burst occurrence at rest. This higher likelihood 

of MSNA burst occurrence in middle-aged male runners may represent a fundamental 

physiological adaptation to chronic habitual endurance exercise. This adaptation may be 

necessary to support resting peripheral blood pressure in an expanded cardiovascular system 

with greater reserve.  
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Appendix III – Contributions to data collection.  

  
Table 11 – Experimenter contribution to collection of primary outcomes. 
Experimenter Techniques 
Visit 1  
Denis J. Wakeham Manual Sphygmomanometry to determine arterial blood pressure; 

Indirect calorimetry to determine VO2 Max.  
Tony G. Dawkins Manual Sphygmomanometry to determine arterial blood pressure;  

Applanation tonometry to determine aortic blood pressure and 
aortic and brachial pulse wave velocity (i.e. stiffness). 

Visit 2  

Denis J. Wakeham Manual Sphygmomanometry to determine arterial blood pressure;  
Finger Photoplethysmography to record continuous arterial blood 
pressure;  
Capnography to record respiratory rate. 

Jonathan P. Moore Microneurography to record muscle sympathetic nerve activity. 
Rachel N. Lord Echocardiography to determine left ventricular stroke volume. 
Christopher J. A. Pugh Vascular Ultrasonography to determine brachial artery diameter, 

blood flow velocity and forearm blood flow. 
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Appendix IV – Published manuscripts from this thesis 

Chapter 5 (Study 2) was published in the May issue of the American Journal of Physiology 
– Heart and Circulatory Physiology in 2019: 

Wakeham, D. J., Lord, R. N., Talbot, J. S., Lodge, F. M., Curry, B.A., Dawkins, T. G.,  
Simpson, L. L. S., Shave, R., Pugh, C. J. A. & Moore, J. P. (2019). Upward resetting of the 
vascular sympathetic baroreflex in middle-aged runners. American Journal of Physiology – 
Heart & Circulatory Physiology 317, H181-H189. PMID: 31050557 

 

https://www.ncbi.nlm.nih.gov/pubmed/31050557
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Appendix IV – Other publications during PhD candidature 

Articles in peer-reviewed journals 

1. Pugh, C. J. A., Stone, K. J., Stohr, E. J., Mcdonnell, B. J., Thompson, J. E. S., Talbot, J. 
S., Wakeham, D. J., Cockcroft, J. R. & Shave, R. (2018). Carotid artery wall mechanics 
in young males with high cardiorespiratory fitness. Exp Physiol, 103, 1277-1286. PMID: 
29959801 

2. Stuckless, T. J. R., Vermeulen, T. D., Brown, C. V., Boulet, L. B., Shafer, B. M.,  
Wakeham, D. J., Steinback, C. D., Ayas, N. T., Floras, J. S. & Foster, G. E. (2019). 
Acute intermittent hypercapnic hypoxia and sympathetic neurovascular transduction in 
men. J Physiol. PMID: 31805605 

3. Talbot, J. S., Lord, R. N., Wakeham, D. J., Dawkins, T. G., Curry, B. A., Brown, M., 
Lodge, F. M. & Pugh, C. J. A. 2020. The influence of habitual endurance exercise on 
carotid artery strain and strain rate in young and middle-aged men. Exp Physiol. PMID: 
32578897 

4. Lord, R. N., Wakeham, D. J., Talbot, J. S., Simpson, L. L. S., Curry, B.A., Pugh, C. J. 
A., Shave, R., & Moore, J. P. The influence of barosensory vessel mechanics on the 
vascular sympathetic baroreflex: insights into ageing and blood pressure homeostasis Am 
J Physiol Heart Circ Physiol 319(2): H370-H376. PMID: 32648822 

5. Coombs, G. B., Tremblay, J. C., Shkredova, D. A., Carr, J. M. J. R., Wakeham, D. J., 
Patrician, A., & Ainslie, P. N. 2020. Distinct contributions of skin and core temperatures 
to flow-mediated dilation of the brachial artery following passive heating. J Appl Physiol 
(1985). PMID: 33119469 
 

 

Articles under-review or in preparation 

1. Wakeham, D. J., Lord, R. N., Talbot, J. S., Lodge, F. M., Curry, B.A., Dawkins, T. G., 
Simpson, L. L. S., Pugh, C. J. A., Shave, R., & Moore, J. P. Chronic endurance exercise 
training does not modulate vascular neuroeffector transduction during sympathetic 
activation in male runners (in preparation) 

2. Wakeham, D. J., Lord, R. N., Talbot, J. S., Lodge, F. M., Curry, B.A., Dawkins, T. G., 
Simpson, L. L. S., Pugh, C. J. A., Shave, R., & Moore, J. P. The influence of habitual 
exercise on resting aortic haemodynamics in middle-aged and young men (in 
preparation) 

3. Wakeham, D. J., Lord, R. N., Talbot, J. S., Lodge, F. M., Curry, B.A., Dawkins, T. G., 
Simpson, L. L. S., Pugh, C. J. A., Shave, R., & Moore, J. P. No relationship between 
sympathetic vasomotor outflow and aortic systolic pressure augmentation in young or 
middle-aged men (in preparation) 

4. Wakeham, D. J., Pugh, C. J. A., Shave, R., & Moore, J. P. Insights into the effects of 
chronic habitual endurance exercise on cardiovascular regulation: a report on young 
identical twins and a father and son (in preparation) 

5. Lord, R. N., Wakeham, D. J., Talbot, J. S., Simpson, L. L. S., Curry, B.A., Pugh, C. J. 
A., Shave, R., & Moore, J. P. The influence of age and habitual exercise on left ventricular 
mechanics at rest and during whole body exercise (in preparation) 

 

  



 

183 

Appendix VII – Conference abstracts presented from data within this thesis 

1. Wakeham, D. J., Lord, R. N., Talbot, J. S., Curry, B.A., Brown, M., Dawkins, T. G., 
Shave, R., Moore, J. P. & Pugh, C. J. A. (2017) The effect of age and fitness on the 
sympathetic regulation of vascular function: Study protocol. Cardiff Metropolitan 
University Annual Academic Associate Poster Symposium 2017 held on May 4th, 2017. 
– Poster Communication and 3-minute thesis competition 
 

Introduction Ageing is associated with increased sympathetic nerve activity and arterial 
stiffness, as well as decreased endothelial function. These maladaptations may, in part, 
explain the age-related increase in blood pressure observed in western society. Exercise 
training is known to reduce the effects of ageing on the cardiovascular system. However, it 
is currently unknown whether fitness status can influence the age-related changes to 
sympathetic nerve activity and the cardiovascular system. The aim of this study is to 
investigate the influence of fitness status on sympathetic regulation of vascular structure and 
function in young and middle-aged males. 

Methods Forty-eight healthy males (12 per group) will be recruited into the following four 
groups: young untrained (aged 18-30yrs, <3hrs of exercise per week); young endurance 
trained runners (aged 18-30yrs, >60miles per week for >2yrs); middle-age untrained (aged 
50-64yrs, <3hrs of exercise per week) and middle-age endurance trained runners (aged 50-
64yrs, >30 miles per week for >10 yrs). All participants will be free of cardiovascular, 
metabolic, neurological and renal disease with no exercise contraindications. Participants 
will attend the laboratory on two separate occasions. Visit one involves an assessment of 
resting blood pressure before completing an incremental exercise test to exhaustion on a 
cycle ergometer. The second visit involves the assessment of sympathetic nerve activity 
(recorded from the peroneal nerve, via microneurography), as well as cardiac and vascular 
function (via high-resolution ultrasonography) at rest. The heart and brachial artery will then 
be imaged simultaneously, as well as continuous acquisition of beat-by-beat blood pressure 
(finger photoplethysmography) and sympathetic nerve activity, in response to the cold 
pressor test and static hand grip exercise. 

Results The primary outcome of this study is to characterise the effect of age and fitness on 
sympathetic nerve activity and cardiovascular function at rest and during 
sympathoexcitatory stimuli. This study will provide further insight into the integrative 
mechanisms that underpin blood pressure control and lead to a better understanding of 
healthy cardiovascular ageing. 

NB: Winner of the 3-minute thesis competition 
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2. Wakeham, D. J., Lord, R. N., Talbot, J. S., Curry, B.A., Dawkins, T. G., Simpson, L. L. 
S., Shave, R., Moore, J. P. & Pugh, C. J. A. (2018) Elevated sympathetic vasoconstrictor 
drive to skeletal muscle in middle-aged male runners. Okanagan Cardiovascular and 
Respiratory Symposium held at Silver Start Mountain Resort, Canada, held between 15th-
17th March, 2018. – Oral communication 
 

Regular endurance exercise offsets age-related arterial stiffening, however, it is unclear 
whether endurance training influences age-related increases in sympathetic vasoconstrictor 
drive to skeletal muscle (MSNA). Therefore, we investigated the effect of aging and 
endurance training on MSNA in healthy, normotensive males. Mean arterial pressure (MAP; 
photoplethysmography), arterial stiffness (carotid-femoral pulse wave velocity; PWV) and 
MSNA (microneurography) were assessed at rest in four groups; 10 young (23±3 years) and 
10 middle-aged (53±2 years) nonrunners and 13 young (22±3 years) and 13 middle-aged 
(57±5 years) runners. MAP was higher in middle-aged runners in comparison to young 
runners (93±6 vs 84±5 mmHg, P=0.004) but was not different between middle-aged and 
young nonrunners (95±9 vs 90±9 mmHg, P=0.12). MAP was lower in young runners 
compared to young nonrunners (P=0.07) with no difference between the middle-aged groups 
(P=0.12). PWV was higher in middle-aged compared to young men irrespective of training 
status (runners: 7.8±0.8 vs 6.2±0.5 m.s-1, P<0.001: nonrunners: 8.6±0.9 vs 6.8±0.7 m.s-1, 
P<0.001) and lower in runners compared to age-matched nonrunners (young, P=0.07; 
middle-aged, P<0.001). MSNA was higher in middle-aged compared to young men, again 
irrespective of training status (nonrunners: 50±23 vs 27±12 bursts·100 heartbeats-1, P=0.009; 
runners: 72±15 vs 36±22 bursts·100 heartbeats-1, P<0.001). MSNA was not different 
between young runners and nonrunners (P=0.239), whereas, MSNA was higher in middle-
aged runners compared to nonrunners (P=0.006). High MSNA is related to increased 
cardiovascular risk, however, we propose that in middle-aged runners, with lower arterial 
stiffness, high MSNA is a necessary physiological adaptation required to maintain blood 
pressure.  
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Changes in blood pressure during middle age are associated with elevated muscle 
sympathetic nerve activity (MSNA), alterations in the sympathetic baroreflex, and stiffening 
of the barosensitive aortic and carotid arteries. It is well known that lifelong endurance-
training attenuates the age-related increase in arterial stiffness; however, the impact on 
sympathetic baroreflex function (i.e. operating pressure, set point and gain) is less clear. We 
examined sympathetic baroreflex control of MSNA in age-matched recreationally active 
middle-aged men (n = 10: age, 53 [52-55] years), and determined whether this differed from 
that of lifelong (29 [28-40] years of training) endurance-trained runners (n = 13: age, 57 [54-
59] years). Indices of spontaneous sympathetic baroreflex function were determined from 
beat-by-beat changes in diastolic blood pressure (DBP, photoplethysmography) and the 
corresponding MSNA (microneurography) during six minutes of supine rest. Aortic 
(Carotid-Femoral Pulse Wave Velocity via applanation tonometry) and carotid (β Stiffness 
Index via B-mode ultrasound) stiffness were also measured. Data presented are means [95% 
confidence intervals] and were compared using independent t-tests. Resting heart rate 
(electrocardiogram) was lower in runners (43 [38-47] vs 56 [49-62] bpm, P < 0.01) but mean 
brachial artery pressure was not different (93 [90-96] vs 95 [89-101] mmHg, P = 0.54). 
Aortic (6.8 [6.2-7.3] vs 7.5 [6.9-8.1] m/s-1, P = 0.02) and carotid artery stiffness (4.06 [3.25-
4.88] vs 5.06 [3.94-6.19] AU, P = 0.04) were also lower in runners. Spontaneous sympathetic 
baroreflex operating DBP was similar (77 [74-81] vs 79 [73-85] mmHg, P = 0.57), as was 
MSNA burst frequency (31 [27-34] vs 28 [19-38] bursts/min-1, P = 0.55) and sympathetic 
baroreflex gain (i.e. responsiveness) (-6.1 [-8.0 - -4.1] vs -6.9 [-9.8 - -4.0] %/mmHg-1, P = 
0.55). However, the corresponding MSNA burst incidence (i.e.’ set point’) was higher in 
runners (72 [63-81] vs 50 [33-66] bursts/100hb-1, P < 0.01). In conclusion, lifelong 
endurance runners had lower stiffness in barosensitive arteries, and an upward setting of the 
sympathetic baroreflex; meaning there was a higher likelihood of a burst of MSNA for a 
similar operating DBP. This was evident despite no difference in the responsiveness of 
MSNA to spontaneous fluctuations in blood pressure. We suggest that the greater MSNA 
burst incidence in lifelong runners is necessary to maintain resting blood pressure in the 
context of the training-induced bradycardia, skeletal muscle angiogenesis and possible 
reductions in α-adrenergic sensitivity. Investigation is required to explore the mechanisms 
that underpin modified sympathetic baroreflex function following lifelong endurance 
training. 
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The same abstract was submitted for the above early career meeting as this, the main 
Europhysiology meeting. 
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It is unclear whether chronic habitual endurance exercise training influences the response of 
the arterial vasculature to increases in muscle sympathetic nerve activity (MSNA). 
Therefore, exercise, a known activator of MSNA, was used to assess sympathetic 
neurovascular transduction (SNVT) in 22 middle-aged (50-63 years, n=13 runners) and 23 
young (19-30 years, n=13 runners) normotensive male runners and nonrunners. Continuous 
blood pressure (photoplethysmography), MSNA (peroneal microneurography) and 
contralateral limb forearm blood flow (Doppler ultrasonography) responses were recorded 
during fatiguing static handgrip exercise (SHG; 35% of maximum) and isolated muscle 
metaboreflex activation (via post-exercise muscle ischaemia; PEMI). The slopes of the 
relationships between MSNA total activity and forearm vascular conductance and resistance 
were used to index SNVT during each stimulus. Furthermore, baseline arterial stiffness was 
characterised by aortic (aPWV) and brachial pulse wave velocity (bPWV). Habitual exercise 
did not affect SNVT in either age category. Therefore, the runner and non-runner data were 
pooled to assess the effects of ageing. The increase in blood pressure (P<0.001) and MSNA 
total activity (P=0.018) were greater in middle-aged men during SHG, but not PEMI. SNVT 
was not different. Notably, the change in systolic blood pressure was significantly related to 
aPWV (r=0.643, P<0.001) and bPWV (r=0.342, P=0.023) during SHG only. In conclusion, 
neither habitual endurance exercise nor healthy ageing influence the ability of the arterial 
vasculature to respond to increases in MSNA during exercise. However, arterial stiffening 
and a greater increase in MSNA likely contribute to an ageing-related increase in the blood 
pressure response to fatiguing SHG. 




