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ABSTRACT 

 

MUSCLE SYMPATHETIC NERVE ACTIVITY DURING DYNAMIC EXERCISE IN 

HUMANS: CONTRIBUTIONS TO BLOOD FLOW RESPONSES 

 

 

Connor John Doherty       Advisor: 

University of Guelph, 2018       Dr. Philip J. Millar 

 

This study investigated muscle sympathetic nerve activity (MSNA) and superficial femoral 

artery (SFA) blood flow during rhythmic handgrip (RHG), one-legged cycling, and concurrent 

arm and leg dynamic exercise. Thirty-five healthy young participants completed two study visits. 

MSNA was acquired during 3-minutes of RHG, one-legged cycling, and concurrent exercise. On 

a second day, SFA blood flow was assessed during identical exercise protocols. SFA blood flow 

and MSNA were both recorded from the inactive leg. SFA vascular conductance was unchanged 

during RHG but reduced similarly during concurrent and cycling exercise. RHG increased 

MSNA burst frequency but not burst amplitude or total MSNA. Cycling and concurrent exercise 

did not change MSNA burst frequency but increased burst amplitude, and total MSNA. With 

cycling and concurrent exercise, reductions in resting SFA vascular conductance occurred in 

parallel to increases in MSNA burst strength and total activity but not MSNA burst frequency. 
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Chapter 1. Literature Review 

 

1.1 General introduction 

The completion of exercise relies intimately on the matching of blood flow to the 

metabolic demand of active skeletal muscle (84, 225). This balance is achieved through increases 

in cardiac output and the redistribution of blood from inactive to active tissues (75, 85, 165, 180, 

222). Indeed, a linear relationship has been observed between cardiac output and oxygen uptake 

during exercise (43, 106). A variety of humoural, mechanical, and neural mechanisms are 

thought to contribute to the hyperemic response to exercise (51, 85, 152), yet the precise role of 

the sympathetic nervous system (SNS) remains poorly studied. For example, while sympathetic 

activation is important in maintaining perfusion pressure during exercise (120), accentuating 

sympathetic outflow during exercise does not always diminish blood flow (158, 159, 167, 173). 

Unfortunately, few human studies have measured sympathetic outflow and blood flow to the 

same limb during dynamic exercise (158, 159, 173, 216), primarily as a result of the 

methodological challenges.  

Microneurographic assessments of sympathetic outflow directed towards the vasculature 

in skeletal muscle, termed muscle sympathetic nerve activity (MSNA), have been assessed 

during exercise but predominantly using models of small muscle mass contractions (e.g. static 

handgrip exercise), demonstrating increases in MSNA (e.g. 82, 94, 118, 154, 168, 175, 176, 

183). In contrast, MSNA responses to dynamic leg exercise reveal that at low-to-moderate 

intensity, large muscle mass rhythmic contractions (i.e. cycling or knee extension exercise) can 

decrease MSNA (33, 89, 139, 155, 169). Similarly, conduit artery blood flow can be regulated 

differently during small vs. large muscle mass exercise (60, 61, 202). Given this, observations 
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based on rhythmic or static handgrip or plantar flexion exercise may not be representative of the 

responses observed during more common exercise modes (e.g. cycling, running). At present, it 

remains unclear how changes in MSNA during leg cycling, or concurrent small and large muscle 

mass dynamic exercise, impact conduit artery blood flow and vascular conductance to the resting 

limb. 

 

1.2 SNS during exercise 

 The SNS is important for distributing blood flow towards the exercising tissue (165), and 

maintaining sufficient perfusion pressure (i.e. mean arterial pressure) in the face of metabolic 

vasodilation (106, 120). Accentuated cardiac sympathetic drive contributes to increases in heart 

rate and myocardial contractility, thus increasing cardiac output (133). At the same time, 

increases in peripheral sympathetic outflow evoke vascular smooth muscle vasoconstriction, 

increasing venous return and ensuring the maintenance of mean arterial pressure for organ 

perfusion (85, 133). The critical role of the SNS during exercise is exemplified by the 

consequences of thoracolumbar sympathectomy. In such patients, blood pressure exhibits a 

progressive decline during dynamic exercise (Figure 1) resulting in cerebral hypoperfusion and 

subsequent syncope (120). Thus, it is considered that the SNS plays a critical role in restraining 

exercise-induced peripheral vasodilation (85).  
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Figure 1. Abnormal blood pressure response to supine exercise in an individual with autonomic 

dysfunction as a result of a sympathectomy. Used with permission from Marshall et al. (120). 

 

1.2.1 Methods to measure SNS activity during exercise 

In humans, there are three direct methods to quantify SNS activity during exercise (30, 

36, 37, 58, 62, 159, 173). The first involves the measurement of norepinephrine concentrations 

from plasma. The second involves the assessment of norepinephrine spillover using radiotracer 

technology and catheter-based sampling of venous and arterial blood. This method permits 

specific insight into the regional changes in sympathetic activity and the function of the 

norepinephrine re-uptake transporter (36). Unfortunately, both of these methods are unable to 

collect continuous data, providing only discrete single-time point measures and thus limiting the 

temporal resolution in assessing SNS activity. This may not be suitable for assessing rapid 

changes in sympathetic activity that can occur during the implementation of a stressor, such as 

exercise (22, 83). The third method involves the direct assessment of central sympathetic efferent 

outflow to the peripheral vasculature using a tungsten microelectrode inserted percutaneously 
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into a peripheral motor nerve, a technique called microneurography (178, 207). Using this 

technique, the activity of superficial postganglionic muscle (MSNA) or skin sympathetic nerves 

can be measured continuously, providing a high temporal resolution for assessing changes during 

exercise (178, 207).  

For research studies focused on hemodynamic variables, MSNA is generally considered 

the microneurographic measurement of interest (219). Integrating the raw microneurography 

signal results in a ‘burst-like’ pattern of muscle sympathetic activity (140) which can be 

quantified as burst frequency (bursts/minute), burst incidence (bursts/100heartbeats), burst 

amplitude (% of tallest baseline burst), or total MSNA (the product of burst amplitude and burst 

frequency). Importantly, MSNA displays high intra- (9, 58) and inter-day (41, 193) 

reproducibility at rest (much higher than plasma norepinephrine). Microneurography can also be 

used to record the firing characteristics of individual muscle sympathetic single-units or 

postganglionic fibres (111–114, 125). The main limitation of microneurographic recordings is 

the need to limit excessive movement and muscle activity. Therefore, in the vast majority of 

studies examining the effects of exercise on sympathetic outflow, MSNA is recorded from an 

inactive limb (e.g. 33, 83, 118, 139, 155). Impressively, a small number of studies have 

successfully measured MSNA to the active limb during small muscle mass static exercise (10, 

65, 218). Where possible, the present thesis will focus on measures of MSNA to align with the 

presented thesis research project. An important caveat regarding each of these SNS measures is 

that they do not quantify the end-organ response or neurovascular transduction (i.e. the change in 

vessel diameter or vascular conductance for a given change in SNS activity). 
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1.2.2 Physiological consequences of SNS activity during exercise  

 An increase in central sympathetic outflow results in the release of its primary 

neurotransmitter, norepinephrine, but also neuropeptide-Y (NPY) and adenosine triphosphate 

(ATP), from synaptic vesicles within postganglionic sympathetic fibres (20, 29). Norepinephrine 

can bind to either α- or β-adrenergic receptors located throughout vascular smooth muscle or the 

heart. In general, activation of α1- or α2-adrenergic receptors causes vasoconstriction of 

peripheral vasculature through increases in intracellular calcium and the phosphorylation of the 

myosin light chain within vascular smooth muscle (38, 209). Both β1- and β2-adrenergic 

receptors on sinoatrial or atrioventricular nodes, conduction pathways, and cardiomyocytes are 

responsible for increases in heart rate and contractility (13). Importantly, β2-adrenergic receptors 

are also found on vascular smooth muscle and when bound by norepinephrine, will cause 

vasodilation through reductions in intracellular calcium concentrations (209). Adrenergic 

receptors can also be bound by circulating epinephrine, a catecholamine released from the 

sympathetically-controlled medulla of the adrenal gland (232). During exercise, circulating 

levels of epinephrine are increased (172, 232) and will preferentially bind to vasodilating β-

adrenergic receptors (126). Similar to α-adrenergic receptors, NPY binding to the NPY Y1R 

receptor phosphorylates the myosin light chain, while ATP activation of the P2X1 receptor 

results in an influx of calcium into the cell, both contributing to vascular smooth muscle 

vasoconstriction (14). However, when injected in humans, ATP has demonstrated the ability to 

evoke peripheral vasodilation, mimicking the level that can be achieved during exercise (55, 

129). This vasodilatory effect occurs as a result of ATP binding to P2Y receptors located on 

vascular endothelial cells (21). However, P2X receptors, primarily located on the vascular 

smooth muscle cells have been shown to be preferentially targeted by ATP released from 
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sympathetic neurons (72). Indeed, pharmacological stimulation of P2X receptors with α,β-

methylene ATP reduced vascular conductance at rest and during incremental exercise intensities 

(17). Thus, the specific role of ATP during exercise remains uncertain. 

 

1.2.3 Neurovascular transduction 

The functional consequences of sympathetic activity in regulating peripheral vascular 

tone, termed neurovascular transduction, can be quantified by examining changes in MSNA 

(input) versus changes in vascular tone (output). Vascular tone can be quantified as either 

vascular resistance (mean arterial pressure/blood flow) or vascular conductance (blood 

flow/mean arterial pressure). Previously, it was determined that vascular conductance should be 

used during constant pressure exercise to ensure a more linear relationship between changes in 

vascular tone and blood flow while resistance should be used during constant flow states where 

arterial blood pressure is the main outcome (103). Indeed, it was later recommended that 

vascular conductance is used when describing regional changes in vascular tone (144). The 

majority of studies examining neurovascular transduction have been completed at rest (12, 16, 

42, 64) and report a number of important differences between populations. For example, healthy 

aging is associated with an attenuation in neurovascular transduction (31, 196). A possible 

mechanism for this is the desensitization of α-adrenergic receptors as a result of age-related 

increases in sympathetic outflow (31). In another example, young women possess a blunted 

neurovascular transduction response relative to young men, which is restored following 

menopause (12). This sex difference is believed to be due to the vasodilator effects of circulating 

female sex hormones in premenopausal women (67, 68). Estrogen and progesterone have 

demonstrated the capacity to increase the sensitivity (44) and upregulate the expression (215) of 
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β2-adrenergic receptors, causing peripheral vasodilation, and blunting α-adrenergic 

vasoconstriction, explaining the lack of relationship between MSNA and total peripheral 

resistance in young women (67). However, in older post-menopausal women without the 

influence of circulating sex hormones, and during β-adrenergic receptor blockade in young 

women, a relationship between total peripheral resistance and MSNA can be found (67). 

Additionally, the blunting of forearm sympathetic vasoconstriction to norepinephrine infusion in 

young women can be reversed following the infusion of propranolol, a β-adrenergic receptor 

antagonist noting comparable decreases in forearm vascular conductance (67) and increases in 

forearm vascular resistance (97) to age-matched men. 

With exercise, a one hour bout of cycling at 60% VO2 peak was shown to reduce 

neurovascular transduction during subsequent static handgrip to failure exercise (64). This 

attenuation of the vascular resistance-sympathetic nerve activity relationship has been offered as 

a mechanism for post-exercise hyperemia (64). More recently, no change in neurovascular 

transduction was observed following an hour of one-legged dynamic knee extension at 60% of 

maximal volitional contraction (MVC), suggesting a larger amount of muscle mass may be 

required (16). A possible mechanism for an exercise-induced change in neurovascular 

transduction may be the increased production and presence of exercise metabolites that may 

interfere with sympathetically-mediated vasoconstriction (156, 160). In the proceeding section a 

more thorough description of this mechanism will be provided. 

 

1.2.4 Functional sympatholysis 

The completion of exercise requires a metabolic cost, ultimately increasing the demand 

for ATP (170, 171). Simultaneously, a number of vasoactive molecules are released from the 
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muscle and surrounding vasculature, which promote vasodilation of local resistance and conduit 

arteries, ensuring blood flow is sufficiently supplied to the exercising tissue (51, 52, 71, 98, 119). 

In addition to acting upon the endothelium or directly on vascular smooth muscle, local 

vasoactive chemicals produced during exercise can also attenuate neural vasoconstriction, a 

phenomenon termed functional sympatholysis (156). In a fundamental study by Remensnyder 

and colleagues, blunted sympathetic vasoconstriction was observed in the exercising but not the 

inactive limb of a dog model (156). These findings were later confirmed in humans with a series 

of studies using tyramine to stimulate the release of norepinephrine at rest and during exercise 

(160, 204). Importantly, as the intensity of exercise is increased, there is a greater blunting of 

sympathetic activity (204); this relates to the linear increase in metabolite production as exercise 

intensity is increased (57, 70). 

Post-junctional changes to sympathetic vasoconstriction are considered the most likely  

target for local exercise-induced vasoactive molecules to cause functional sympatholysis (4, 160, 

210). In humans, evidence points to both α1- and α2-adrenergic receptors as possible sites for 

functional sympatholysis (18, 160, 204, 231). However, the specific molecules responsible for 

blunting sympathetic activity during exercise are unclear. Nitric oxide (NO) has been proposed 

as a sympatholytic molecule during exercise as the infusion of NG-nitro-L-arginine methyl ester, 

a selective NO synthase inhibitor, restored sympathetic reductions in muscle oxygenation during 

intermittent handgrip exercise at 20% MVC (23). A possible mechanism for NO-mediated 

sympatholysis is NO-induced phosphorylation and activation of KATP channels, resulting in an 

increased potassium influx, hyperpolarizing the cells and subsequently causing a reduction in 

calcium influx and opposing α-adrenergic-mediated vasoconstriction (130). In addition, 

desensitization to reactive oxygen species through chronic treatment with nitroglycerin, resulted 
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in greater reductions in muscle oxygenation during 30% MVC rhythmic handgrip (RHG) (39). 

However, injections of exogenous nitrovasodilators did not blunt α-adrenergic vasoconstriction 

during pharmacologically-simulated exercise hyperemia (i.e. infusion of α-adrenergic receptor 

agonists) (161). In contrast, administration of exogenous ATP demonstrated similar 

sympatholytic effects as muscular contractions, reversing the reduction in blood flow following 

α-adrenergic vasoconstriction (162, 163). 

A pre-junctional mechanism for functional sympatholysis has also been postulated to 

occur as a result of diminished neurotransmitter release from sympathetic nerve terminals (19). 

For example, increased circulation of opioids during exercise may bind to inhibitory opioid 

receptors on sympathetic nerve terminals, reducing norepinephrine release (174, 230). However, 

systemic opioid blockade with naloxone in humans has produced varied responses as both 

increases (8) and no change (66) in baseline mean arterial pressures were observed. Elevated 

concentrations of NO during exercise may also cause sympatholysis by binding to postganglionic 

sympathetic neurons, reducing norepinephrine release (24). Indeed, the blunting of exercise-

induced norepinephrine release with neural preconditioning (with a prior bout of exercise or 

period of ischemia) was not observed when NO synthesis was inhibited (24). Additionally, 

norepinephrine (1) and NPY (110) may negatively feedback onto pre-synaptic receptors of 

sympathetic neurons and reduce norepinephrine release following a bout of exercise (150). An 

example of this in humans is that after an extended bout of exercise, the impairment of vascular 

responsiveness to sympathetic activity can be observed (63, 64), despite the maintenance of α-

adrenergic-mediated vasoconstriction (63). It appears once a certain threshold of norepinephrine 

concentrations is reached within the neurovascular cleft, α-adrenergic receptors located on the 

sympathetic neuron are stimulated and a blunting of future sympathetic neurotransmitters can be 
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observed (102). This has been proposed to occur through a calcium-dependent mechanism 

whereby increases in α-adrenergic receptor stimulation can increase cyclic guanosine 

monophosphate (141) that has been shown to reduce norepinephrine release (149). Another 

proposed mechanism is the reduced recruitment and release of vesicles (containing sympathetic 

neurotransmitters) due to the disruption of the depolarization network secondary to the binding 

of inhibitory α-adrenergic receptors (191).  

 

1.3 Regulation of the SNS during exercise 

The sympathetic response to exercise is mediated by the integration of feedback from 

peripheral afferents located throughout the body (e.g. muscle mechano- and metaboreflexes, 

arterial baroreflexes, cardiopulmonary baroreflexes, and arterial chemoreflexes) (7, 89, 92–94, 

122, 127, 155, 169, 189, 190), and feedforward control from supramedullary brain regions 

(central command) (33, 132, 214, 226, 227). These inputs are thought to be received and 

integrated primarily by the nucleus tractus solitarius (NTS) and the rostral ventrolateral medulla 

(RVLM), the brain regions primarily responsible for the regulation of parasympathetic and 

sympathetic outflow, respectively (27). A summary of the primary afferent pathways involved 

during exercise, as well as, the efferent targets and cardiovascular consequences of the 

parasympathetic and sympathetic nervous systems can be found in Figure 2. 
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Figure 2. Autonomic regulation of hemodynamics during exercise. Used with permission from 

Spranger et al. 2015 (185). 

 

1.3.1 Central command 

 The concept of a descending neural signal from higher cortical regions activating 

respiratory regulatory regions during voluntary skeletal muscle activation was first postulated in 

1886 (233). Subsequently, near instantaneous increases in heart rate were observed with the 

commencement of exercise, suggesting that cardiovascular responses might also be activated in a 

feedforward manner (99). This concept, now termed central command, represents the 

involvement of higher brain regions in initiating cardiorespiratory responses during parallel 

motor activation. The specific brain regions involved are not yet clear, and more recent evidence 

has suggested that this supramedullary mechanism can be influenced by peripheral afferent 
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feedback (59, 226). Unfortunately, it has been difficult to isolate the effects on central command 

in humans (226). Prior work has relied on models using neuromuscular blockade (212, 214),  

passive vs. active exercise (33, 132), voluntary vs. electrically-stimulated muscle contractions 

(11, 118), and hypnosis (227, 228) in an attempt to modulate perception of effort and feedback 

from skeletal muscle afferents. A limitation of many of these models is the assumption that each 

reflex contributes to the cardiovascular response to exercise in a linearly additive manner, and 

thus can be studied by simple addition or subtraction of interventions. 

 Nonetheless, the results consistently support a role for central command in increasing 

heart rate during exercise through the withdrawal of parasympathetic activity (132, 213, 227). 

The effects on blood pressure are less clear, though the suggestion of an uphill grade during a 

constant load cycling protocol while under hypnosis increased both heart rate and blood pressure 

(227). In fact, merely thinking about performing static handgrip exercise has been shown to 

increase heart rate and blood pressure responses in hypnotized humans (228), while passive 

viewing of a running exercise video was shown to increase heart rate and respiratory rate (15). 

Early work suggested that central command may evoke a sympathoinhibibitory response during 

exercise (118), while subsequent studies have demonstrated the capacity to evoke 

sympathoexcitation (11, 33, 212, 214). For example, electrically-stimulated dorsiflexion 

contractions at 5-10% MVC demonstrated no change in MSNA, while voluntary dorsiflexion at a 

similar intensity exercise demonstrated an increase in MSNA by 50% (11). In other studies, 

neuromuscular blockade with curare during static and rhythmic handgrip exercise resulted in a 

significant depression in force production while ratings of perceived effort (used as an index for 

central command) were increased, along with heart rate, blood pressure, and MSNA (212, 214). 

Our group demonstrated recently that voluntary zeroload cycling compared to passive cycling 
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can increase total MSNA, primarily through changes in MSNA burst amplitude (33). 

Collectively, this work suggests the capacity for central command to augment respiration, heart 

rate, blood pressure, and MSNA. 

 

1.3.2 Muscle mechanoreflex 

Skeletal muscle contains a variety of unencapsulated group III/IV afferents which are 

critical for providing feedback from the exercising muscle. In particular, thinly-myelinated group 

III afferents are responsible primarily for detecting compression or muscle stretch (127, 186). 

Stimulation of this mechanical reflex is thought to be important to evoking the rapid changes in 

cardiovascular responses at the onset of exercise (127). In humans, skeletal muscle compression 

(229) did not stimulate increases in heart rate, but led to increases in blood pressure which may 

have reflexively blunted a change in heart rate. In contrast, passive leg cycling was shown to 

increase heart rate within 4 seconds (132), while passive stretching of the calf muscle can evoke 

increases in heart rate (5, 54). Passive stretching of the forearm can increase MSNA within 1-3s, 

but it is important to acknowledge that at rest the effects of passive movement are likely buffered 

by stimulation of the arterial baroreflex (25). One important observation has been that 

mechanically sensitive skeletal muscle afferents can become sensitized in the presence of 

exercise metabolites (107). An exaggerated mean arterial pressure response to external 

compression of the human calf muscle was observed during post-exercise circulatory occlusion 

(PECO) following static plantar flexion (6). Further, passive stretching of forearm muscles in 

humans during PECO following fatiguing handgrip exercise produced exaggerated increases in 

mean arterial blood pressure and MSNA (26). 
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1.3.3 Muscle metaboreflex 

Skeletal muscle also contains afferents sensitive to metaboreflex stimuli; comprised 

primarily of unmyelinated group IV afferents (127). During exercise, these metabolically-

sensitive afferents demonstrate a delayed response, owing to the time required for the build-up of 

metabolites (83, 118). One common method to isolate for the muscle metaboreflex is to occlude 

blood flow to the exercising limb immediately following exercise (i.e. PECO) (2, 118). In this 

model, blood pressure and MSNA remain elevated until blood flow is restored (2, 82, 154). In 

contrast, heart rate quickly returns to baseline values during PECO (45, 82, 118). Although the 

return of heart rate to baseline may suggest limited chronotropic control by the muscle 

metaboreflex, recent work has shown that this observation is caused by re-activation of cardiac 

parasympathetic activity, which supersedes the sympathoexcitation mediated by the muscle 

metaboreflex (45). Most notably, the muscle metaboreflex is a potent stimulus to increase 

MSNA (82, 118, 154, 168). It is important to acknowledge that differences in muscle mass or 

exercise mode can influence the impact of the muscle metaboreflex on the regulation of MSNA 

(49, 154, 176). For example, a 2.5 minute bilateral isometric handgrip contraction at 30% MVC 

followed by PECO elicited greater increases in MSNA than a unilateral handgrip contraction 

(176). In another study, despite similar increase in heart rate and blood pressure, PECO 

following a bout of static leg extension at 30% MVC did not change MSNA while PECO 

following a bout of 30% MVC isometric handgrip exercise demonstrated an increase in MSNA 

(154). In comparison, as the amount of ischemic muscle mass is increased (during periods of 

PECO) following 5 minutes of moderate fix-load cycling, larger increases in mean arterial 

pressures were observed (49). Importantly, despite group III afferents primarily functioning as 
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mechanoreceptors and group IV afferents acting predominantly as metaboreceptors, they also 

have polymodal characteristics (i.e. act both as mechanoreceptors and metaboreceptors) (47). 

 

1.3.4 Arterial baroreflex 

Stretch-sensitive mechanoreceptors located within the vessel walls of the carotid sinus 

and aortic arch are primarily responsible for the beat-to-beat regulation of blood pressure (166, 

181). In response to elevated blood pressure, increased stretch of these arterial ‘baroreceptors’ 

results in reflexive efferent in increases in parasympathetic nerve activity, primarily affecting 

changes in heart rate, and decreases in sympathetic nerve activity, responsible for changes in 

regulating peripheral vascular tone, in an attempt to return blood pressure to its homeostatic set-

point (40). Of note, though both MSNA and heart rate are influenced by the arterial baroreflex, 

the sensitivity of both reflex arcs appears to be regulated separately and may be influenced by 

sex (198). Based on the importance of this negative-feedback loop, it was initially postulated that 

the arterial baroreflex was ‘turned off’ during exercise (otherwise it would oppose the normal 

responses to exercise) (118). However, it is now known that the arterial baroreflex continues to 

function throughout exercise by resetting to a higher operating set point (7, 40, 153). The central 

resetting of the arterial baroreflex is accomplished through the feedback from skeletal muscle 

afferents and feedforward central command (33, 46, 53, 78, 121). Indeed, injection of a 

neuromuscular blockade during static and dynamic exercise, increasing input from central 

command, demonstrates an upward and right shift of the arterial baroreflex reflex curve (53).  

Measures of spontaneous cardiac baroreflex sensitivity (BRS) are assessed by plotting 

sequences of parallel shifts in R-R interval (heart rate) and systolic blood pressure, calculating 

the slope of these relationships at rest or during exercise (148). An important caveat to this 
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method is that it does not assess the specific shift in the arterial baroreflex curve, however, it can 

inform the movement of the operating set point (143). In studies comparing electrically-evoked 

contractions (78) or passive movement (33) to active dynamic exercise (i.e. movement with or 

without central command), decreases in cardiac BRS have been observed with active exercise. In 

isolating for the muscle metaboreflex, it has been shown that there is a rightward shift of the 

reflex curve (46). However, this does not appear to influence the operating set point as no 

differences in cardiac BRS (80) or the carotid-cardiac baroreflex function curve (46) have been 

observed during PECO. Importantly, more detailed information on the resetting and slope of the 

baroreflex can be obtained by employing more invasive methods such as the modified oxford 

method (i.e. infusion of vasoactive drugs to change blood pressures) (220) or direct stimulation 

of the carotid baroreceptor (via neck pressure or neck suction) (143).   

The arterial baroreflex plays an important role in regulating peripheral sympathetic 

outflow as it is primarily responsible for the gating of a muscle sympathetic burst (95). In 

general, changes in sympathetic burst occurrence, at rest and during exercise, have a stronger 

relationship to diastolic blood pressure than changes in sympathetic burst strength (i.e. burst 

amplitude) (30, 33, 95). Resetting of the arterial baroreflex during exercise has been 

demonstrated during 3 minutes of static handgrip, with a time-dependent upward and rightward 

shift of the MSNA vs. diastolic blood pressure curves (sympathetic BRS), with no significant 

shift in set point slope as increases in activation of group III/IV afferents is observed (77). In 

contrast, during dynamic cycling exercise at mild to moderate intensities, a decrease in 

sympathetic BRS was observed (33, 76). In one study, no change in sympathetic BRS was 

observed during passive exercise, but during the performing of unloaded exercise, with greater 

input from central command, a reduction in sympathetic BRS was produced (33) . Together, this 
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suggests afferent input, particularly central command or stimulation of the group III/IV afferent 

receptors are responsible for the resetting of arterial baroreflex control of sympathetic efferent 

outflow during exercise.  

 

1.3.5 Cardiopulmonary baroreflex 

Stretch-sensitive mechanoreceptors are also found in the atria of the heart, pulmonary 

vasculature, and venae cavae (117). These receptors provide information about changes in 

central venous pressure and increases in blood volume to the thorax (117). Isolating for the 

cardiopulmonary baroreflex can be accomplished through changes in central venous pressures 

achieved with lower body negative pressure (i.e. unloading the baroreceptors) or positive 

pressure (loading the baroreceptor) at low pressures so as to not change arterial blood pressure or 

heart rate (typically between ± 5-15 mmHg). Indeed, during non-hypotensive lower body 

negative pressures, a decrease in central venous pressure is associated with a significant increase 

in MSNA (194, 211); while non-hypertensive lower body positive pressures can increase central 

venous pressure (182), and reflexively decreases MSNA (50, 90). Recent work has demonstrated 

that cardiopulmonary baroreflex inhibition of MSNA using lower body positive pressure may be 

overcome by high, but not low or moderate, activation of the muscle using PECO (90). 

 Isolating for the influence of the cardiopulmonary baroreflex during exercise has proven 

difficult. However, it appears that mild to moderate intensity lower limb dynamic exercise allows 

for the stimulation of the cardiopulmonary baroreflex without significant input from central 

command or the muscle metaboreflex, based on observations of reductions in MSNA (33, 89, 

155, 169). Certainly, increased activity of the skeletal muscle pump can lead to increases in left 

ventricular preload and central venous pressures (33, 137, 217). Most notably, 4 minutes of mild 
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to moderate dynamic knee extension exercise in an upright position was found to decrease 

MSNA in concert with an increase in central venous pressure, but this response was abolished 

when the exercise was performed in a supine position and central venous pressure did not change 

during exercise (155). In addition, it seems that at higher exercise intensities, the 

sympathoinhibition of the cardiopulmonary baroreflex becomes blunted or is overridden as input 

from the metaboreflex and central command is enhanced (155, 169).  

 

1.3.6 Arterial chemoreflex 

 Chemically-sensitive afferents located primarily in the carotid body can also regulate 

autonomic control of the cardiovascular system through sensing of changes in partial pressures 

of oxygen and carbon dioxide in the blood (100). Interestingly, there is also growing evidence 

that the carotid body may also be able to sense changes in blood glucose, insulin, and angiotensin 

II concentrations (108, 157, 223). The contributions of the arterial chemoreflex to the 

sympathetic responses to exercise are not well established. Transient inhibition of the arterial 

chemoreflex using hyperoxia led to a reduction in MSNA in healthy men during isometric 

handgrip exercise (190). This work is in agreement with findings that inhibition of the arterial 

chemoreflex can increase blood flow and vascular conductance during rhythmic leg contractions 

(189). In contrast, other studies have shown that hyperoxia can result in no change (177) or even 

increase (74) MSNA during exercise.  

 

1.3.7 Impact of small vs. large muscle mass exercise  

The cardiovascular responses to exercise can differ depending on the muscle mass 

involved and exercise modality. During static or dynamic small muscle mass exercise, large 
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increases in mean arterial pressure and small changes in heart rate are observed (128, 205), while 

dynamic exercise of larger muscles results in relatively larger increases in heart rate and smaller 

increases in mean arterial pressure (205). In comparing 2 minutes of 30% MVC static leg and 

handgrip exercise, similar increases in blood pressure and heart rate were observed, yet the 

effects on MSNA were different (154); in the final minute of exercise, static handgrip increased 

MSNA while static leg exercise had no effect on MSNA (154). However, other work has shown 

that both heart rate and blood pressure responses were greater during 5 minutes of quadriceps 

static contraction at 20% MVC versus of static handgrip at the same intensity and duration (48). 

Importantly, a significant difference between arm and leg blood pressures were only observed 

after 2 minutes of exercise, suggesting a longer duration is required to tease apart differences in 

muscle mass regulation of hemodynamics (48). In other studies comparing double arm cranking 

to double leg exercise at moderate to high intensities, larger increases in systolic and diastolic 

pressure can be observed during arm cranking despite similar increases in heart rate (173, 180); 

coincident with greater increases in plasma norepinephrine concentrations during arm cranking 

(173). No study has compared changes in MSNA during arm cranking vs. leg exercise, but in 

separate studies, arm cranking demonstrated no change in MSNA to the leg until exercise 

intensity was greater than 30% of peak power output (179), while MSNA to the arm during leg 

cycling was reduced during mild exercise and only increased at exercise intensities eclipsing 

50% peak power output (169). 

Interestingly, when workload and peak muscle tension is matched between static and 

dynamic exercise modalities, similar changes in blood pressure and heart rate are observed in 

both animal and human models (28, 187). This suggests that the inconsistencies between the 

autonomic regulation of the cardiovascular system may simply be due to differences in 
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stimulation of group III/IV afferents. Indeed, it appears greater input from the muscle 

metaboreflex during moderate intensity small muscle mass static exercise contributes to the 

increase in MSNA, heart rate, and blood pressure (81, 94, 118, 212). In contrast, although heart 

rate and blood pressures are increased, mild to moderate large muscle mass dynamic exercise 

exhibits a decline in MSNA due to stimulation of the sympathoinhibitory cardiopulmonary 

baroreflex (33, 89, 155, 169). No study has examined the effect of combining small muscle mass 

and large muscle mass dynamic exercise on MSNA. 

 

1.4 Studies measuring SNS and blood flow during exercise 

1.4.1 Static exercise 

The impact of changes in sympathetic outflow during exercise on limb blood flow remain 

poorly studied. Early work examined the effects of static handgrip exercise on MSNA and calf 

blood flow responses (168, 175, 183). Using venous plethysmography to assess changes in calf 

blood flow to the resting limb, these studies found calf blood flow and vascular resistance 

decreased in parallel with increases in MSNA during static handgrip exercise at 30-35% MVC 

(168, 175). Later on, these findings were confirmed and expanded further using Doppler 

ultrasound technology to measure blood flow from the femoral artery during static handgrip at 

40% MVC and during a period of PECO (183). Interestingly, despite a sustained elevation in 

MSNA and mean arterial pressure during PECO, leg vascular resistance returned to baseline 

levels suggesting a dissociation between limb vascular resistance and MSNA (183). Nonetheless, 

it appears that changes in calf vascular resistance and blood flow are associated with increases in 

MSNA during small muscle mass static handgrip exercise.  
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1.4.2 Dynamic exercise 

 A number of studies have examined sympathetic and blood flow responses during 

dynamic rhythmic contractions (87, 88, 167, 192) or cycling (159, 173, 216) exercise modalities. 

During mild plantar flexion at 10% MVC, MSNA was recorded from the contralateral (i.e. 

resting) leg while calf blood flow was measured from the active limb using venous occlusion 

plethysmography (87, 167). Although blood flow increased and vascular resistance decreased to 

the active limb during exercise, MSNA did not change (87, 167). In another study of 8 young 

healthy men performing 12 minutes of rhythmic handgrip at 30% MVC, MSNA to the leg and 

calf vascular resistance of the contralateral limb increased throughout, but calf blood flow was 

only decreased in the final 6 minutes of exercise (88).  

 Double arm cycling at 80% of peak capacity increased whole-limb blood flow (measured 

using the bolus thermodilution technique), vascular conductance, and norepinephrine spillover to 

the active arms (216). In line with these findings, double leg cycling at 55% peak VO2 (159) or 

leg kicking at 40% peak VO2 (173) significantly increased active leg blood flow, vascular 

conductance, and noradrenaline spillover (159). The combination of double arm cranking and 

single leg kicking produced modest increases in blood flow, vascular conductance and 

norepinephrine spillover to the resting leg (173). Although not fully clear, it appears that as 

exercise intensity and/or active muscle mass is increased (i.e. RHG versus single leg kicking), 

the influence of the SNS on blood flow regulation is diminished, likely owing to increased 

contributions from metabolic vasodilation and shear-stress mediated endothelial vasodilation. 
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1.4.3 Concurrent arm and leg exercise 

Very few studies have examined the effects of concurrent arm and leg exercise on SNS 

activity and limb blood flow. Concurrent double arm and leg dynamic exercise has demonstrated 

large increases in blood flow, vascular conductance, and norepinephrine spillover to the active 

arm (216) and leg (158, 159, 173). Supplementing ischemic handgrip with mild and moderate 

intensity dynamic leg kicking demonstrated no change in blood flow to the exercising leg while 

norepinephrine spillover concentrations did not change (192). Although this aligns with previous 

work showing a blunting or no change in MSNA during dynamic knee extension at mild to 

moderate intensities (155), static handgrip is known to be a strong sympathoexcitatory stimulus 

(82, 118, 168, 192, 212, 221). Superimposing exhaustive upper limb exercise during mild 

dynamic lower limb exercise has resulted in reductions in leg vascular conductance (159, 192, 

216), though not in all studies (158).  

Only two previous studies have measures of MSNA and blood flow during concomitant 

upper and lower limb exercise. In both, MSNA was measured from the resting leg and calf blood 

flow from the exercising leg was recorded during concomitant rhythmic plantar flexion at 10% 

MVC and RHG at 30% (167) or 50% (87) of MVC. The addition of rhythmic handgrip resulted 

in an increase in MSNA, decreasing vascular conductance and increasing vascular resistance to 

the calf when compared to dynamic plantar flexion exercise alone (87, 167). Unfortunately, a 

number of methodological limitations must be considered from these two studies. First, the 

sample size from previous studies measuring MSNA during concurrent exercise was very small. 

MSNA responses to exercise has previously been shown to display large levels of variability 

(83), consequently, the small sample size of 6 (167) and 2 (87) may not be adequate to draw 

conclusions. Second, MSNA was only presented as burst frequency without quantification of 
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burst strength; which can be regulated separately (95), particularly during dynamic exercise (33). 

Therefore, only a limited understanding of how MSNA may be regulated during concurrent 

exercise is provided. Third, MSNA was measured in the inactive limb while blood flow was 

measured from the activity limb. We can now appreciate that sympathetic efferent outflow to the 

muscle may be differentially regulated between active and resting limbs (10, 81). As such, 

inferences of sympathetic regulation of hemodynamics in the active limb made from MSNA 

measured in the inactive limb should no longer be accepted and future study designs should 

focus on limb-specific measures of MSNA and hemodynamics.  
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Chapter 2. Purpose and Hypothesis 

2.1 Research objectives 

Primary research objective: To examine the changes in resting leg MSNA and superficial 

femoral artery (SFA) blood flow during 1) RHG, 2) one-legged cycling, and 3) concurrent RHG 

and cycling exercise  

Secondary research objective: To investigate the effects of 1) RHG, 2) one-legged cycling and 

3) concurrent exercise on cardiac baroreflex sensitivity and heart rate variability 

 

2.2 Hypotheses 

Primary hypothesis: It was hypothesized that: 1) RHG exercise would increase total MSNA 

and reduce SFA vascular conductance, 2) cycling would reduce total MSNA and increase SFA 

vascular conductance, and 3) concurrent exercise would exhibit no change in total MSNA or 

SFA vascular conductance. 

Secondary hypothesis: Cardiac baroreflex sensitivity and heart rate variability would be 

reduced during all exercise modalities, with the largest decreases occurring during concurrent 

exercise. 

 

2.3 Individual contributions 

 I was responsible for attaining ethics approval, recruiting participants, screening and 

consenting potential participants, acquiring, analyzing and interpreting data, and writing 

abstracts and manuscripts associated with the thesis project. Ultrasound measurements were 

made by Dr. Trevor King, while microneurography was performed by Dr. Philip Millar or 

Anthony Incognito.   
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The present thesis is presented in manuscript format in preparation  

for submission to the Journal of Applied Physiology 
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3.1 Abstract 

The aim of this study was to assess muscle sympathetic nerve activity (MSNA) and superficial 

femoral artery (SFA) blood flow responses during rhythmic handgrip (RHG), one-legged 

cycling, and concurrent arm and leg exercise. Thirty-five participants completed two study visits 

in a randomized order. During visit 1, hemodynamic (Finometer) and SFA blood flow (Doppler 

ultrasound) measurements were assessed at rest and during 3 min of RHG (1:1 duty cycle; 40% 

maximal voluntary contraction), one-legged cycling (17 ± 3% peak power output), and 

concurrent arm and leg exercise at the same intensities. During visit 2, hemodynamic and 

microneurographic (fibular nerve) measurements were acquired during the same exercise 

protocols. SFA blood flow and MSNA were both acquired in the inactive leg. Heart rate, blood 

pressure, cardiac output, and respiration rate increased during each exercise mode (All, 

P<0.0001), with the largest increases during concurrent exercise (All, P<0.006). SFA blood flow 

increased during RHG (P<0.0001) and concurrent exercise (P=0.03) but not cycling (P=0.91). 

SFA vascular conductance was unchanged during RHG (P=0.88) but reduced similarly during 

concurrent and cycling exercise (Both, P<0.003). RHG increased MSNA burst frequency 

(P=0.04) without altering relative burst amplitude (P=0.69) or total MSNA (P=0.07). In contrast, 

cycling and concurrent exercise had no effects on MSNA burst frequency (Both, P≥0.10) but 

increased relative burst amplitude (Both, P≤0.001), and subsequently total MSNA (Both, 

P≤0.007). During one-legged cycling or concurrent exercise, reductions in resting leg SFA 

vascular conductance occurred in parallel with increases in MSNA burst strength and total 

activity but not MSNA burst occurrence.  

 

Keywords: Exercise; cycling; handgrip; concurrent; autonomic nervous system 
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3.2 Introduction  

The functional consequences of changes in peripheral vasoconstrictor drive on blood 

flow responses during exercise remain poorly studied. Early microneurography studies using 

static handgrip exercise demonstrated increases in fibular nerve muscle sympathetic nerve 

activity (MSNA) coincident with reductions in calf (i.e. inactive limb) blood flow and increases 

in vascular resistance (168, 175). In contrast, work using dynamic exercise has shown that low 

intensity rhythmic plantar flexion exercise can increase active limb calf blood flow without 

modulating contralateral leg MSNA (87, 167). The addition of rhythmic handgrip (RHG) or 

subsequent post-exercise circulatory occlusion during plantar flexion, to accentuate increases in 

muscle sympathetic outflow, can attenuate exercise reductions in calf vascular resistance (87, 

167) but only affect calf blood flow when RHG is completed to failure (87). Unfortunately, both 

of these dynamic exercise studies were conducted in ≤ 6 participants and assessed blood flow 

from the active limb and MSNA from the contralateral inactive limb. Recent work has shown 

that MSNA to active and inactive legs can be differentially regulated during low intensity static 

dorsiflexion (10), a finding which aligns with norepinephrine spillover data during dynamic 

exercise (172). 

A second important consideration of prior microneurographic data (87, 118, 167, 168, 

175) is the reliance on small muscle mass exercise which can elicit greater sympathetic responses 

than similar intensity dynamic leg exercise (155, 169). Low-to-moderate intensity handgrip or 

plantar flexion contractions increase MSNA (10, 94, 118), while similar intensity cycling or knee 

extension more commonly decrease MSNA, secondary to elevations in central venous pressure 

and stimulation of the sympathoinhibitory cardiopulmonary baroreflex (33, 89, 155). Thus, prior 

studies relying on small muscle mass dynamic exercise (86, 87, 167) may not be representative 
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of commonly performed larger muscle mass exercise modes (e.g. cycling, walking, running). 

Additionally, the consequences of concurrent small and large muscle mass dynamic exercise 

which independently produce sympathoexcitatory and sympathoinhibitory responses on MSNA, 

respectively, are not well studied but are commonly encountered in everyday life and sport 

environments. The addition of static handgrip exercise or post-exercise circulatory occlusion to 

dynamic knee extension exercise was reported to have no effect on plasma norepinephrine or leg 

norepinephrine spillover, even though leg vascular conductance was reduced (192). More 

recently, it was reported that reductions in MSNA during lower body positive pressure (i.e. 

cardiopulmonary loading) were blunted by high, but not low or moderate, intensity muscle 

metaboreflex activation using post-exercise circulatory occlusion (90). These results suggest 

non-additive sympathetic responses to concurrent exercise or stimulation of opposing peripheral 

sympathetic afferent reflexes. To our knowledge, a comprehensive examination of MSNA during 

RHG, leg cycling, and concurrent exercise has not been reported.  

The primary objective of the present study is to investigate changes in resting leg MSNA 

and superficial femoral artery (SFA) blood flow during 1) RHG, 2) one-legged cycling, and 3) 

concurrent RHG and cycling exercise in young healthy men and women. In contrast to prior 

work, which primarily assessed calf blood flow using venous occlusion plethysmography (34, 

86, 87, 167, 168, 175), we collected Doppler ultrasound measures of SFA blood flow to align 

closely with the neural target of the recorded changes in MSNA. It was hypothesized that 1) 

RHG would increase total MSNA and decrease SFA vascular conductance; 2) cycling would 

reduce total MSNA and increase SFA vascular conductance; and 3) concurrent RHG and cycling 

exercise would not change total MSNA or SFA vascular conductance (additive responses). The 
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secondary objective was to investigate the effects of these three exercise modes on cardiac 

baroreflex sensitivity and heart rate variability.  

 

3.3 Methods 

3.3.1 Participants 

Thirty-five healthy young men (n = 20) and women (n = 15) were recruited from local 

advertisement to participate in the study after providing written informed consent. All were non-

smoking, in sinus rhythm, normotensive, and free of known cardiovascular or metabolic 

diseases. Participants were free of all acute or chronic medications, with the exception of oral 

contraception (n = 8) and hormone-releasing intra-uterine devices (n = 3). All women were 

tested during the first five days of the early follicular period or during the similar time range of 

their low hormone contraception phase. All procedures were approved by the University of 

Guelph Research Ethics Board of Natural, Physical and Engineering Sciences (REB#17-05-012). 

 

3.3.2 Procedures and protocol 

All participants completed an initial familiarization visit to discuss in detail the study 

protocol and collect anthropometric data including age (year), height (cm), weight (kg) and body 

mass index (kg/m2). After this, participants completed a maximal exercise test to determine peak 

power output using a 20 W min-1 ramped cycle ergometer (Velotron, Racermate Inc., Seattle, 

USA) protocol (1 Watt every 3 seconds) to exhaustion, determined as the inability to maintain a 

pedalling frequency of at least 50 rpm. The starting resistance was individualized based on 

exercise training status and physical activity levels so that each participant reached maximum 
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effort between 8-14 minutes. Peak oxygen consumption (VO2 peak) was measured via indirect 

calorimetry (COSMED Quark CPET, Rome, Italy). 

During each of the experimental testing visits, participants entered the laboratory having 

abstained from intense exercise, alcohol, and caffeine for 24 hours and were positioned in a 

semi-recumbent posture with the torso elevated at an angle of 30° to the bed. Participants were 

secured with a belt over the hips to reduce excessive movement of the non-exercising lower limb 

and had their right leg strapped to a modified cycle ergometer (Monark Rehab Trainer 881E, 

Monark Exercise AB, Vansbro, Sweden) positioned at the end of the bed on a customized 

platform. Next, participants completed 3 maximal voluntary contractions (MVC) on a handgrip 

dynamometer (MLT004/ST, ADInstruments, Sydney, Australia) and underwent instrumentation 

for hemodynamic monitoring. After a 5 minute rest period, participants underwent a 10 minute 

characteristic baseline. Next, continuous measures of hemodynamic, neural and leg blood flow 

were completed during a 3 minute resting baseline followed by 3 minutes of RHG exercise with 

a 1:1 duty cycle at 40% MVC. The force output was displayed on a screen so that each 

participant could hit the required MVC target. Following at least 8 minutes of rest, to permit 

hemodynamic and neural variables to return to baseline, participants completed another 3 minute 

resting baseline followed by 3 minutes of one-legged cycling at 50-60 rpm at an intensity of 25W 

for male participants and 20 W for female participants (Both, 17 ± 3 % of peak power), 

respectively. Following a second recovery period, participants completed a 3 minute baseline 

followed by 3 minutes of concurrent RHG and one-legged cycling at the same intensities and 

duty cycles as described above. This protocol was replicated twice in all participants, measuring 

contralateral leg MSNA on day one and resting leg SFA blood flow on day two. The order of 

these two experimental visits was randomized.  
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3.3.3 Measurements 

Absolute discrete blood pressure was measured from the right arm by an automated 

oscillometric device (BPTru Medical Devices, Coquitlam, BC, Canada), while continuous beat-

to-beat blood pressure was acquired using finger photoplethysmography from the right middle 

finger (Finometer MIDI, Finapres Medical Systems, The Netherlands). The Model Flow method 

(224) was used to estimate stroke volume and permit the calculation of cardiac output and total 

vascular conductance. Continuous measures of respiratory rate and depth (percent change from 

baseline) were collected using a piezo-electric transducer belt (Pneumotrace II, UFA, Morro 

Bay, CA), while heart rate was recorded from lead II of the electrocardiogram (ADInstruments, 

Bella Vista, NSW, Australia).  

Blood flow measurements were determined using duplex mode Doppler ultrasound 

(Vivid-q, General Electric Company Inc., Boston, MA, USA) to permit collection of concurrent 

SFA diameter and blood velocity profiles, the latter collected at an insonation angle between 58-

60°. Images of the artery diameter and associated blood velocity profiles were captured and 

stored on a computer at 60 Hz using the DVI2USB 3.0 video grabber (Epiphan Systems Inc., 

Ottawa, Ontario, Canada). During each baseline measurement a foam guide was taped to the 

surface of the participant’s inner thigh to maintain consistency of probe placement during 

subsequent exercise trials. Semi-automated offline analysis of recorded images determined artery 

diameter and tracing of the Doppler peak velocity envelope using Cardiovascular Suite (Quipu, 

Pisa, Italy) (203). Vessel diameter was determined by measuring from the lumen/intima interface 

of the near wall to the far wall. Mean SFA blood flow was calculated based on the formula: 

[(mean blood velocity) × (cross-sectional area) × (60)]. Mean blood velocity was estimated by 

halving peak antegrade and retrograde blood velocities and adding them together while the cross-
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sectional area of the artery was calculated with the following equation: [π × r2], where r is the 

radius of the artery found by dividing the mean baseline diameter by two. Peak antegrade and 

retrograde blood velocities were determined as peak flow velocities above and below the zero 

point, respectively. As resting leg SFA diameters were unchanged following exercise (All 

p>0.6), and to avoid errors related to participant movement during leg exercise, baseline 

diameters were used to calculate blood flow in the inactive limb.  

Multi-unit microneurographic recordings of postganglionic MSNA were obtained using a 

tungsten microelectrode (Frederick Haer, Brunswick, ME) inserted percutaneously into the left 

fibular nerve, as described previously (33, 125, 140). Adjustments of the microelectrode were 

made until spontaneous multiunit sympathetic activity were detected from background activity. 

The MSNA signal was amplified (×75000), bandpass filtered (0.7-2.0 kHz), rectified, and 

integrated using a 0.1-s time constant to obtain a mean voltage neurogram (Nerve Traffic 

Analyzer, model 662C-4, Absolute Design and Manufacturing Services, Salon, IA). 

Confirmation of muscle sympathetic activity was completed by observing increases in activity in 

response to an end-expiration breath hold and lack of responsiveness to unanticipated clapping. 

Visual and audible monitoring throughout each recording and exercise period ensured that there 

was no movement in microelectrode placement. If a shift in the neurogram was detected, the 

protocol was stopped and restarted after an 8-minute recovery period. All continuous signals 

were collected at 1 kHz, with the exception of the raw neurogram, which was sampled at 10 kHz 

(Powerlab, AD Instruments, Sydney, Australia). 
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3.3.4 Data Analysis 

Hemodynamic measures were obtained as the mean of the three minute baseline and the 

last minute of each exercise trial. Spontaneous cardiac baroreflex sensitivity (BRS) was 

calculated from the full 3 minute baseline and exercise epochs using the sequence technique 

(LabChart v8, ADInstruments, Sydney, Australia) as described (33). Briefly, we identified three 

consecutive and simultaneous increases or decreases in systolic blood pressure and R-R interval 

with minimum threshold changes of 1 mmHg and 6 ms, respectively (147). All sequences were 

reviewed, and cardiac BRS was quantified by plotting R-R interval over systolic blood pressure 

for each identified series and averaging the slope of all up sequences, all down sequences, and 

the average of all sequences. Sequences were deemed acceptable to use if the regression 

coefficient (r) was ≥ 0.8 and a minimum of three up and three down sequences were identified 

for each baseline and exercise period. In total, 18 participants did not meet these criteria for each 

exercise protocol and data on cardiac BRS is presented in the remaining 17 participants. Time-

domain heart rate variability (HRV) was determined using Kubios HRV Analysis Software 3.1 

(Biosignal Analysis and Medical Imaging Group, Department of Applied Physics, University of 

Eastern Finland, Kuopio, Finland). HRV variables included the standard deviation of normal R-

R intervals (SDNN) and the root mean square of successive R-R interval differences (RMSSD). 

Vascular conductance was calculated systemically or regionally from the division of 

cardiac output or leg blood flow by mean arterial blood pressure, while total vascular 

conductance (TVC) was calculated by dividing cardiac output by mean arterial pressure. MSNA 

was analyzed using a custom LabVIEW program (National Instruments, Austin, TX) (33, 125, 

140). Determination of a sympathetic burst was based on a minimum 3:1 signal-to-noise ratio 

and alignment with the time-shift cardiac cycle. The integrated neurogram signals were 
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presented as MSNA burst frequency (bursts/minute), normalized burst amplitude (% of tallest 

burst from the preceding baseline), and total MSNA. Total MSNA was calculated as the product 

of burst frequency and normalized burst amplitude; in each case the baseline was set at 100 and 

the response to exercise presented as a percent change.  

 

3.3.5 Statistical analysis 

Change in hemodynamic and neural variables during the last minute of rhythmic 

handgrip, cycling and concurrent exercise was compared using two-way repeated measures 

ANOVA where time and exercise modality were outlined factors (GraphPad Software, La Jolla, 

CA). Significant interactions and main effects of exercise mode were probed using Tukey’s post 

hoc tests, main effects for time were further examined using Holm-Sidak post hoc tests. Paired t-

tests were used to ensure variables were similar between visits, while unpaired t-tests were used 

to confirm that variables were comparable between the larger cohort and the subset with MSNA. 

P < 0.05 was considered statistically significant. All data presented as mean ± SD, unless 

otherwise stated. 

 

3.4 Results 

 Thirty-five participants were recruited and completed hemodynamic and blood flow 

measures during exercise; participant characteristics can be viewed in Table 1. Unfortunately, we 

were unsuccessful in locating (n = 3) or maintaining (n = 20) a microneurographic recording site 

of MSNA in 23 participants. Thus, MSNA burst frequency analysis was performed on the 

remaining 12 participants. MSNA burst amplitude was collected in 10 participants. 
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Representative 1-minute MSNA recordings from one participant at rest and during RHG, one-

legged cycling, and concurrent RHG and cycling exercise are shown in Figure 3. 

 

 

 

 

 

Table 1. Anthropomorphic measurements, fitness levels and participant characteristics. 

______________________________________________________________________________

Variable                                                  Mean               Range   

Sex, men/women           20/15       -- 

Age, yr          23 ± 3              18 – 29 

Height, cm        172 ± 8            157 – 184 

Weight, kg          70 ± 14   47 – 101 

Body mass index kg/m2     23.4 ± 3           18.6 – 29.7 

Peak VO2, ml·kg-1·min-1        47 ± 8              30 – 63 

Peak cycling power, Watts      278 ± 59            173 – 400 

Relative cycling intensity, %                 17 ± 3   12 – 23 

Mean ± SD 
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Figure 3. Representative microneurography tracings at rest and during the last minute of 

rhythmic handgrip, one-legged cycling, and concurrent exercise. 
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3.4.1 Hemodynamic and respiratory responses to exercise 

The effects of RHG, one-legged cycling, and concurrent exercise on hemodynamic and 

respiratory responses are shown in Table 2. Heart rate, blood pressure, cardiac output, and 

respiration frequency all increased from baseline in each of the three exercise protocols (All P < 

0.0001). In addition, stroke volume, total vascular conductance, and respiration depth increased 

during cycling and concurrent exercise (All P <0.0001), though RHG had a trend towards an 

increase in stroke volume (P = 0.07) and total vascular conductance (P = 0.09). Both cycling and 

concurrent exercise increased heart rate, cardiac output, stroke volume, total vascular 

conductance, respiration frequency and depth to a greater extent than RHG while increases in 

diastolic blood pressure were smaller with cycling but greater during concurrent exercise versus 

RHG (All P < 0.0001). Concurrent exercise had greater increases in heart rate, diastolic blood 

pressure, cardiac output, and respiration frequency than cycling (All P < 0.006). All 

hemodynamic responses were similar between the full cohort and the subset of participants with 

complete MSNA (All P > 0.09). 
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Table 2. Hemodynamic and respiratory variables at rest and during exercise 

____________________________________________________________________________________________________________ 

Variable                                                    RHG                          Cycling             Concurrent    

                                                        Rest            Exercise                 Rest             Exercise       Rest            Exercise 

Heart rate, (bpm)        64 ± 12           79 ± 14*     64 ± 12           87 ± 12*†    65 ± 13           96 ± 14*†# 

Systolic BP, (mmHg)      122 ± 10    141 ± 15*  124 ± 10         142 ± 12*  126 ± 10†       154 ± 15*†# 

Diastolic BP, (mmHg)       67 ± 6      82 ± 8*    68 ± 7             77 ± 8*†    69 ± 7†  85 ± 7*†# 

Stroke volume, (ml)        97 ± 21         100 ± 24     98 ± 21         105 ± 24*†    98 ± 21         106 ± 25*† 

Cardiac output, (l/min)      6.2 ± 1.7         7.9 ± 2.3*   6.2 ± 1.7         9.1 ± 2.3*†   6.3 ± 1.7       10.1 ± 2.5*†# 

TVC, (ml·min-1·mmHg)             72 ± 21           74 ± 22     71 ± 21           90 ± 24*†    71 ± 22           90 ± 22*† 

Resp. frequency, (breaths/min)     17 ± 4      23 ± 5*    18 ± 4   26 ± 5*†    17 ± 3  27 ± 4*†# 

Resp. depth, (%)           100    120 ± 35        100             200 ± 66*†       100            202 ± 84*† 

Mean ± SD. TVC, total vascular conductance. Resp, respiration. *, p<0.05 compared to baseline; †, p<0.05 compared to RHG; #, 

p<0.05 compared to cycle. 
  



 
 

40 
 

3.4.2 Blood flow and vascular conductance responses to exercise 

  SFA blood flow and vascular conductance during each exercise mode are presented in 

Figure 4. Antegrade blood velocity increased in each of the exercise modes (All, P < 0.0001), 

with the increases larger during concurrent exercise compared to RHG (Δ2.2 ± 2.1 vs. 1.3 ± 1.5 

cm/s, P < 0.0001) and cycling (Δ2.2 ± 2.1 vs. 1.5 ± 1.8, P = 0.001). Retrograde blood velocity 

increased during cycling (Δ1.3 ± 0.8 cm/s, P < 0.0001) and concurrent (Δ1.4 ± 0.9 cm/s, P < 

0.0001) exercise; these responses were greater than during RHG (Δ-0.1 ± 0.6 cm/s, Both P < 

0.0001). Overall, mean SFA blood flow increased during RHG (Δ24 ± 30 ml/min, P < 0.0001) 

and concurrent (Δ10 ± 38 ml/min, P = 0.03) exercise; responses during exercise were larger 

during RHG compared to cycling (Δ2.3 ± 30 ml/min, P = 0.0009). Leg vascular conductance was 

reduced in both cycling (Δ-0.14 ± 0.33 ml/min·mmHg, P = 0.001) and concurrent exercise (Δ-

0.14 ± 0.38 ml/min·mmHg, P = 0.002), and lower compared to RHG (Δ0.02 ± 0.29 

ml/min·mmHg, Both P < 0.02). All responses were similar between the full cohort and the 

subset of participants with complete MSNA (All P > 0.3).  
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Figure 4. Antegrade and retrograde superficial femoral artery blood velocity and mean 

superficial femoral artery blood flow and vascular conductance at rest and during the last minute 

of rhythmic handgrip (RHG), one-legged cycling, and concurrent exercise. Data obtained from 

35 participants. Values presented as mean ± SEM. *, p<0.05; **, p<0.001 compared to within-

group baseline. 
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3.4.3 MSNA responses to exercise 

MSNA burst frequency, burst amplitude, and total MSNA responses are displayed in 

Figure 5. MSNA was not different at baseline between prior to each exercise mode (All P > 

0.05). RHG increased MSNA burst frequency (Δ4 ± 8 burst/min, P = 0.04) with a trend for an 

increase in total MSNA (Δ40 ± 40 %, P = 0.07); MSNA burst amplitude was unchanged (Δ7 ± 

14 %, P = 0.7). In contrast, cycling (Δ-3 ± 6 burst/min) and concurrent (Δ4 ± 6 burst/min) 

exercise did not alter MSNA burst frequency (P > 0.1) but both increased burst amplitude (Δ34 ± 

30 %; Δ31 ± 31 %) and total MSNA (Δ59 ± 63 %; Δ94 ± 100 %, All, P ≤ 0.007). During 

exercise, MSNA burst frequency was lower during cycling than both RHG (P = 0.0006) and 

concurrent (P = 0.03) exercise; burst amplitude was greater during both cycling (P = 0.007) and 

concurrent (P = 0.01) exercise compared to RHG; and total MSNA was greater during 

concurrent exercise compared to RHG (P = 0.01).  
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Figure 5. Muscle sympathetic nerve activity (MSNA) at rest and during the last minute of 

rhythmic handgrip (RHG), one-legged cycling, and concurrent exercise. Data obtained from 12 

participants for MSNA burst frequency and 10 participants for MSNA burst amplitude and total 

MSNA. Values presented as mean ± SEM. *, p<0.05; **, p<0.001 compared to within-group 

baseline.   
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3.4.4 Cardiac baroreflex sensitivity and heart rate variability responses to exercise 

 Cardiac BRS was unchanged during RHG (23 ± 13 vs. 20 ± 16 ms/mmHg, P = 0.38) but 

decreased during both cycling (23 ± 12 vs. 8 ± 9 ms/mmHg, P < 0.0001) and concurrent (21 ± 10 

vs. 5 ± 3 ms/mmHg, P = 0.38) exercise modes. The reductions in cardiac BRS were similar 

between cycling and concurrent exercise (P = 0.20) and greater than RHG (Both P = 0.0001). 

SDNN and RMSSD both decreased during RHG (56 ± 31 vs. 40 ± 32 ms, P < 0.0001; 63 ± 45 

vs. 50 ± 49 ms, P = 0.03), cycling (59 ± 30 vs. 22 ± 12 ms; 67 ± 46 vs. 21 ± 17 ms, Both P < 

0.0001) and concurrent exercise (60 ± 28 vs. 16 ± 7 ms; 64 ± 41 vs. 15 ± 11 ms, Both P < 

0.0001). The decreases in SDNN and RMSSD were comparable during cycling and concurrent 

(P = 0.19 and P = 0.48, respectively) but greater than RHG (Both P < 0.0001). 

 

3.5 Discussion 

 The present study examined the effects of RHG, one-legged cycling, and concurrent arm 

and leg dynamic exercise on peripheral sympathetic outflow (MSNA) and SFA blood flow in the 

resting leg. Although MSNA burst frequency increased during RHG, burst amplitude and total 

MSNA were unchanged from baseline. In line, SFA vascular conductance was not altered and 

blood flow increased during RHG. In contrast, cycling increased both MSNA burst amplitude 

and total MSNA, without impacting burst frequency, and was accompanied by a decrease in SFA 

vascular conductance and no change in blood flow. Concurrent exercise demonstrated an 

increase in MSNA burst amplitude and total MSNA, in parallel with a decrease in SFA vascular 

conductance but small increases in blood flow. Overall, the SFA vascular conductance responses 

during exercise were most closely aligned with changes in MSNA burst amplitude (i.e. burst 

strength) not frequency. Further, the changes in MSNA burst amplitude and vascular 

conductance were largely additive during concurrent dynamic exercise. Whereas changes in 
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MSNA burst frequency and blood flow were more complex as increases were observed with 

RHG exercise, but not concurrent exercise. 

 Prior work investigating MSNA and blood flow responses during dynamic exercise (87, 

167) possessed a number of methodological limitations. First, the sample sizes were extremely 

small (≤6 participants). Second, in each study, calf blood flow was measured using venous 

occlusion plethysmography which required assessments to be made during a 5 second period 

following the cessation of exercise. Third, MSNA was quantified as changes in burst frequency, 

disregarding the effects of increasing burst amplitude observed during one-legged cycling (33). 

Fourth, MSNA measured from the inactive limb was used to explain changes in blood flow or 

conductance in the active limb. The present study attempts to address these confounding factors 

by comprehensively examining changes in MSNA burst occurrence and strength while 

measuring blood flow from the SFA of the inactive limb. These results permit unique insight into 

the role of peripheral sympathetic outflow in mediating hemodynamic responses during exercise.  

 

3.5.1 SFA blood flow and vascular conductance 

In contrast to prior work using static handgrip exercise (168, 175), RHG demonstrated an 

increase in SFA blood flow, while cycling and concurrent exercise modes evoked either no 

change or small increases, respectively. Examination of the blood velocity patterns across the 

cardiac cycle demonstrated that increases in mean blood flow with RHG were mediated by an 

increase in antegrade blood velocity without a change in retrograde blood velocity, while cycling 

had offsetting increases in both antegrade and retrograde blood velocities. This observation is 

consistent with work demonstrating increases in contralateral antegrade, but not retrograde, 

brachial blood flow during rhythmic handgrip exercise but parallel increases in antegrade and 
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retrograde blood flow during cycling (61, 202). This variance in flow patterning has been 

attributed to differences in pressure gradients (i.e. upstream arterial pressure vs. downstream 

pressure from resistance vessels) produced by individual exercise modalities (61). Neural 

vasoconstriction is thought to play a role in mediating these responses as acute sympathetic 

activation increases retrograde blood velocity and flow (124, 146, 201). Indeed, despite 

comparable increases in blood pressure during RHG and cycling in the present study, reductions 

in SFA vascular conductance were only observed during cycling exercise in parallel with an 

increase in MSNA burst amplitude and total MSNA. To our knowledge, this is the first study to 

describe how concurrent arm RHG and cycling impact blood velocity profiles, demonstrating an 

increase in antegrade blood velocity without a change in retrograde blood velocity (i.e. additive 

response).  

The sympathetic nervous system is known to play an important role in blood flow 

redistribution and the maintenance of perfusion pressure during exercise (120, 165). 

Characterizing the changes in SFA vascular conductance as a measure of vasomotor tone, we 

observed comparable increases in MSNA burst amplitude and total MSNA during contralateral 

leg cycling and concurrent exercise; which were accompanied by reductions in regional vascular 

conductance. This regional change occurred despite cycling and concurrent exercise both 

increasing total vascular conductance (Table 2). These results in the resting limb differ from 

parallel increases in leg vascular conductance and norepinephrine spillover during high intensity 

(≥80% VO2 max) double-arm cranking (173). However, these measures were taken after ≥ 9 

minutes of exercise and the dissociation between sympathetic activity and vascular conductance 

may be explained by augmented cutaneous blood flow to aid in systemic thermoregulation 

during more prolonged exercise (145) or the effects of increased metabolic vasodilation (197). 
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Interestingly, prior work has reported that the addition of ischemic static handgrip exercise to 

mild and moderate intensity dynamic leg kicking can reduce leg vascular conductance, without a 

change in leg norepinephrine spillover (192). Whether this reflects the sensitivity of discrete 

norepinephrine spillover measures during exercise, inter-individual variability in responses, or 

the small sample size is unclear. In the present study changes in MSNA and SFA vascular 

conductance were not different during concurrent vs. cycling exercise alone.  

One consideration with prior microneurographic dynamic exercise studies has been the 

sole reliance on quantifying MSNA burst frequency (87, 167) without consideration of burst 

amplitude, a measure of burst strength. This omission is important given that spontaneous 

fluctuations in MSNA burst amplitude (or area) are associated with graded reductions in leg 

vascular conductance (42) and transduction into diastolic blood pressure (12). Indeed, using 

single-unit MSNA analysis, it was reported that greater within-burst multiple spike firing (which 

relates to multi-unit MSNA burst amplitude) is associated with increased cardiac norepinephrine 

spillover (101). Further, measures of MSNA burst amplitude have also been shown to be a more 

sensitive marker of alterations in efferent sympathetic outflow when comparing healthy controls 

and congestive heart failure patients at rest (195), or healthy control and chronic anxiety patients 

during mental stress or a cold pressor test (73). In support of a functional role of MSNA burst 

strength, RHG had no effect on SFA vascular conductance despite increases in MSNA burst 

frequency, while cycling and concurrent exercise produced comparable changes in MSNA burst 

amplitude (or total MSNA) and SFA vascular conductance. Future studies should include 

measures of MSNA burst strength to assess the functional consequences.  
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3.5.2 Reflex control of MSNA 

 The regulation of MSNA burst occurrence and strength are hypothesized to occur 

independently, with the gating of multi-unit burst firing controlled primarily by feedback from 

the arterial baroreflex and the strength of a burst computed by the integration of all inputs from 

peripheral and central sources (95). Our results are in agreement as RHG modulated burst 

frequency without a change in burst amplitude, while cycling and concurrent exercise had no 

effects on burst frequency but increased burst amplitude. The differences in MSNA burst 

frequency may be rationalized based on the greater loading of the cardiopulmonary baroreflex 

during large muscle mass dynamic leg exercise (33, 89, 155), however, the mechanisms 

responsible for the changes in MSNA burst amplitude during cycling and concurrent exercise are 

less clear. Our group reported previously that MSNA burst amplitude was unchanged during 

passive but increased during voluntary zeroload one-legged cycling, arguing for a role of central 

command in mediating the changes in burst strength during cycling (33). Although central 

command would also be active during RHG, prior work has demonstrated greater cardiovascular 

contributions of central command during isometric exercise of a large (quadriceps) vs. small 

(forearm) muscle mass (48). Peripheral feedback from chemically and mechanically sensitive 

group III/IV skeletal muscle afferents has also shown to exert larger blood pressure effects with 

increased muscle mass (49). The interactive effects of peripheral and central neural pathways 

cannot be excluded as cardiopulmonary baroreflex loading during muscle metaboreflex 

stimulation can augment whether sympathetic outflow is directed towards the heart or 

vasculature (200). Interestingly, the present results, exhibiting largely additive responses in total 

MSNA and MSNA burst amplitude during concurrent exercise compared to RHG and cycling 

alone, differs from recent work showing that cardiopulmonary baroreflex-mediated reductions in 
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burst frequency and total MSNA via lower body positive pressure are only blunted by high, but 

not low or moderate, muscle metaboreflex activation (90). However, an important distinction is 

that this study did not assess responses during a voluntary challenge, such as exercise. 

Additionally, changes in MSNA burst frequency were significantly larger during concurrent 

exercise versus cycling, suggesting the threshold to overcome cardiopulmonary-mediated 

sympathoinhibition was reached during concurrent exercise, but not cycling exercise. 

 

3.5.3 Cardiac baroreflex sensitivity and heart rate variability 

Time-domain measures of heart rate variability were assessed to provide a non-invasive 

marker of cardiac parasympathetic activity during exercise (188). It has been reported previously 

that both the SDNN and RMSSD remain largely unchanged during static handgrip or leg 

exercise (56, 123). In contrast, dynamic handgrip (96), arm cranking (105) and cycling (56, 105) 

each decrease measures of time-domain heart rate variability. In the present study, heart rate 

variability was reduced during each exercise mode but to a larger extent during cycling and 

concurrent exercise. This difference is likely attributed to the larger changes in heart rate evoked 

by these larger muscle modes (Table 2). Alterations in cardiac BRS, reflecting reflex cardiovagal 

modulation (143), may also be related to the amount of muscle mass. Static or dynamic handgrip 

exercise has no effect on cardiac BRS, while similar intensity leg exercise causes a reduction in 

BRS (69, 79). These results are consistent with the present findings, in which cardiac BRS was 

unchanged during RHG but reduced similarly during cycling and concurrent exercise. We have 

demonstrated previously a role for central command in mediating attenuations in cardiac BRS 

during one-legged cycling (33), however, accentuated activation of the muscle metaboreflex in 

the lower limbs may also contribute (69). In line with MSNA, we did not detect any differences 



 
 

50 
 

in heart rate variability or cardiac BRS between cycling and concurrent exercise, despite a 

difference in heart rate during these exercise modes. This observation suggests important limb 

differences in the regulation of neural responses during exercise. 

 

3.5.4 Methodological considerations 

 We acknowledge several methodological considerations. First, due to the high degree of 

technical difficulty in maintaining microelectrode placement during cycling exercise we were 

only able to collect neural recordings in a subset of our data. Our success rate of holding a 

microneurographic site was much lower than we previously reported during recumbent one-

legged cycling (33), suggesting that this may have been impacted by posture. Nevertheless, our 

sample is considerably larger that prior studies (≤ 6 participants each) (87, 167) and we 

confirmed that our hemodynamic measures and blood flow measures were consistent between 

the subset and the larger sample. Second, to reduce the risk of microelectrode movement during 

data collection, MSNA and blood flow measurements were not assessed concurrently but over 

different study visits. Again, we demonstrated no differences in hemodynamic responses to 

exercise between testing days, in the whole sample or the subset. Third, our measurements of 

MSNA were confined to a resting limb based on the need to limit movement of the 

microelectrode and may not be generalizable to the neural responses in the active leg (10). 

Fourth, our protocol was completed in a semi-supine posture to facilitate data collection. Prior 

work has shown that the supine position can abolish the sympathoinhibitory effects of dynamic 

leg exercise (155), providing a rationale for the insignificant changes in MSNA burst occurrence 

during one-legged cycling exercise.   
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3.5.5 Conclusion 

 This is the first study to comprehensively study the effects of dynamic arm, leg, and 

concurrent exercise on MSNA and blood flow responses to the resting limb. The changes in SFA 

vascular conductance closely paralleled the changes in MSNA burst amplitude but not burst 

frequency. The increased MSNA with cycling and concurrent exercise was also accompanied by 

increases in retrograde blood velocities, which contributed to blunting the mean blood flow 

response. In agreement with the MSNA data, changes in heart rate variability and cardiac BRS 

were greater during cycling and concurrent exercise. The results demonstrate the influence of 

muscle mass on mediating hemodynamic and neural responses and suggest that reflex 

sympathetic activation of burst frequency and strength can be regulated independently. 
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Chapter 4. Extended Discussion and Conclusion 

 

4.1 Summary of findings 

 The present study sought to describe the functional outcome of SNS activation on the 

regulation of blood flow to the resting limb during concomitant upper and lower limb dynamic 

exercise. To provide a comprehensive examination of autonomic nervous system responses, we 

also assessed the tonic and reflexive effects on non-invasive cardiac autonomic modulation, 

using heart rate variability and arterial baroreflex sensitivity analyses. This is the first study to 

investigate MSNA and blood flow responses to the same resting limb during dynamic arm, leg, 

and concurrent exercise. We found that changes in SFA vascular conductance and blood flow 

occurred in parallel with changes in MSNA burst amplitude (or total MSNA), but not burst 

frequency. Indeed, similar increases in MSNA burst amplitude and decreases in SFA vascular 

conductance were observed during cycling and concurrent exercise, despite increases in total 

vascular conductance. RHG did not induce a change in SFA vascular conductance despite an 

increase in MSNA burst frequency. Increased input from central command, associated with 

exercising of a larger muscle mass (48) could be a possible mechanism for increasing MSNA 

burst amplitude during dynamic cycling exercise (33). Alternatively, the change in burst 

amplitude may represent a shift in sympathetic recruitment patterns, given the known 

sympathoinhibition of MSNA burst frequency by the cardiopulmonary baroreflex (33, 89, 139, 

155, 169). In support, comparable increases in heart rate variability and cardiac baroreflex were 

observed between cycling and concurrent exercise, demonstrating greater input from central 

command in modulating parasympathetic control of the heart (188). These findings demonstrate 

the importance of muscle mass on mediating blood flow and MSNA responses during exercise 
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and further demonstrate that sympathetic activation of burst occurrence and strength may be 

regulated independently. In addition, it appears that differences in MSNA activation (burst 

occurrence vs. amplitude) may have functional outcome on regional blood flow. 

 

4.2 Responses in SFA blood flow and MSNA 

 Various physical activities require the contraction of both upper and lower limb (e.g. 

rowing, basketball, hockey, athletics), but how blood flow and neural activity is regulated to 

exercising or skeletal muscle during these exercises is not completely understood. The seminal 

work of Secher et al. demonstrated a decrease in active leg blood flow and increases in vascular 

resistance when arm cranking is added to cycling at intensities of approximately 80% of VO2 

max (180). This finding was later confirmed and extended by a series of studies measuring active 

limb hemodynamics and norepinephrine spillover concentrations, showing that high intensity 

concurrent arm and leg exercise decreased blood flow and vascular conductance (or increased 

vascular resistance) to the arm (216) or leg (159, 173) compared to exercising upper or lower 

limbs alone. Coincident increases in norepinephrine spillover with concurrent arm and leg 

exercise, suggest a neurally-mediated reduction in vascular conductance to the active limb via 

sympathetic vasoconstriction (159, 173, 216). Of note, other work at comparably high intensities 

contradicts these findings as concomitant upper and lower limb exercise did not change blood 

flow or vascular conductance to the active leg despite significant increases in norepinephrine 

spillover (158). Nevertheless, it seems that during high intensity aerobic exercise, cardiac output 

is preserved by the ‘stealing’ of blood flow from previously active muscle tissue to supply the 

newly exercising tissue through decreases in vascular conductance and mediated by an increase 

in sympathetic vasoconstriction (180). 
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Other work has examined the effects of concurrent upper and lower limb exercise at low 

to moderate submaximal intensities which produce more modest increases in cardiac output. In 

these studies, blood flow to the active leg remained unchanged (167, 192) or was reduced (87) 

with the addition of handgrip exercise. On the one hand, increases in vascular resistance and 

decreases in vascular conductance to the exercising calf were observed alongside coincident 

increases in contralateral resting leg MSNA during rhythmic handgrip and foot plantar flexion 

exercise (87, 167). Conversely, a similar study investigating the addition of ischemic handgrip to 

low intensity knee extension exercise saw decreases in vascular conductance without any 

significant increase in norepinephrine spillover concentrations to the exercising limb (192). A 

limitation from prior work is that MSNA was measured from the inactive limb to explain 

variations in hemodynamics occurring in the active limb (87, 167) and it should now be 

appreciated that MSNA is regulated differently between resting and exercising limbs (10, 81). In 

addition, the contribution of the SNS to changes in blood flow and vascular conductance in the 

resting limb during concomitant upper and lower limb exercise are not clear at this time. To the 

best of my knowledge, the only other study to have measured blood flow and SNS activity (via 

norepinephrine spillover concentrations) to the resting limb during concurrent arm and leg 

exercise found that the addition of arm cranking to one-legged knee extension did not change 

blood flow and conductance, despite significant increases in norepinephrine spillover 

concentrations (173). However, measurements of blood flow and norepinephrine spillover 

concentrations were taken after 9 and 14 minutes of exercise, a point at which blood flow can be 

increased to cutaneous tissue of the inactive limb to aid in thermoregulation (145). Indeed prior 

work has shown that during prolonged cycling exercise, blood flow to the resting brachial artery 

was unchanged or even decreased at the 5 minute mark of exercise, but was then elevated after 
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10 minutes of exercise (145). Therefore, it is difficult to relate previous blood flow and 

conductance findings to the current study which performed only 3 minutes of exercise. 

In an attempt, to provide a clearer understanding of how MSNA and blood flow 

responses to the inactive limb may change during submaximal exercise intensities, the present 

study found that MSNA burst amplitude increased in an additive manner but SFA blood flow 

exhibited mutual inhibition when combining RHG and one-legged cycling exercise. Indeed, no 

significant change in MSNA burst amplitude was observed during RHG, but the increases in 

cycling and concurrent exercise were very similar, which may suggest an additive response. 

However, RHG was the only exercise to have an increase in MSNA burst frequency, but 

concurrent exercise did have a significantly larger change in frequency versus cycling exercise. 

SFA blood flow was found to have increased by ~ 29% with RHG while no change was 

observed with cycling (~ -1%) and only a ~18% increase during concurrent exercise. This points 

to a competition between exercise modalities during concurrent exercise in regulating blood flow 

to the resting limb as the blood flow increases were attenuated relative to that observed during 

RHG exercise, alone. However, SFA vascular conductance appeared to be additive as no change 

was observed with RHG, but cycling and concurrent exercise decreased similarly. Together, it 

appears that the neural regulation is complex as changes in MSNA burst amplitude occurred in 

an additive manner, but not burst frequency. Meanwhile, blood flow was equally complex as the 

interaction between upper and lower limb concurrent exercise resulted in the attenuation in blood 

flow relative to RHG exercise. 
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4.3 Clinical relevance of SNS activity during exercise 

Chronic sympathetic over-activation at rest and during exercise is a common feature of 

cardiovascular diseases, including hypertension and ischemic heart failure (116). In particular, 

heart failure patients exhibit an exaggerated MSNA response at rest and to one-legged cycling 

exercise which relates inversely to peak oxygen uptake during exercise (134, 136, 138, 139). 

This is important given that the capacity to perform exercise is one of the most significant 

predictors of morbidity and mortality (208). In fact, the activation of group III/IV muscle 

afferents during one-legged knee extension exercise in heart failure patients has been shown to 

cause excessive sympathoexcitation, reducing blood flow to the exercising leg (3). Fortunately, it 

appears that many of these deleterious symptoms appear to be reversible or improved with 

exercise training (115, 164). For example, following four months of whole body exercise 

training, consisting of 1 hour exercise periods three times a week, resting MSNA and arm 

vascular resistance were greatly reduced and peak exercise capacity increased (164). 

Additionally, after four months of exercise training, the exaggerated MSNA response to static 

handgrip exercise in heart failure patients was reversed (135) and forearm vascular resistance 

was reduced compared to the untrained heart failure control group (184). 

 

4.4 Limitations 

4.4.1 Sample Size of MSNA 

Compared to more recent publications examining MSNA during large muscle mass 

cycling exercise (33, 89, 139), the current sample size of 12 participants for MSNA burst 

frequency and 10 participants for complete MSNA data is relatively small. However, only two 

previous studies measured MSNA from the resting leg and blood flow from the active calf 
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during concurrent small muscle mass exercise of the arm and leg (87, 167). Microneurographic 

recordings of MSNA were made in only 2 (87) and 6 (167) participants and in both, MSNA was 

only presented as the change in burst frequency. Thus, despite only collecting changes in MSNA 

burst occurrence in 12 subjects and complete MSNA data in 10 subjects, the present study has a 

much larger sample size than previous work performing a comparable exercise protocol and was 

the first to provide a complete assessment of changes in MSNA during concurrent exercise. 

 

4.4.2 Technical challenges of MSNA 

Microneurography is a delicate procedure and when recording MSNA in humans, any 

movement produced during exercise, due to active contraction of the surrounding skeletal muscle 

or through passive movement produced during locomotion of another limb, can result in the 

dislodging of the microelectrode and loss of a site (33). For this reason, MSNA during exercise 

has been primarily investigated using models of small muscle mass contractions (i.e. rhythmic or 

static handgrip exercise (e.g. 82, 118, 168, 175, 221). However, handgrip exercise is not a 

regularly performed mode of exercise and lacks the ability to be generalized to more regularly 

performed daily physical activity (i.e. walking, cycling or running). Fortunately, our group and 

others have successfully developed methods to obtain measures of MSNA during dynamic leg 

exercise (33, 89, 91, 139, 155, 169). Nonetheless, it remains difficult to maintain MSNA sites 

during dynamic exercise as various studies do not report changes in MSNA burst amplitude 

because of shifts in the microneurographic site (89, 91, 155, 169) while others demonstrate lower 

success rates because of the inability to maintain a microneurographic site (33). Indeed, in the 

present study, despite attempts to collect MSNA in all 35 participants, incomplete MSNA was 

merely obtained in 12 (34% success rate) participants and complete MSNA was collected in only 
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10 participants (29% success rate). In addition, participants were strapped to the surface of the 

bed and had their legs held during the collection of both blood flow and MSNA to reduce any 

excessive movement that might occur during exercise. 

Muscular contractions in the same limb undergoing microneurographic measurement of 

sympathetic activity have previously demonstrated the capacity to modulate MSNA (10). 

Similarly, contraction of the resting limb during collection of blood flow can increase blood flow 

to the limb during exercise of the contralateral limb (35). Since electromyographic recording of 

muscle activation levels in the resting limb were not presently recorded, we are unable to exclude 

the impact of small contractions on influencing measures of MSNA and blood flow. However, 

participants were secured to the surface of the bed to discourage any unconscious coactivation of 

the resting contralateral leg that might occur during dynamic cycling and concurrent exercise. 

Additionally, participants were verbally instructed and reminded at the start and throughout the 

testing visits to relax their leg during periods of data collection.  

 

4.4.3 Differences in exercise intensity between upper and lower limb exercise 

 Another limitation is that the exercise intensity between upper and lower limb exercise 

was not matched. Indeed, RHG was performed at 40% MVC while one-legged cycling was 

performed at an average intensity of 17% of peak power output achieved during a peak VO2 test. 

However, by using changes in heart rate and blood pressures as a crude indicator of exercise 

intensity, we can see that despite a smaller relative power output, large muscle mass dynamic 

exercise elicited larger increases in heart rate and similar increases in systolic blood pressure 

relative to RHG while concurrent exercise produced the largest increases in both blood pressure 

and heart rate. This is in agreement with prior work that has shown that large muscle mass 
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exercise will produce larger pressor responses when compared to intensity-matched small muscle 

mass exercise (48). Therefore, since RHG was performed at a higher relative intensity than one-

legged cycling, an overestimation of the impact of small muscle mass exercise on hemodynamic, 

blood flow and MSNA responses may be made to concomitant arm and leg exercise in the 

current study. 

 

4.5 Future directions 

4.5.1 Effect of sex and age on MSNA and vascular conductance 

 Little attention has been given to the influence that a particular population might have in 

the regulation of MSNA, blood flow, and vascular conductance during concurrent dynamic 

exercise. Differences in resting hemodynamic variables between men and women are well 

documented; men display a lower resting heart rate (206) and tend to have higher resting blood 

pressure values (142). In addition, women have been found to have lower resting MSNA (131). 

Further, women have demonstrated a diminished capacity to reduce vascular conductance 

(vasoconstriction) when faced with sympathetically-mediated challenge (67) and an attenuated 

vasoconstrictor response to lower body negative pressure (109). These neural adaptations are 

thought to be the result of the presence of sex hormones in premenopausal women (67, 68). 

Indeed, estrogen and progesterone can sensitize and upregulate expression of β2-adrenergic 

receptors (44, 215), causing peripheral vasodilation and blunting of α-adrenergic 

vasoconstriction (67). It is important that further work is done to uncover any differences 

between men and women in regulating limb blood flow and neural activity during concurrent 

upper and lower limb dynamic exercise. 
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 As the human population ages, higher incidences of hypertension and a general elevation 

in resting blood pressure can be observed (151). In addition, at rest, older adults generally have a 

higher output of sympathetic nerve activity to the muscle (12, 31, 131) while limb vascular 

conductance and blood flow are also blunted (31, 32). During dynamic knee extension exercise, 

older adults demonstrate reduced leg blood flow responses, most likely due to the exaggerated 

increase in leg vascular resistance (104). Indeed, a contributing factor towards the decrease in 

whole-limb blood flow and vascular conductance appears to be the increase in sympathetically-

mediated α-adrenergic vasoconstrictor tone (32). Examining the impact of the SNS on blood 

flow response during exercise in older individuals is important in trying to prevent age-related 

reductions in vascular conductance. 

 

4.5.2 Limb-specific differences in MSNA  

 Traditionally, MSNA measured from the resting limb has been considered to be 

representative of sympathetic activity to all other vasculature within skeletal muscle beds. In 

support, previous work showed similar responses between upper and lower limb MSNA during 

handgrip exercise (154). In addition, other work demonstrated that sympathetic drive to both legs 

was similar during a period of apnea or upper limb exercise, but a reduction in coherence 

between the resting and exercising limb during tibialis anterior contractions supports limb-

specific regulation of MSNA (218). Later on, direct recordings of MSNA to the leg during 

ischemic toe extension exercise saw no difference in sympathetic activity to the resting or 

exercising leg (65). However, there was some evidence to support the idea of limb-specific 

regulation of sympathetic vasoconstrictor activity as one-legged cycling produced attenuations in 

vascular resistance and increases in blood flow to the arm while opposite responses were 
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observed in the leg as vascular resistance increased and blood flow decreased (199). More 

recently study, dorsiflexion of the foot at very low intensities produced different MSNA 

responses between active and inactive legs (10). Thus, the assumption that MSNA measured 

from the non-active limb during exercise is reflective of active limb sympathetic outflow is no 

longer acceptable. More work needs to be done to fully elucidate these differences in 

sympathetic regulation between limbs and to uncover the functional changes in skeletal muscle 

vasculature through coincident measures of limb blood flow and vascular conductance. 

 

4.6 Conclusion 

 In summary, this is the first study to provide a complete examination of dynamic arm, 

leg, and concurrent exercise on MSNA and blood flow responses to the inactive leg. The 

decreases in SFA vascular conductance were found in parallel with increases in MSNA burst 

amplitude during cycling and concurrent exercise. In comparison, no change in SFA vascular 

conductance was found when MSNA burst frequency increased with RHG. The reductions in 

SFA vascular conductance during cycling and concurrent exercise were associated with increases 

in retrograde blood velocities, which contributed to the blunting of the mean SFA blood flow 

response. These results support the concept that muscle mass plays an important role in 

regulating sympathetic neural activity and associated hemodynamic responses to exercise 

through differential activation of MSNA burst frequency and strength. 
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