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The extent to which central mechanisms can independently increase cardiovascular 

circuit blood flow (CBF) during exercise is not well defined. Studies using atrial pacing during 

exercise to evoke a proportionally greater cardiac activation response observe no increases in 

CBF but fail to replicate exercise-induced cardiac activation. Therefore, we investigated whether 

excess exercise-induced cardiac activation was able to independently drive CBF at exercise 

onset. To isolate the contribution of exercise-induced cardiac activation of CBF, 30 participants 

performed knee extension/flexion exercise at 50% WR! "#$  during two conditions. 1) CON: right 

leg exercise, with left leg blood flow occlusion (pneumatic cuff; 280 mmHg); 2) ECA: dual leg 

exercise, with left leg blood flow occlusion to increase cardiac activation above single leg 

exercise, without additional vasculature participating in CBF. Central and peripheral 

hemodynamics were measured continuously. Heart rate and cardiac output were higher in ECA 

compared to CON during the first 30 seconds of exercise, while stroke volume remained 

unchanged between conditions. Mean arterial pressure was also higher in ECA, primarily due to 

the increased cardiac output as there were greater increases in total vascular conductance during 

ECA. Leg blood flow was greater in ECA compared to CON, but this increase was not due to a 

greater leg vascular conductance. Instead, leg blood flow appears to be driven by a pressor-

mediated response caused by the higher cardiac output in ECA. These results demonstrate that 

excess exercise-induced cardiac activation can increase the CO and exercising leg perfusion 

response within the first 30 seconds of sub-maximal knee extension/flexion exercise onset.     
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Exercise onset necessitates rapid cardiovascular adjustments to meet exercising muscle 

metabolic demand. To ensure an adequate delivery of oxygen and removal of metabolic 

byproducts, exercising skeletal muscle vasodilates to facilitate increased muscle perfusion. A 

concomitant rise in cardiac output (CO) driven by increases in both heart rate (HR) and stroke 

volume (SV), matches the rapid increase in peripheral blood flow (PBF) to support a greater 

cardiovascular circuit flow. The balance between CO and PBF via increased vasodilation is 

reflected in the protection of arterial blood pressure (ABP) at the onset of exercise (Craig et al., 

2021; MacDonald et al., 1998; Shoemaker et al., 1994). These responses are tightly coordinated 

by both systemic autonomic nervous system (ANS) signalling and local mechanisms within 

exercising muscle vasculature (Joyner & Casey, 2015). Despite extensive documentation of these 

mechanisms, available research provides conflicting evidence regarding the primary driver of 

cardiovascular circuit flow during exercise.   

Currently, the balance between the rise in CO and PBF in exercise is thought to be 

dominated by a “cardiac determination” of circuit flow, in which the heart dictates the rate and 

magnitude of circuit flow increases during exercise. In this model, autonomic cardiac activation, 

which increases CO, is the bottleneck for circuit flow responses, while vascular tone is adjusted to 

match the cardiac response to protect ABP. When cardiac activation is reduced, slower rates of CO 

increases (Endo et al., 2003; Hughson & Kowalchuk, 1991; Hughson & Morrissey, 1982) and 

blunted CO responses (Amann et al., 2011; Sidhu et al., 2015) are reported. Interpretation of these 

results suggest that when cardiac activation is diminished, there is an attenuated CO response and 

therefore circuit flow. Moreover, in those with ANS dysfunction, individuals are unable to constrict 

any peripheral vascular beds, resulting in hypotension even during submaximal exercise (Marshall 
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et al., 1961; Puvi-Rajasingham et al., 1997; Smith et al., 1995). Observations in autonomic failure 

suggest that increased vasodilation does not result in increased CO. Further, mechanoreflex-

mediated increases in CO and PBF have been shown to occur independent from peripheral 

vasodilation (McDaniel et al., 2010). These results suggest the circuit flow response magnitude 

depends only on cardiac activation and is not influenced by venous return from exercising muscle.  

In contrast to a cardiac determination of circuit flow, a “peripheral determination” of circuit 

flow proposes that exercising muscle vasodilation dictates the rate and magnitude of circuit flow 

increases during exercise. Adjustments in vascular tone determine PBF, and thus venous return to 

the heart. Cardiac function is therefore matched to venous return to ensure the blood volume it 

receives is pumped back into circulation to protect ABP, regulated by other, non-exercising 

vascular beds.!

This view is supported by evidence from pharmacological vasodilator infusions during rest 

and exercise, demonstrating that “excess” vasodilation, independent of exercise-mediated 

autonomic activation of the heart, can increase CO without compromising ABP (González-Alonso 

et al., 2008; Rådegran & Calbet, 2001; Rosenmeier et al., 2004). Circuit flow is therefore not 

limited by cardiac activation nor is it “exercise activation” dependent as the evidence for a cardiac 

determination of circuit flow would suggest. Atrial pacing studies further reinforce the perspective 

that CO is primarily determined by venous return rather than cardiac activation, as HR elevation 

does not increase CO due to proportional reductions in SV (Bada et al., 2012; Magder et al., 2019; 

Munch et al., 2014; Sheriff & Mendoza, 2004). The cumulative results of these studies indicate 

that venous return establishes what the heart can pump back into circulation, and therefore CO is 

determined by peripheral vasodilation and not cardiac activation. 
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However, atrial pacing does not mimic the same physiological increase in both HR and 

contractility that occurs with regular exercise. Atrial pacing lacks the inotropic enhancement 

normally driven by norepinephrine (NE) release during exercise (Guyton, 1967; Hamzaoui et al., 

2018; Motiejunaite et al., 2021; Munch et al., 2014; Sonnenblick, 1962), and results in reduced 

left ventricular filling pressures and SV due to shortened cardiac cycles (Bada et al., 2012; Munch 

et al., 2014; Sheriff & Mendoza, 2004). As a result, atrial pacing may not be an appropriate method 

to determine whether excess cardiac activation can elevate circuit flow because it does not replicate 

autonomic cardiac activation.  

Therefore, to determine whether increases in cardiac activation dictates alterations in 

circuit flow, autonomic activation of the heart must be induced in excess of available vasodilation. 

If a cardiac determination of circuit flow holds, an increase in cardiac activation independent of 

an increase in vasodilation should elevate CO and exercising leg blood flow (LBF). This can be 

tested by introducing an exercising blood-flow-occluded limb to an already established 

cardiovascular circuit. Thus, the purpose of this study was to determine the influence of excess 

exercise-induced cardiac activation on central (CO, HR, SV) and peripheral (LBF, mean arterial 

blood pressure; MAP) cardiovascular responses during two-legged knee flexion/extension 

exercise. We hypothesized that excess exercise-induced cardiac activation can generate increases 

in cardiovascular circuit flow. 
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In this review I will provide an overview of the mechanisms that contribute to the 

cardiovascular circuit flow response to exercise, providing a foundational understanding of the 

relevant physiological processes. Next, I will introduce the opposing concepts of cardiac versus 

peripheral determination of cardiovascular circuit flow and examine the evidence supporting each 

perspective. Finally, I will identify the research problem and propose a hypothesis, contextualizing 

both within existing knowledge.  

!,$*1*7.'()*1$%*3(CD#$47#(

At the onset of exercise, contracting muscles require a considerable increase in blood flow 

to sustain increased metabolic demand. This is achieved by significant vasodilation in exercising 

muscle, matched by an increased CO. The balance between CO and PBF via increased vasodilation 

is reflected in the effective protection of ABP at the onset of exercise (Craig et al., 2021; 

MacDonald et al., 1998; Shoemaker et al., 1994).  

ANS activation and its effects on cardiac activation and peripheral vascular conductance is 

viewed as a critical part of the integrated response that balances increased exercising muscle blood 

flow for the purpose of meeting metabolic demand with increased CO so that ABP is regulated. 

The ANS is the efferent pathway targeting the heart and blood vessels as part of the three 

mechanisms primarily responsible for neurally mediated cardiac and peripheral vascular responses 

to exercise: central command, the exercise pressor reflex (EPR), and the baroreflex receptors 

(Nakamura et al., 2023).  
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The arterial baroreflex is the primary feedback mechanism through which the ANS 

regulates acute (beat-by-beat) shifts in ABP (O’Leary, 1996). Blood pressure disturbances are 

sensed by baroreceptors in the aortic arch and carotid sinuses, providing afferent feedback to evoke 

reciprocal adjustments in sympathetic and parasympathetic activity (Thames & Kontos, 1970). 

Increases in ABP activate baroreceptors to evoke an increase in parasympathetic nerve activity and 

a decrease in sympathetic activity, thereby reducing HR and peripheral vasoconstriction to reduce 

blood pressure. Conversely, reductions in ABP decrease baroreceptor activation, subsequently 

increasing sympathetic activity and vagal inhibition to raise HR, vasoconstriction, and therefore 

blood pressure (La Rovere et al., 2008). Beat-by-beat HR adjustments are exerted through 

immediate (200-600 ms) parasympathetic responses (Coleman, 1980; Pickering & Davies, 1973; 

Thames & Kontos, 1970), while sympathetic activity occurs following a 2-3 second delay (La 

Rovere et al., 2008). 

Historically, it was proposed that the baroreflex was “turned off” during exercise to account 

for the coordinated increase in ABP and HR. However, evidence from the 1980s and 1990s 

demonstrated a rightward and upward shift of the sigmoidal baroreflex stimulus-response curve of 

both HR and ABP during exercise (DiCarlo & Bishop, 1992; Melcher & Donald, 1981; Sheriff et 

al., 1990; Walgenbach & Donald, 1983). The shift, or resetting, of the operating point allows the 

baroreflex to function at the ABP induced by exercise, counteracting hyper or hypotensive stimuli. 

During exercise, the baroreflex-mediated increase in ABP occurs primarily through alterations in 

vasomotor tone (Collins et al., 2001; O’Leary et al., 1991). With increasing exercise intensity, the 

baroreflex pressor response is attributed more to vasoconstriction in active skeletal muscle beds 

rather than inactive vasculature (Collins et al., 2001).  
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Baroreflex resetting at the onset of exercise is influenced by input from central command, 

the EPR, and cardiopulmonary (CP) baroreceptors. The roles of these autonomic mechanisms in 

controlling HR, heart contractility, and vasomotor tone as well as their proposed mechanism of 

baroreflex resetting during exercise will be outlined in their respective sections. 

>'LI&46!>JMM4LN!

The central feedforward mechanism responsible for regulating autonomic responses during 

exercise, frequently termed “central command” (Gandevia et al., 1993), is thought to involve the 

activation of specific cerebral regions responsible for motor unit recruitment. This activation, in 

turn, influences the cardiovascular control areas in the medulla, resulting in parasympathetic 

withdrawal and sympathetic activation to increase HR and, consequently, CO (Goodwin et al., 

1972; Tsuchimochi et al., 2002).  

The traditional view that HR increases at exercise onset are primarily due to rapid vagal 

withdrawal has more recently been challenged. In tetraplegic subjects, who retain only 

parasympathetic control, initial tachycardia at exercise onset was still blunted despite maintaining 

the same parasympathetic function as control subjects (Takahashi et al., 2004, 2007). These 

findings suggest that sympathetic activation also influences HR increases at the start of exercise 

(Takahashi et al., 2004, 2007). Supporting this, animal models have shown a rapid increase in 

cardiac sympathetic nerve activity (SNA) just prior to and immediately starting dynamic exercise, 

indicating that initial sympathetic activity may originate from central command (Kadowaki et al., 

2011; Tsuchimochi et al., 2002). Further, Kadowaki et al. (2011) isolated the autonomic influence 

of central command during motor activity and reported an increase in cardiac sympathetic outflow 

with no withdrawal of cardiac parasympathetic outflow. Despite no change in cardiac 

parasympathetic nerve activity, the central command-mediated increases in cardiac SNA was able 
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to produce subsequent tachycardia at the onset of activity (Kadowaki et al., 2011). One proposed 

mechanism for autonomic control of HR is a sympatho-vagal balance wherein the autonomic 

influence on HR shifts from primarily (~80%) vagal control at rest to primarily (~80%) 

sympathetic control with increasing exercise intensity (White & Raven, 2014). Importantly, the 

autonomic adjustments mediated by central command are proportional to both exercise intensity 

and the perception of effort (Rowell & O’Leary, 1990; Williamson et al., 2001).  

Although there is a clear indication that central command influences HR control during 

exercise, there is conflicting data regarding its role in peripheral vasomotor tone. Earlier studies 

observed no change in total peripheral resistance attributable to central command activation in 

static exercise (Williamson et al., 1996). However, these authors did not manipulate central 

command, but rather, inferred that any change in hemodynamic variables that could not be 

accounted for by the exercise pressor response is attributable to the influence of central command. 

More recently, Ishii et al. (2016) generated central command just prior to and at the onset of 

dynamic exercise following an arbitrary start or a cued verbal start respectively. Compared to 

exercise which started following a verbal cue, an arbitrary start to exercise created greater 

vasodilation and blood flow in the non-exercising muscle.  

In addition to its role in autonomic regulation in exercise, central command also resets the 

arterial baroreflex to a higher blood pressure set point while retaining its ability to elicit reflexive 

changes in HR in response to blood pressure variations (Norton et al., 1999; Ogoh et al., 2005; 

Potts et al., 1993). The increased blood pressure set point signals to the arterial baroreflex that the 

operating pressure of the reflex is now too low, prompting a rapid withdrawal of cardiac 

parasympathetic activation to increase HR. This baroreflex adjustment is altered via the beat-by-

beat shifts in HR through parasympathetic control (DiCarlo & Bishop, 1992; Williamson et al., 
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2001). With increasing exercise intensity, both central command and the EPR further elevate the 

arterial baroreflex set point to allow simultaneous increases in ABP and HR, enhancing CO 

(Strange et al., 1993).  

3O'!AE'&P#Q'!9&'QQJ&!<'K6'E!

The EPR is a feedback mechanism that receives afferent input from receptors in skeletal 

muscles. The EPR consists of group III and IV afferents that detect mechanical and metabolic 

stimuli in exercising muscle (Amann et al., 2011). These components are aptly referred to as the 

mechanoreflex and metaboreflex, respectively. 

!"#$%&'"()"* +

! During exercise, an accumulation of metabolites (e.g. lactic acid, H+, inorganic phosphate 

(Pi), potassium) in the exercising muscle stimulates the activation of the group III and IV afferents 

(Hureau et al., 2022; Pan et al., 1993; Rotto et al., 1989; Rotto & Kaufman, 1988; Rybicki et al., 

1985; L. I. Sinoway et al., 1992). When O'  delivery is insufficient to meet exercising muscle O'  

demand, activation of these afferents elicits a greater metaboreflex response causing increased 

systemic ABP to increase blood flow and thus O'  delivery (Sheriff et al., 1987). Some studies 

suggest the metaboreflex-mediated increase in ABP during mild to moderate exercise intensities 

is primarily driven by an increase in CO (Augustyniak et al., 2001; Crisafulli et al., 2011). Whereas 

during severe exercise, when CO has reached near maximal limits, the pressor response is 

attenuated as the metaboreflex now can only elicit further pressor responses via increases in 

peripheral vasoconstriction, likely in non-active tissues, to redirect blood flow towards exercising 

muscle (Augustyniak et al., 2001). However, evidence also exists to support a vasodilatory effect 

of the metaboreflex at low (30% maximal load) exercise intensities (Crisafulli et al., 2006). It is 

likely the metaboreflex pressor response is achieved via an interplay between increases in CO via 
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increases in HR and cardiac contractility, and peripheral vasoconstriction attributed to greater SNA 

(Augustyniak et al., 2001; Crisafulli et al., 2006; Ichinose et al., 2010; Mittelstadit et al., 1994; 

O’Leary, 1993). 

!",-$.&'"()"* +

The mechanoreflex is triggered when stretch receptors (mechanoreceptors) in skeletal 

muscle detect distortions in muscle tension or length (Kaufman & Forster, 1996; Matsukawa et al., 

1994; Nakamura et al., 2023). Activation of these mechanoreceptors during passive stretch can 

independently increase ABP and PBF through increases in peripheral vasoconstriction (Ives et al., 

2016; Nakamura et al., 2023), HR (McDaniel et al., 2010; Murata & Matsukawa, 2001), or SV 

(McDaniel et al., 2010; Nóbrega et al., 1994).  

Alterations in these hemodynamic variables are attributed to an EPR-mediated increase in 

SNA. Animal models demonstrate increased cardiac SNA when either the mechanoreflex or 

metaboreflex was stimulated in isolation (Matsukawa et al., 1994; Murata & Matsukawa, 2001; 

O’Leary, 1993). Mechanoreflex influence precedes the metaboreflex, as metabolites gradually 

accumulate during exercise, however, both pressor responses are assumed to increase HR and heart 

contractility (Crisafulli et al., 2006; Nóbrega et al., 1994; O’Leary & Augustyniak, 1998). 

 Both the mechanoreflex and metaboreflex contribute to arterial baroreflex resetting during 

exercise. To stimulate both arms of the EPR, Gallagher et al. (2001) used medical anti-shock 

trousers during static and dynamic exercise, and reported an upward and rightward shift of the 

carotid baroreflex (CBR) response curve for MAP compared to a control. In the same study, the 

HR response curve shifted rightward only. These changes were observed without alterations to the 

baroreflex operating point or change in sensitivity. In contrast, previous studies reported an altered 

CBR-MAP curve sensitivity with no change in the CBR-HR curve sensitivity following 
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metaboreflex activation (Papelier et al., 1997). Others observed a rightward and upward shift of 

the CBR-HR curve with increased sensitivity (Eiken et al., 1992). However, this effect may also 

be due in part to the influence of central command. Collectively, these studies demonstrate a clear 

association between EPR activation and arterial baroreflex resetting during exercise.  

>4&N#JB%6MJL4&R!84&J&'K6'E!!

! Changes in central venous blood pressure (CVP) are mechanically sensed by low-pressure 

CP baroreceptors located in the heart, great veins, and lung vasculature. CVP shifts occur as a 

result of changes in central blood volume (CBV), evoked by postural adjustments, variations in 

total blood volume (TBV), blood pooling, or muscle pump activity (Zoller et al., 1972). When 

CBV increases, these baroreceptors reduce SNA, while decreases in CBV trigger reflexive 

increases in SNA (Fadel & Raven, 2012).  

Isolated unloading of CP baroreceptors in humans leads to reflex vasoconstriction in both 

skeletal muscle and skin to preserve MAP (Rowell et al., 1973; Tripathi & Nadel, 1986). During 

exercise, CP baroreceptors help maintain elevated MAP. Using lower body negative pressure to 

pool blood in the lower limbs, thereby unloading CP baroreceptors, stimulates an increase in total 

systemic vascular resistance to sustain MAP during exercise (Mack et al., 1988). The effect is 

achieved by cutaneous (Mack et al., 1988; Walker et al., 1980) and skeletal muscle (Rowell et al., 

1973) vasoconstriction.  

The CP baroreflex controls muscle sympathetic nerve activity (MSNA) in dynamic 

exercise. Using postural changes to increase CVP in humans, Ray et al. (1993) observed decreases 

in MSNA during dynamic one-legged knee extensions. Similarly, Saito et al. (1993) found that 

mild leg exercise in the upright position led to decreased MSNA, likely due to CP baroreceptor 

activation from a muscle pump-induced increase in venous return and CBV. Thus, muscle pump 



! 11 

driven increases in CBV are thought to activate the CP baroreceptors and inhibit MSNA at low 

exercise intensities. Importantly, this reduction in MSNA is overridden with greater exercise 

intensities as skeletal muscle afferents evoke substantial increases in MSNA during higher 

intensity exercise (Saito et al., 1993).  

More recent data suggests that CP baroreceptor load during exercise not only influences 

exercise-induced blood pressure, but also contributes to arterial baroreflex resetting during 

exercise (Ogoh et al., 2006, 2007; Volianitis et al., 2004). While arterial baroreflex resetting to 

higher MAP typically occurs in an intensity-dependent manner from rest to maximal exercise 

(Norton et al., 1999; Potts et al., 1993), adding leg cycling to arm exercise reduced MAP compared 

to arm exercise alone (Volianitis et al., 2004). This decrease is likely due to the influence of the 

skeletal muscle pump on CBV through increased venous return, shown to attenuate the exercise-

induced blood pressure response by reducing the carotid-cardiac baroreflex operating point (Ogoh 

et al., 2003, 2007).  

E3**5(F*3,74(G.#$%.",$.*1(&15(H*".3.I&$.*1(

TBV is distributed between CBV and peripheral blood volume (PBV). CBV includes the 

blood volume in the heart, lungs, and large vessels like the vena cava and pulmonary vessels. In 

contrast, PBV is contained within smaller blood vessels and capillaries that supply tissues 

including, skeletal muscles, skin, and splanchnic regions. These vascular beds differ in both their 

compliance and capacitance, the ability of vessels to expand or contract in response to pressure 

changes and the amount of blood volume a vessel can store, respectively. The venous system holds 

~75% of the body’s TBV as it has greater compliance and capacitance compared to the arterial 

system, allowing it to act as a blood reservoir and maintain filling of the heart (Rothe, 1983).  
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Among peripheral vascular beds, the splanchnic circulation holds a particularly large 

reservoir of blood, receiving ~25% of the resting CO (Gelman et al., 2004).!The vasculature in this 

region is innervated by alpha 1-, alpha 2-, and vasodilatory beta-2 adrenergic receptors (AR) (Bell 

et al., 1990; Chang & Rutlen, 1991; Gelman et al., 2004). During exercise, catecholamines released 

by the SNA act on splanchnic alpha-AR to induce vasoconstriction, quickly mobilizing blood from 

the splanchnic reservoir into the systemic circulation to support increased CO (Bell et al., 1990; 

Flamm et al., 1990; Gelman et al., 2004). Additionally, active venoconstriction and passive elastic 

recoil of vessels help to facilitate the redistribution of blood, and are thought to contribute to the 

reduction in splanchnic blood volume during exercise (Rothe, 1983; Rothe & Gaddis, 1990; 

Stewart et al., 2007). However, the magnitude of splanchnic blood mobilization can vary 

depending on the type, duration, and intensity of exercise. During submaximal isometric handgrip 

exercise, significant reductions in splanchnic blood volume were not observed until two minutes 

of sustained contraction (Stewart et al., 2007). During dynamic exercise, reductions in splanchnic 

volume can occur within 30s, with different regions of the splanchnic vascular responding uniquely 

(Endo et al., 2008). Blood flow reductions in the superior mesenteric artery are typically less 

pronounced or absent compared to right renal artery, splenic, and hepatic blood flow (Endo et al., 

2008; Perko et al., 1998). 

;S'6'I46!=%QP6'!9%MB!!

 When muscles contract, skeletal muscle bed vasculature is compressed, causing a 

unidirectional outflow of venous blood towards the heart (Guyton et al., 1962). This mechanical 

action is referred to as the skeletal muscle pump and enables a rapid (1-2 s) rise in venous return, 

CO, and total vascular conductance (TVC), mobilizing PBV to central circulation (Sheriff et al., 
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1993). Indeed, Stewart et al. (2004) observed a 40% reduction in intramuscular muscle blood 

volume translocated toward the heart following a single contraction. Moreover, during 

submaximal cycling exercise, there is an immediate increase in CVP attributable to the mechanical 

effect of the skeletal muscle pump as the effect precedes the speed at which reflex adjustments 

could occur (Notarius & Magder, 1996). These findings align with observations of decreased leg 

blood volume and an increased CBV across zero-load cycling to maximal intensity cycling, 

indicating a translocation of blood volume from peripheral to central vasculature (Flamm et al., 

1990). Rhythmic contractions are therefore thought to indirectly promote exercise hyperemia by 

ensuring the initial blood volume shift is centrally maintained to support ventricular filling and the 

high CO required during exercise (Casey & Hart, 2008). 

 The skeletal muscle pump may also directly generate local hyperemia within contracting 

muscle (Sheriff & Van Bibber, 1998). The concentric phase of rhythmic exercise diminishes 

arterial inflow while expelling venous outflow from intramuscular beds. This alternates with the 

relaxation phase during which venous outflow is minimal, but arterial inflow is allowed to occur 

(Folkow et al., 1970, 1971). With reduced local venous pressure immediately following a 

contraction, muscle perfusion is increased via a greater arterio-venous pressure gradient across the 

muscle bed (Pollack & Wood, 1949; Stick et al., 1992). An increase in exercising muscle blood 

flow would therefore drive an increase in venous return to support a greater CO. 

 However, not all evidence supports the necessity of a skeletal muscle pump. González-

Alonso et al. (2008) infused femoral adenosine triphosphate (ATP) to examine the influence of leg 

vasodilation versus mechanical contributions of the muscle pump on skeletal muscle blood flow 

and central hemodynamics. At rest, the ATP infusion matched the rise in CO and LBF evoked by 

knee-extensor exercise with no change in CVP or muscle metabolism, suggesting the muscle pump 
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is not necessary for venous return, CVP, or CO to maintain muscle blood flow (González-Alonso 

et al., 2008). Interestingly, peripheral vasodilation and exercise-induced increases in CO are 

achieved via different mechanisms. While knee-extensor exercise stimulated greater increases in 

HR to drive CO, local vasodilation achieved a greater SV with an attenuated rise in HR to elicit 

the same increase in CO at rest (González-Alonso et al., 2008). 

;RMB4IO'I#P!<'QI&4#LI!4LN!"%LPI#JL46!;RMB4IOJ6RQ#Q!

 Despite significant increases in SNA during exercise, the sympathetic vasoconstrictive 

effect is blunted in active skeletal muscle through “functional sympatholysis” (Remensnyder et 

al., 1962). Using tyramine-induced NE release to evoke vasoconstriction, Tschakovsky et al. 

(2002) observed a significant vasoconstrictive effect, reducing forearm blood flow up to 46% at 

rest. This effect was attenuated with increasing exercise intensity to a 16% reduction in heavy 

exercise, suggesting a blunted sympathetic vasoconstrictive effect in exercising muscles. Results 

align with previous studies that determined the magnitude of alpha-adrenergic mediated 

vasoconstriction is inversely proportional to exercise intensity (Buckwalter & Clifford, 1999).  The 

mechanisms of functional sympatholysis have not been fully elucidated, but studies have observed 

a reduction in alpha-adrenergic vasoconstriction in skeletal muscle vasculature in response to 

contraction-stimulated metabolites such as ATP (Hearon Jr. et al., 2017; Rosenmeier et al., 2004), 

prostaglandins and nitric oxide (Dinenno & Joyner, 2004; Mortensen et al., 2007), as well as 

changes in skeletal muscle pH (McGillivray-Anderson & Faber, 1990, 1991)!and temperature (Ives 

et al., 2012). Functional sympatholysis protects exercising muscles from sympathetically mediated 

reductions in blood flow to ensure adequate perfusion to meet metabolic demands (Thomas et al., 

1994). By selectively attenuating vasoconstriction in more metabolically stressed muscles, it helps 
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optimize blood flow distribution between active and inactive muscles to balance perfusion with 

systemic blood pressure regulation (Hansen et al., 1994; Rowell, 1997).  

 While the vasoconstrictive effect in active skeletal muscle is blunted, it is not abolished, 

even during intense exercise. Although this appears counterintuitive, since vasoconstriction limits 

oxygen delivery required to meet increased metabolic demands, there is strong evidence 

supporting the presence of alpha-adrenergic vasoconstriction in exercising muscle (Buckwalter & 

Clifford, 1999; Joyner et al., 1992). This “sympathetic restraint” may serve an important role in 

maintaining blood pressure during exercise (Marshall et al., 1961). Given the large capacity of 

skeletal muscle to vasodilate and the significant proportion of CO directed to active muscles during 

exercise, even small changes in exercising muscle vascular conductance can have profound effects 

on arterial pressure. Conversely, further vasoconstriction in inactive tissue may only provide a 

small increase in blood pressure, as the already limited flow impedes the ability to generate large 

alterations to blood pressure (Joyner & Casey, 2015). However, some evidence suggests that the 

level of sympathetic restraint could be lower without compromising MAP. Rådegran & Calbet 

(2001) have shown no difference in MAP between single-leg exercise performed with and without 

an infusion of a lower-limb vasodilator. Increases in blood flow and HR with vasodilator infusion 

despite no change in MAP raises questions about whether the level of vasoconstriction typically 

seen in active muscle is necessary for maintaining blood pressure.  

A&/.5(B1#4$(F&#*5.3&$.*1(

At the onset of exercise, skeletal muscle hyperemia exhibits a biphasic response: an initial 

rapid increase within the first 0-5 seconds, followed by a slower rise toward a steady state flow 

around 10-30 seconds (Hughson et al., 1996; MacDonald et al., 1998; Rådegran & Saltin, 1998). 

The initial rise in blood flow is caused by rapid onset vasodilation (ROV). This response is initiated 
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within a single cardiac cycle, and peaks after ~4-5 cardiac cycles following a single contraction in 

proportion to exercise intensity (Rådegran & Saltin, 1998; Tschakovsky et al., 2004). The 

underlying mechanisms of the immediate and rapid increase in blood flow at exercise onset are 

not fully understood, however previous studies have identified potential contributions from the 

skeletal muscle pump (Sheriff, Rowell, et al., 1993; Tschakovsky et al., 2004), mechanical vessel 

deformation (Credeur et al., 2015; Kirby et al., 2007; Tschakovsky et al., 1996), and local 

metabolic vasodilators (Casey et al., 2013; Crecelius et al., 2013).  

As previously mentioned, the muscle pump is a perfusion pressure elevating mechanism 

thought to increase local hyperemia by lowering local muscle venous pressure (Pollack & Wood, 

1949; Sheriff & Van Bibber, 1998). Supporting this, Tschakovsky et al. (2004) found that a single 

forearm contraction below heart level elicited a greater peak hyperemic response than when 

positioned above the heart, likely due to greater blood pooling and an increased arterio-venous 

pressure gradient following venous emptying. However, in the above heart position, where muscle 

pump contribution is minimized, forearm blood flow and conductance still rose post-contraction 

(Tschakovsky et al., 2004). These data suggest an additional rapid vasodilatory mechanism(s) drive 

immediate exercise hyperemia.  

Additional studies investigated whether the mechanical deformation of blood vessels was 

responsible for eliciting ROV (Credeur et al., 2015; Kirby et al., 2007; Tschakovsky et al., 1996). 

If mechanics alone were responsible, the hyperemic response to a single voluntary contraction and 

a mechanical cuff compression would be similar. Instead, authors observed a greater vasodilatory 

response to voluntary contractions in both the forearm (Kirby et al., 2007; Tschakovsky et al., 

1996) and leg vasculature (Credeur et al., 2015). Moreover, the temporal response pattern differed 

between methods. Compressions triggered a peak conductance within 1-2 cardiac cycles, while 



! 17 

isometric contractions peaked at 4-7 cardiac cycles and remained elevated for 15 cycles (Kirby et 

al., 2007). Researchers concluded that while mechanical vessel deformation may drive initial ROV 

following a single contraction, other mechanisms must be responsible for the gradual and sustained 

elevation of conductance in subsequent cardiac cycles.  

In support of a local metabolic contribution to ROV, it is well supported that immediate 

exercise hyperemia is related to muscle activation as the rapid vasodilatory response to a single 

muscle contraction increases in proportion to exercise intensity (Credeur et al., 2015; Kirby et al., 

2007; Rådegran & Saltin, 1998; Tschakovsky et al., 2004). Further, Saunders & Tschakovsky 

(2004) investigated the hyperemic response during rest-to-exercise (rest to 10% maximal voluntary 

contraction; MVC) and exercise-to-exercise (10% MVC to 20% MVC) transitions to isolate 

immediate vasodilation from the muscle pump and early vasodilatory mechanisms. Authors 

observed an identical biphasic vasodilatory response between both transitions, reinforcing the role 

of a rapid vasodilator mechanism in immediate exercise hyperemia (Saunders & Tschakovsky, 

2004). It is hypothesized that release of multiple local vasodilators such as nitric oxide, 

prostaglandins, and K(  may work in concert to elicit ROV (Casey et al., 2013; Crecelius et al., 

2013).  

!,$*1*7.'(A46,3&$.*1(*9()&%5.&'(;,1'$.*1 (

The myocardium consists of two types of cells, nodal and contractile, which communicate 

via gap junctions (DiFrancesco, 1981). Without any external input, the heart beats at a rate of 

approximately 100 beats per minute (bpm) (Jose & Collison, 1970), due to the sinoatrial (SA) 

node’s intrinsic ability to spontaneously depolarize and initiate action potentials to drive cardiac 

contractions. However, a variable HR is required to meet changes in the physiological need for 
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oxygen and nutrient delivery. To achieve this, HR and cardiac contractility are controlled, in part, 

via extrinsic influences from the parasympathetic and sympathetic arms of the ANS. 

The parasympathetic branch of the ANS works to reduce HR via an increase in vagal tone. 

Acetylcholine is released by parasympathetic neurons and binds to muscarinic (M2) receptors on 

cardiac nodal cells to slow the rate of depolarization and action potential frequency to reduce HR 

(DiFrancesco & Tromba, 1988, 1988; Nathanson et al., 1978). 

Conversely, the sympathetic branch is responsible for increasing HR. The sympathetic 

nervous system exerts its effects on both the nodal and contractile cells of the heart. Epinephrine 

(Epi) and NE released from sympathetic postganglionic neurons bind to beta-1 AR on nodal cells 

to increase both the frequency of depolarization and rate of repolarization, thereby reducing the 

time between systolic contractions (Brown et al., 1979; DiFrancesco & Tortora, 1991). In 

contractile cells, Epi and NE bind to the same beta-1 AR, increasing the concentration of 

intracellular calcium via calcium ion influx from the extracellular environment and calcium release 

from the sarcoplasmic reticulum (Bers, 2002). The elevated calcium concentration in the 

cytoplasm enhances actin-myosin cross-bridge formation, strengthening heart contractions (Eisner 

et al., 2017). 

A prominent distinction between the autonomic systems controlling cardiac function is that 

parasympathetic activity primarily affects HR (negative chronotropic effect), whereas sympathetic 

activity influences both HR and contractility (positive chronotropic and inotropic effect). 

Therefore, during exercise, increases in sympathetic activity coordinated via feedback systems 

such as central command, the EPR, and the baroreceptor reflexes, enhance CO by eliciting this 

positive chronotropic and inotropic effect.  
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Pacemakers can be implanted to artificially moderate HR by sending an electrical impulse 

to stimulate nodal cells, causing cell depolarization to generate a heartbeat. Previous research has 

used pacemakers in healthy individuals to artificially alter HR and examine the effects of cardiac 

activation on physiological responses. More specifically, cardiac pacing has been used to further 

increase cardiac activation during exercise to examine the effect on circuit flow (Bada et al., 2012; 

Munch et al., 2014). This method, while raising HR, does not excite contractile cells the same way 

that increasing exercise intensity would. Pacemakers elevate HR without enhancing cardiac 

contractility as there is no additional Epi or NE binding to beta-1 receptors on contractile cells. 

Thus, conclusions from pacing studies may not fully represent the natural physiological response 

from sympathetic activation, as they overlook the combined effect of increased contractility and 

HR on CO during exercise. 
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 Diastolic function is governed by both active and passive properties of the ventricle. 

Diastole can be divided into two phases: the isovolumetric relaxation phase and the filling phase. 

Isovolumetric relaxation occurs immediately after systole when the aortic valve is closed, but 

ventricular pressures have not yet dropped sufficiently to open the mitral valve to allow filling 

(Yamamoto et al., 1996). The filling phase can be subdivided into early rapid filling, diastasis 

(slower filling), and atrial systole, which supplies the final ventricular blood volume before the 

next contraction (Yamamoto et al., 1996). Left ventricular filling pressure is dictated by the 

pressure difference between the left atria and ventricle, referred to as the transmitral or 

atrioventricular pressure gradient (Esch & Warburton, 2009). The rate of ventricular filling in early 

diastole is directly proportional to the transmitral pressure gradient (Ishida et al., 1986). During 

systole, the left ventricle twists to eject blood; as it recoils during isovolumetric relaxation, it 
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generates negative intraventricular pressure that creates a suction to aid rapid diastolic filling 

(Notomi et al., 2006; Tyberg et al., 1970). This process of elastic recoil increases the transmitral 

pressure gradient and highlights the influence of systolic function on diastolic filling. Stronger 

systolic contractions that result in a more complete ventricular emptying enhance the transmitral 

gradient and improve filling on the subsequent beat (Tyberg et al., 1970). During isovolumetric 

relaxation, calcium ions are removed from the cytoplasm into the sarcoplasmic reticulum in an 

energy-dependent process. An incomplete relaxation reduces the ventricular volume for a given 

pressure and therefore requires a greater atrial pressure to maintain the same transmitral pressure 

gradient and diastolic volume (Yamamoto et al., 1996).  

 The Frank-Starling mechanism is closely linked to the passive property of the left ventricle 

known as compliance. The ventricle’s compliance refers to the heart’s distensibility during 

diastole, defined by the end-diastolic pressure-volume relationship (Levine, 1972). The Frank-

Starling relationship demonstrates that greater preload or end-diastolic pressure to increase stretch 

within the myocardium, results in stronger ventricular contraction to expel the received blood 

volume back into circulation. During exercise, the increased venous return contributes to a larger 

left ventricular end-diastolic volume, thereby augmenting SV and CO (Horwitz et al., 1972; 

Plotnick et al., 1986). However, this mechanism is limited with increasing HR as the time for 

filling is reduced. As exercise intensity and HR increase, both end-diastolic volume and SV hit a 

plateau (Poliner et al., 1980; Stöhr et al., 2011). Additional studies have suggested this SV plateau 

occurs due to constraints imposed by the pericardium (Fujimoto et al., 2011). Interestingly, when 

HR is reduced with beta-blockers, SV increases to compensate to maintain CO at both submaximal 

(Scruggs et al., 1991) and maximal exercise intensities (Bevilacqua et al., 1989). Thus, the heart 

may retain a capacity to further increase end-diastolic volume that is not fully utilized in exercise.  
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Extensive research has examined the mechanisms controlling cardiovascular responses 

during exercise, identifying key roles for the ANS in controlling HR, SV, and peripheral vascular 

conductance to regulate ABP. Within exercising muscle, contributions from the skeletal muscle 

pump and ROV are also thought to assist with the generation of local hyperemia to support the 

increased metabolic demand. While it is well documented that these mechanisms occur, how they 

are coordinated to achieve a balanced CO and PBF is still debated.   

Currently, the balance between the rise in CO and PBF in exercise is thought to be 

dominated by a “cardiac determination” of circuit flow (Figure 1). This view postulates that the 

heart dictates the rate and magnitude of circuit flow increases in response to exercise. In other 

words, activation of the heart to increase CO is thought to be the bottleneck for circuit flow 

responses in exercise, and vasodilation or vasoconstriction in active and non-active tissue is 

matched to the cardiac response to ensure ABP is protected.  

In contrast to a cardiac determination of circuit flow in exercise, a “peripheral 

determination” proposes the amount of exercising muscle vasodilation dictates the rate and 

magnitude of circuit flow increases during exercise (Figure 2). With a peripheral determination of 

circuit flow, adjustments in vascular tone determine PBF, and thus venous return to the heart. 

Cardiac function is therefore matched to venous return to ensure the blood volume it receives is 

pumped back into circulation to protect ABP.  In this way, the observed CO is matched to the 

venous return generated by exercising muscle vasodilation. ABP is then regulated by other, non-

exercising vascular beds.  
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Several lines of evidence substantiate each viewpoint, it may therefore be likely that the 

mechanism by which CO and PBF remain balanced can vary based on the exercise modality, 

intensity, or postural effects.  
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"#$%&'!( ) Cardiac determination of circuit flow: the heart determines the rate and magnitude of 
circuit flow increases. Blood pressure is regulated by sympathetic vasoconstriction in exercising 
muscle. BP, blood pressure; HR, heart rate; PSNA, parasympathetic nerve activation; SNA, 
sympathetic nerve activation; SV, stroke volume. 
!
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The increase in circuit flow that occurs during exercise is characterized by up to a five-fold 

increase in CO coupled with marked increases in exercising muscle vascular conductance 

(Holwerda et al., 2015). However, if unrestrained, the extensive vasodilatory capacity of skeletal 

muscle has the capacity to potentially outstrip CO, causing hypotension (Joyner & Casey, 2015; 

Rowell, 1997). In those with ANS dysfunction, individuals have an inability to constrict any 

peripheral vascular beds, resulting in hypotension even during submaximal exercise (Marshall et 

al., 1961; Puvi-Rajasingham et al., 1997; Smith et al., 1995). To determine whether the drop in 

arterial pressure was due to a failure of compensatory constriction in vascular beds or inadequate 

CO increases, an early study by Marshall et al. (1961) measured the CO of two participants with 

idiopathic orthostatic hypotension during supine exercise. Despite a marked fall in blood pressure, 

the increases in CO reported in individuals with orthostatic hypotension were comparable to values 

observed in normal subjects completing similar mild exercise (Marshall et al., 1961). Therefore, 

researchers concluded the fall in blood pressure is a result of a failure to constrict peripheral 

vasculature and not an inability to increase CO. Similar results were obtained in subsequent studies 

on persons with autonomic failure, specifically, a CO comparable to that of control participants 

but a drop in blood pressure, indicating that vasodilation increases in “excess” of cardiac activation 

(Marshall et al., 1961; Puvi-Rajasingham et al., 1997; Smith et al., 1995). Given that the exercising 

muscle is the site of vasodilation, it is the lack of restraint of exercising muscle vasodilation by 

sympathetic vasoconstrictor influences that is thought to be responsible for the “excess” 

vasodilation (Joyner & Casey, 2015; Rowell, 1997). Observations in autonomic failure suggest 

that increased vasodilation does not result in increased CO. Rather, the CO response magnitude 

depends only on cardiac activation and is not influenced by venous return from exercising muscle, 
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as the assumed greater exercising muscle vasodilation in those with autonomic failure did not lead 

to greater CO. 
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Additional support for the cardiac determination of circuit flow stems from slower 

increases in CO with reduced cardiac activation (Endo et al., 2003; Hughson & Kowalchuk, 1991; 

Hughson & Morrissey, 1982). Central to the cardiac determination of circuit flow is the 

understanding that CO is dictated by the amount of chronotropic (would determine HR) and 

inotropic (would determine contractility and thereby SV) activation received from neural 

pathways.  As such, a limiting factor for CO increases during exercise is how quickly and how 

much parasympathetic withdrawal and sympathetic activation occur. As demonstrated by Endo et 

al. (2003) and Hayashi et al. (1998), application of cold facial stimulation (CFS) delays the 

withdrawal of parasympathetic activity, thereby reducing the rate of increase in cardiac activation. 

As such, CFS prior to exercise notably slows the HR response at exercise onset (Endo et al., 2003; 

Hayashi et al., 1998). Similarly, when participants are exposed to CFS during a stepwise increase 

in exercise intensity there is a significant reduction in HR and CO (Endo et al., 2003).  

Further, there are smaller and more gradual increases in central hemodynamics during 

stepwise increases in exercise intensities compared to a rest-to-exercise transition. The slower rate 

of change is consistent with the diminishing contribution of vagal withdrawal on cardiac activation 

at higher exercise intensities (Hughson & Morrissey, 1982). Changes in central hemodynamics 

between exercise intensities are thus primarily controlled by slower-acting alterations in 

sympathetic activity, resulting in slower increases in CO (Hughson & Morrissey, 1982). The notion 

that cardiac activation drives CO is further reinforced by the significant delay in HR, and therefore 
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CO and circuit flow increases, with SA node beta-1 receptor blockade, blunting the ability of 

increasing sympathetic activity to the SA node from increasing HR  (Hughson & Kowalchuk, 

1991). In summary, the rate of cardiac neural activation via sympathetic activation and 

parasympathetic withdrawal appear to dictate changes in CO during exercise.  

The magnitude of cardiac activation is also shown to limit the CO response to exercise. 

Fentanyl is a type III and IV afferent feedback blocker, capable of reducing neural feedback from 

exercising muscle that drives the EPR (Amann et al., 2011; Sidhu et al., 2015). At rest, 

administration of intrathecal fentanyl does not alter central hemodynamic responses because the 

EPR does not contribute to cardiovascular control (Amann et al., 2011; Sidhu et al., 2015). 

However, across submaximal exercise workloads, CO, HR, and MAP are significantly attenuated 

in the fentanyl vs. control conditions (Amann et al., 2011). These results are observed in both 

younger and older adult populations (Sidhu et al., 2015). Interpretation of these results suggests 

that with blunted cardiac activation due to a lack of afferent feedback from exercising muscles, 

there is an attenuated CO response and therefore circuit flow. 
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Finally, in support of the current understanding that CO adjustments determine circuit flow 

responses, there is evidence of mechanoreflex-mediated increases in CO and PBF independent of 

peripheral vasodilation (McDaniel et al., 2010), suggesting cardiac activation independently drives 

circuit flow.  

McDaniel et al. (2010) investigated the contributing roles of central and peripheral 

responses to passive leg movement to gain insight into the underlying mechanisms that trigger 

hyperemia in active skeletal muscles. Participants completed passive single-leg knee 

flexion/extension (control) and also with cuff occlusion of the passive moving leg to prevent 
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vasodilation in that leg from contributing to the cardiovascular circuit. The authors reported an 

initial rapid increase in HR and CO likely due to mechanoreflex responses with the onset of passive 

leg movement (McDaniel et al., 2010). It was concluded that the increase in these central responses 

drove statistically significant increases in LBF in both the control and passive movement leg, with 

more robust and immediate hyperemic responses occurring in the passive leg. However, their 

conclusion failed to address the increase in leg vascular conductance and decrease in MAP 

following passive movement onset. It may therefore be fairer to say that a coordinated increase in 

both CO and vascular conductance generated the increase in LBF. 

Interestingly, elevations in CO and control LBF were still evident during upper thigh cuff 

occlusion on the passive moving leg. In fact, occluding and preventing CO distribution of blood 

flow to the passive leg resulted in a more rapid elevation of blood flow in the control leg, and a 

trend toward a greater blood flow response (McDaniel et al., 2010). Although this condition still 

evoked an increase in CO, it did not generate a significant increase in MAP. Yet, authors concluded 

that because passive LBF and venous return were not necessary to drive increases in cardiac circuit 

flow in the cuff occlusion condition, limb vasodilation cannot solely be responsible for changes in 

CO.  

However, the absolute increases in CO observed during passive single-leg movement are 

considerably lower (~1 L/min) than the increase in CO values observed during moderate single-

leg knee-extensor exercise (~4 L/min) (Bada et al., 2012). At rest, increasing HR through atrial 

pacing can further increase CO, but not by much before further increases in HR are offset by 

decreases in SV (Bevegard et al., 1967; Kumada et al., 1967; Sowton, 1964; Wessale et al., 1990). 

It is possible that the mechanoreflex-induced increases in CO observed in the McDaniel et al. 

(2010) study occurred because the capacity to increase CO via cardiac activation had not been 



! 27 

exceeded and the subsequent rise in control LBF (and therefore venous return) was enough to 

sustain an increase in circuit flow at lower absolute flow levels.!Moreover, increases in CO were 

transient, lasting only ~45 seconds of the 3-minute protocol. Results therefore cannot be 

extrapolated to reflect the role of exercise-induced cardiac activation on circuit flow where 

increases in CO and vasodilation are far greater compared to passive leg movement and may 

exceed the capacity for cardiac activation to elevate circuit flow.  

M<.541'4(C,//*%$.16(&(N4%./-4%&3(G4$4%7.1&$.*1(*9().%',.$(;3*2(

!

"#$%&'!* ) Peripheral determination of circuit flow: exercising muscle vasodilation determines the 
rate and magnitude of circuit flow increases. Cardiac activation is matched to ensure the heart 
pumps out the blood volume it receives. Blood pressure is regulated by other vascular beds. 
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Central to the argument for a cardiac determination of circuit flow is the idea that 

vasoconstriction of active tissue during exercise is necessary to ensure the considerable 

vasodilatory capacity of skeletal muscle does not outstrip CO, thereby causing hypotension 

(Rowell, 1997). Previous data collected from individuals with autonomic dysfunction 

demonstrated an inability of CO to compensate for peripheral vasodilation, leading to significant 

hypotension at submaximal exercise intensities (Marshall et al., 1961; Puvi-Rajasingham et al., 

1997; Smith et al., 1995). However, skeletal muscle vasodilation only threatens ABP at near 

maximal exercise intensities in those with normal autonomic function. At this level, active muscle 

represents about 85% of TVC and therefore retains a capacity to further constrict to maintain ABP, 

while other vascular beds are likely already maximally constricted (Rowell, 1997). Persons with 

autonomic dysfunction are unable to vasoconstrict any vascular beds, including non-active tissue. 

Therefore, the resultant hypotension may be attributable to the excess vasodilation in peripheral 

beds rather than a necessity to vasoconstrict active muscles to maintain ABP.  

If exercising muscle vasoconstriction is required to prevent hypotension in persons with 

normal autonomic function, injection of a pharmacological limb vasodilator would create a similar 

“excess” vasodilation relative to cardiac activation and cause a considerable drop in blood 

pressure. The vasodilation-mediated increase in venous return would be unable to generate greater 

CO without a proportional increase in cardiac activation. Surprisingly, by administering 

vasodilators to the leg during rest and exercise, studies have provided evidence that challenges the 

notion that “excess” vasodilation relative to cardiac activation will jeopardize ABP (González-

Alonso et al., 2008; Rådegran & Calbet, 2001; Rosenmeier et al., 2004).  
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Results from Bada et al. (2012) and González-Alonso et al. (2008) demonstrate that 

femoral artery infusion of the vasodilator ATP can produce increases in LBF comparable to those 

seen during single-leg exercise. This increase in LBF was observed without the exercise-mediated 

central command, EPR, and baroreflex resetting effects on autonomic activation of the heart. Yet, 

ABP was not compromised due to the proportional increase in CO (Bada et al., 2012; González-

Alonso et al., 2008). Matched increases in CO to “excess” vasodilation are also observed during 

exercise. Infusion of a vasodilator during submaximal exercise creates excess limb blood flow 

without compromising ABP due to proportional increases in CO (Rådegran & Calbet, 2001). These 

results demonstrate the existence of a vasodilatory reserve that could be utilized during 

submaximal exercise to increase oxygen delivery without compromising ABP. Thus, despite no 

additional exercise-induced cardiac activation (central command, EPR, etc.) following vasodilator 

infusion, considerable increases in circuit flow without compromise to ABP can be achieved. The 

findings listed above suggest circuit flow is not limited by cardiac activation nor is it “exercise 

activation” dependent as the evidence for a cardiac determination of circuit flow would suggest. 

At least not up to the single-leg exercise circuit flows created in the above studies. 

D#M5!T4QJN#64IJ&!#LK%Q#JL!#LP&'4Q'Q!>@!W#IO!4!6JW'&!C<!4LN!$&'4I'&!;?!PJMB4&'N!IJ!IO'!

Q4M'!#LP&'4Q'!#L!'E'&P#Q'!

Interestingly, in the studies mentioned above, though authors observed comparable CO 

values during exercise and vasodilator infusion, the mechanisms by which CO was increased 

differed dramatically between conditions (Bada et al., 2012; González-Alonso et al., 2008; 

Rådegran & Calbet, 2001). During progressive increases in single-leg knee extension exercise 

intensity beyond the initial mild/moderate intensity, the increase in CO is characterized by a 

significant increase in HR while SV remains relatively constant. However, with infusion of 
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increasing doses of ATP to achieve progressive increases in leg vasodilation as in exercise, the 

same increase in CO is characterized by much smaller HR increases, while SV continues to 

increase with increasing vasodilation well above values observed in exercise (González-Alonso et 

al., 2008). Greater SV during vasodilator infusion is particularly interesting with regard to the role 

of HR in CO generation.  The typical interpretation of a plateau in SV during exercise is that further 

increases in CO require increasing HR in order to compensate for limitations to SV (Higginbotham 

et al., 1986). Observations of small HR and large SV changes to achieve the same CO in 

vasodilator infusion vs. exercise provide evidence against the autonomic increase in HR observed 

in exercise as dictating increases in CO and therefore circuit flow. Rather, the same venous return 

can be transferred into CO across a range of HRs in the same person, suggesting increasing HR in 

large part determines the partitioning of venous return rather than the magnitude of CO. 

7I&#46!B4P#L$!IJ!'6'T4I'!C<!NJ'Q!LJI!#LP&'4Q'!>@!N%'!IJ!4!B&JBJ&I#JL46!N'P&'4Q'!#L!;?!

Further evidence contesting a cardiac determination of circuit flow in exercise originates 

from atrial pacing studies. If cardiac activation is the bottleneck for circuit flow regulation, then 

efforts to increase cardiac activation via atrial pacing should result in greater CO. However, atrial 

pacing during exercise does not generate CO increases (Bada et al., 2012; Magder et al., 2019; 

Munch et al., 2014; Sheriff & Mendoza, 2004). Instead, as HR rises, SV decreases proportionally 

such that CO remains unchanged (Bada et al., 2012; Magder et al., 2019; Munch et al., 2014; 

Sheriff & Mendoza, 2004).  

The cumulative results of these studies indicate that venous return establishes what the 

heart is able to pump back into circulation, and therefore CO is determined by peripheral 

vasodilation and not cardiac activation. Evidence from older canine studies were some of the first 

indications that CO is determined by peripheral tissue vasodilation and the resulting venous return 
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(Guyton et al., 1962; Shepard et al., 1973). Instead of cardiac activation, it was proposed that the 

initiation of muscle contractions during exercise was responsible for the translocation of blood 

back to the heart and the subsequent augmentation of CO (Guyton et al., 1962; Shepard et al., 

1973). These results were further supported in canine ventricular pacing studies, where 

manipulations of HR produced little or no change in CO in dogs (Sheriff et al., 1993; Sheriff & 

Mendoza, 2004). 

Similar to studies in canines, human atrial pacing studies find no increase in CO with 

increased HR during exercise. Bada et al. (2012) reported no change in CO when HR was elevated 

by 40-55 bpm due to a proportional decline in SV. The reduced SV may in part be due to the lower 

CVP observed with pacing, indicating a translocation of volume from the central venous 

compartment to peripheral vascular beds (Bada et al., 2012; Sheriff & Mendoza, 2004). This 

redistribution would explain the lower left ventricular filling pressures observed during atrial 

pacing at rest and exercise, and provide further explanation for the attenuated SV (Bada et al., 

2012). Moreover, during high intensity exercise of varying modalities, increasing the HR by 

roughly 20 bpm still did not alter CO due to a reduced SV (Munch et al., 2014). Authors also 

attributed the attenuated SV to a lower left ventricle filling pressure (Munch et al., 2014). 

Regardless of the mechanisms behind the reduction in SV, the inability for atrial pacing to increase 

CO during exercise and a minimal ability to raise CO at rest (Bevegard et al., 1967; Kumada et al., 

1967; Sowton, 1964; Wessale et al., 1990), question a cardiac determination of circuit flow.  

?##,4#(2.$-(&$%.&3(/&'.16($*(6414%&$4(.1'%4&#45('&%5.&'(&'$.<&$.*1(

Although outcomes from atrial pacing studies appear to refute the cardiac determination of 

circuit flow, pacing does not mimic the same physiological increase in both HR and contractility 

that occurs with regular exercise. Myocardial contractility is primarily increased by the release of 



! 32 

NE from cardiac sympathetic nerves that binds to and stimulates cardiac AR (Guyton, 1967; 

Hamzaoui et al., 2018; Motiejunaite et al., 2021). Thus, although atrial pacing has a positive 

chronotropic effect, the inotropic state of the heart remains unchanged with increased HR (Munch 

et al., 2014; Sonnenblick, 1962), as no additional NE is released to act on the myocardium. During 

atrial pacing studies, heart contractility is also likely not matched to the increased HR as a result 

of lower left ventricle filling pressures creating a lower preload (Frank-Starling mechanism) and 

reduced cardiac cycle length restricting the available filling time (interval-force relationship) 

(Bada et al., 2012; Munch et al., 2014; Sheriff & Mendoza, 2004). The fact that atrial pacing cannot 

induce changes in CO implies that this approach is ineffective in raising MAP and subsequently 

circuit flow. This methodology is therefore ill-suited to determine whether excess cardiac 

activation via exercise-induced mechanisms of cardiac activation can elevate circuit flow.  

Therefore, to determine whether increases in cardiac activation dictate alterations in circuit 

flow, a physiological increase in cardiac activation needs to be created in excess of available 

vasodilation. This is to say that if there is a cardiac determination of circuit flow, an increase in 

cardiac activation independent of an increase in vasodilation should be able to elevate CO and 

PBF. One way to accomplish this disturbance is to introduce an exercising blood-flow-occluded 

limb to an already-established cardiovascular circuit. This methodology also provides an 

opportunity to support evidence obtained during passive leg movement (McDaniel et al., 2010) 

and assess the impact of excess cardiac activation during high-flow conditions such as submaximal 

exercise.  



! 33 

N%*"347(C$&$4741$((

9&#LP#B6'!9&JBJQ#I#JL!

1.! During exercise, contracting muscle requires a rapid increase in blood flow to meet 

metabolic demand. This is achieved by significant exercising muscle vasodilation while 

total vasodilation remains in balance with the increasing cardiac output so that arterial 

blood pressure is well regulated.!

2.! Activation of the autonomic nervous system via feedforward and feedback reflex 

mechanisms adjusts cardiac pump function and modulates total vascular conductance.!

VLI'&4PI#L$!9&JBJQ#I#JL!

Conflicting evidence supports both cardiac activation and peripheral vasodilatory 

adjustments as the limiting mechanism for circuit flow responses. Study limitations create 

challenges when trying to identify the primary mechanism responsible for circuit flow responses 

during exercise. Whether cardiac activation determines the rate and magnitude of the balanced 

increase in circuit flow is unclear. 

;B'P%64I#T'!9&JBJQ#I#JL!!

If cardiac activation sets the rate and magnitude of circuit flow increases, the creation of 

exercise-induced cardiac activation in excess of available vasodilation will result in a greater 

circuit flow response at exercise onset. The excess cardiac activation will highlight the role of 

cardiac output adjustment as the regulating mechanism for circuit flow increases during exercise.  

9%&BJQ'!4LN!CRBJIO'Q#Q!

The purpose of this study is to test the hypothesis that excess exercise-induced cardiac 

activation can independently generate increases in cardiovascular circuit flow. We hypothesize that 
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excess exercise-induced cardiac activation at exercise onset will increase the cardiac output and 

exercising muscle blood flow in the first 30 seconds of exercise. 

;#$L#K#P4LP'!

Findings of this proposed investigation will advance our understanding of how circuit flow 

balance during the onset of exercise is achieved.  Importantly, if physiological activation of the 

heart fails to increase circuit flow, the role of the heart shifts from a flow generator to a venous to 

arterial blood volume translocator.  
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The extent to which central mechanisms can independently increase cardiovascular circuit 

blood flow (CBF) during exercise is not well defined. Studies using atrial pacing during exercise 

to evoke a proportionally greater cardiac activation response observe no increases in CBF but fail 

to replicate exercise-induced cardiac activation. To isolate the contribution of exercise-induced 

cardiac activation of CBF, 30 participants performed knee extension/flexion exercise at 50% 

WR!"#$& during, CON: right leg exercise, left leg blood flow occlusion (pneumatic cuff; 280 

mmHg); ECA: dual leg exercise, left leg blood flow occlusion to increase cardiac activation above 

single-leg exercise, without additional vasculature participating in CBF. Central and peripheral 

hemodynamics were measured continuously. ECA elicited a greater cardiac activation vs. CON at 

30 s of exercise evidenced by the greater Δ heart rate response (35.28 ± 8.43 vs. 29.92 ± 9.96 

beats/min, 5#< 0.0001), which significantly elevated Δ cardiac output (CO; 4.62 ± 1.62 vs. 3.48 ± 

1.51 L/min, 5#< 0.001) as Δ stroke volume remained unchanged between conditions. ECA 

increased Δ mean arterial pressure (11.93 ± 5.77 vs. 5.54 ± 5.63 mmHg, 5#< 0.0001) above CON 

at 30 s of exercise, attributed to the greater ΔCO as Δ total vascular conductance was also greater 

during ECA (36.56 ± 18.33 vs. 31.28 ± 15.05 mL/min¥mmHg, 5 = 0.0120). At 30 s of exercise, Δ 

exercising leg blood flow (LBF; 2594.30 ± 639.64 vs. 2425.14 ± 550.90 mL/min, 5#= 0.0179) but 

not Δ leg vascular conductance was greater in ECA vs. CON. Thus, the greater increase in ΔLBF 

was attributed to a pressor-mediated flow response to ECA. These findings demonstrate that excess 

exercise-induced cardiac activation can increase the CO and exercising leg perfusion response 

within the first 30 seconds of sub-maximal knee extension/flexion exercise onset.     
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At the onset of exercise, contracting skeletal muscles require a rapid and considerable 

increase in blood flow to support increased metabolic demand. Essential for this increase in 

exercising muscle perfusion is a rapid and substantial vasodilation (Hughson et al., 1996; 

MacDonald et al., 1998; Rådegran & Saltin, 1998; Saunders & Tschakovsky, 2004). On its own, 

this would create hypotension, however increases in cardiac output (CO) are in balance with 

increased peripheral blood flow (PBF), as reflected by the effective protection of arterial blood 

pressure (ABP) at the onset of exercise (Craig et al., 2021; MacDonald et al., 1998; Shoemaker et 

al., 1994). How this balance is achieved remains unclear.  

One possibility is that the balance between the rise in CO and PBF in exercise is dominated 

by a “cardiocentric determination” of cardiovascular circuit flow. A cardiocentric determination 

posits that the rate and magnitude of autonomic cardiac activation determines the CO response to 

exercise and therefore CO is the bottleneck for the increase in cardiovascular circuit flow in 

exercise, with modulation of peripheral vasodilation maintaining CO:PBF balance. Autonomic 

neural activation from the exercise pressor reflex (EPR) (Amann et al., 2011; Ives et al., 2016; 

O’Leary, 1993), central command (Goodwin et al., 1972; Williamson et al., 2001), and arterial and 

cardiopulmonary baroreceptors (O’Leary et al., 1991; Rowell et al., 1973; Thames & Kontos, 

1970) are thought to play a key role in achieving both the increase in  CO and the sympathetic 

vasoconstrictor restraint of exercising muscle vasodilation that maintains CO:PBF balance. 

Consistent with this cardiocentric model are observations of a slower rate of increase (Endo et al., 

2003; Hughson & Kowalchuk, 1991; Hughson & Morrissey, 1982) and blunted magnitude of 

increase (Amann et al., 2011; Pawelczyk et al., 1992; Sidhu et al., 2015) in CO when cardiac 

activation is reduced but no compromise to ABP, indicating a peripheral vasodilation restraint must 
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have occurred. Observations of a substantial drop in ABP with the onset and maintenance of mild 

to moderate exercise in persons with the loss of sympathetic vasoconstrictor control of peripheral 

vascular beds (autonomic failure) (Marshall et al., 1961; Puvi-Rajasingham et al., 1997; Smith et 

al., 1995) are also consistent with peripheral sympathetic restraint of vasodilation achieving 

balance with the “normal” CO (Joyner & Casey, 2015; Laughlin et al., 2011; Nobrega et al., 2014). 

In contrast, increasing cardiac activation via atrial pacing achieves only limited increases 

in CO at rest before heart rate (HR) increases are offset by stroke volume (SV) decline (Bevegard 

et al., 1967; Kumada et al., 1967; Sowton, 1964; Wessale et al., 1990). In exercise, the addition of 

atrial pacing fails to achieve any increase in CO as SV declines proportionally (Bada et al., 2012; 

Magder et al., 2019; Munch et al., 2014; Sheriff & Mendoza, 2004).  Furthermore, limb vasodilator 

infusion results in limb blood flow increases that are matched by increases in CO similar to 

exercise but where CO is achieved with much lower HR and higher SV (Bada et al., 2012; 

González-Alonso et al., 2008; Rådegran & Calbet, 2001; Rosenmeier et al., 2004). These findings 

suggest CO:PBF balance is a function of peripheral vasodilation-mediated increases in venous 

return and the heart is simply pumping what it receives. However an important caveat to atrial 

pacing as a means of increasing cardiac activation is that it does not replicate the normal autonomic 

neural parasympathetic:sympathetic balance changes with exercise and therefore may lack 

enhancement of contractility (Hamzaoui et al., 2018; Motiejunaite et al., 2021; Munch et al., 2014). 

Thus, whether excess exercise-mediated cardiac activation can increase the rate and magnitude of 

circuit flow increases during voluntary exercise remains unclear. 

The objective of this study was to determine whether an exercise-mediated increase in 

cardiac activation in “excess” of available vasodilation can increase circuit flow during 

submaximal exercise. We tested the hypothesis that an “excess” exercise-induced cardiac 
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activation can increase the CO response at the onset of exercise. Furthermore, that such an increase 

in CO would increase the exercising limb blood flow response at exercise onset.     

!

=A3C@Z; !

94&I#P#B4LIQ!4LN!AIO#P46!7BB&JT46!

Thirty healthy participants (14 female, 16 male, see Table 1 for anthropometric data) were 

recruited for this study. All participants were screened prior to the familiarization session and 

recruited based on the following criteria: i) between 18-30 years of age, ii) absence of 

cardiovascular disease history and, iii) non-smoking status. During their first visit, participants 

completed a medical screening and CSEP Get Active questionnaire to ensure eligibility and safe 

participation in physical activity. Participants were classified according to their physical activity 

levels as outlined by McKay et al. (2022). Only individuals within the first three tiers of the 

Participant Classification Framework were invited to participate. Eligible participants provided 

informed written and verbal consent prior to participation in the study. Demographic information 

(e.g. age, weight, and height) was obtained for all participants. Menstrual cycle phase was reported 

for all but one female participant who was amenorrheic. All experimental procedures were 

reviewed and approved by the Queen’s University Health Sciences Research Ethics Board and 

conform to the standards set by the 8&92'%'()*"#*+#:&2,)";). This study was registered through 

Open Science Framework to reduce outcome reporting bias (https://osf.io/ejbqr). All participants 

were screened and enrolled by the same researcher (A.Z.). 
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This study was a within-participant design in which participants completed nine exercise 

tests over the course of a familiarization and experimental trial day (one incremental exercise to 

task failure test on the familiarization day, and eight submaximal exercise bouts on an experimental 

day). All exercise tests were completed between May 9)*, 2024, and August 9)*, 2024 in the Human 

Vascular Control Lab in Kingston, Ontario, Canada. Prior to all lab visits, participants were 

instructed to abstain from lower body exercise for 48h. Additionally, participants were to avoid 

alcohol and caffeine consumption for 12h, and large meals for 4h before an experimental session. 

AE'&P#Q'!=JN46#IR!

Exercise consisted of knee flexion-extension in a seated semi-recumbent position (Figure 

3). Participants sat upright against an adjustable backrest reclined slightly to allow a hip angle of 

~120°. For single-leg exercise, the right ankle was strapped into a housing space just above the 

ankle, which was connected to a shaft extending back and fixed to the right pedal of an electrically 

braked cycle ergometer (Corival; Lode B.V. Medical Technology, Groningen, The Netherlands) 

(Figure 3). This allowed knee extension-flexion exercise to drive the electrically braked cycle 

ergometer. Participants were asked to maintain a target cadence of 55 pedal revolutions per minute 

(RPM) based on visual feedback of ergometer RPM. The cycle ergometer automatically adjusts 

resistance based on RPM to ensure a consistent work rate. For two-legged exercise at 55 RPM, the 

left leg was similarly connected to drive the left pedal of the ergometer with both legs performing 

alternating flexion and extension efforts. To begin exercise, the ergometer pedal was hand-cranked 

for five seconds by a lab assistant to initiate passive leg movement prior to active flexion and 

extension. We chose this exercise modality to 1) more closely replicate whole-body exercise by 

engaging a relatively large muscle mass and 2) stabilize the hip to allow Doppler ultrasound of 
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femoral artery blood flow, a measure that is typically inaccessible during movements such as 

running or cycling.    

!

"#$%&'!+) Flexion/extension ergometer. 

!
"'MJ&46!7&I'&R!Z#4M'I'&!;P&''L#L$!

During the familiarization visit, participants were screened with ultrasound imaging to 

ensure the right common femoral artery exceeds the threshold diameter of 0.79 cm, above which 

no meaningful increases in diameter occur from rest to exercise (Gonzales et al., 2010). An Echo 

ultrasound probe was placed on the common femoral artery distal to the inguinal ligament but 

proximal to the bifurcation into the profound and superficial femoral arteries. A digital computer 

screen recording of the common femoral artery was obtained, and resting diameter quantified using 

automated edge detection software via Measurements from Arterial Ultrasound Imaging (MAUI, 

Hedgehog Medical). This resting diameter measurement was used to calculate common femoral 

artery blood flow during exercise in combination with exercise measurements of common femoral 

artery blood velocity. 
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To ensure participants were comfortable with the exercise modality, three short (3 min) 

bouts of single-leg flexion/extension exercise were completed. Each bout was completed 

sequentially against 0W, 10W, and 15W, separated by two minutes of rest. Participants were asked 

to maintain a cadence of 55 RPM and focus on contracting both the quadriceps and hamstrings 

while minimizing hip flexor engagement. After the final familiarization bout, participants rested 

for five minutes before completing an incremental single-leg exercise test to task failure to 

determine single-leg work rate peak (WR! "#$ ). Following this test, participants performed a dual-

leg exercise bout to simulate the experimental protocol. An occlusion cuff was inflated at rest 

around the left thigh to 280 mmHg for one minute. Participants were then instructed to initiate 

dual-leg flexion/extension while the left leg remained occluded for 30 seconds and continue 

exercise for an additional 30 seconds following the deflation of the cuff. The familiarization 

procedure ensured participants could coordinate both single- and dual-leg exercise and tolerate the 

potential discomfort of the intervention. 

AQI456#QO#L$!AE'&P#Q'!HJ&S!<4I'Q!

Maximal single-leg work rate was determined using an incremental exercise protocol. 

Participants began load-less single-leg flexion/extension exercise for three minutes at a contraction 

pace of 55 RPM. After three minutes, a progressive ramp protocol increased resistance by 6 W/min 

until task failure defined as an inability to maintain at least 50 RPM despite strong verbal 

encouragement. The WR!"#$  was determined as the highest wattage achieved at the time of task 

failure. A submaximal work rate of 50% was calculated from this WR test and used on the second 

experimental day.  
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To test the effect of excess cardiac activation on circuit flow, we created two conditions: 

Control (CON) and Excess Cardiac Activation (ECA) (Figure 4). CON trials involved single-leg 

exercise of the right leg, where cardiac activation was driven by central command and the EPR 

originating from recruiting the right leg to exercise. To create excess cardiac activation in the ECA 

trials, additional left leg exercising muscle mass was recruited to further increase the central 

command and EPR-mediated activation, while preventing the vasculature of the newly recruited 

muscle from contributing to the circulation. This was achieved by occluding the circulation in the 

left leg such that in the CON trials with right leg exercise, the occluded leg remained at rest, while 

in the ECA trials, the occluded left leg also participated in exercise (Figure 4). Thus, in both CON 

and ECA trials, the limb vasculature participating in the cardiovascular circuit was limited to the 

right exercising leg.  

!

"#$%&'!, ) Schematic representation of the two exercise conditions. The image depicts a participant 
seated with bent legs. CON, control condition; ECA, excess cardiac activation condition. 

!
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Upon arrival to the experimental visit, participants were seated on the flexion/extension 

ergometer to obtain measurements of resting common femoral artery diameter. A Doppler 

Ultrasound probe was placed atop the imaging site to collect continuous blood velocity 

measurements. A blood flow occlusion cuff was wrapped around participants’ left upper thigh but 

remained deflated until the start of a trial. 

Before starting the experimental conditions, participants completed two exercise trials that 

mimicked each of the upcoming experimental conditions. The purpose of these “Limb Occlusion 

Efficacy” trials was to measure femoral artery blood flow in the blood-flow occluded leg. As such, 

each Limb Occlusion Efficacy trial followed one of two experimental protocols outlined below, 

however, femoral blood flow measurements were obtained on the occluded leg.  

Following Limb Occlusion Efficacy trials, participants performed three trials sequentially 

for each of the two conditions, CON and ECA. Each trial lasted three minutes, separated by 10 

minutes of rest to allow hemodynamic variables to return to baseline. The order of the two 

conditions was counterbalanced across participants using <0&&2#*+#='/&, to randomize condition 

allocation (https://wheelofnames.com/).  

CON: During a two-minute baseline period of quiet rest, the left leg occlusion cuff was 

rapidly inflated at the one-minute mark. With the cuff still inflated, a lab assistant hand cranked 

the pedals on the electrically braked ergometer to initiate passive movement for five seconds before 

participants began right leg knee extension/flexion exercise at a power output of 50% WR!"#$ . 

After 30 seconds of exercise, the cuff was deflated. The right leg continued to exercise for an 

additional 30 seconds (Figure 5). Inflating the occlusion cuff prior to exercise and maintaining 

occlusion throughout exercise ensured the same cardiovascular circuit during the transition from 

https://wheelofnames.com/
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rest to exercise. Additionally, this approach established a control trial to compare normal cardiac 

activation to excess cardiac activation while maintaining the same cardiovascular circuit.  

ECA: The resting baseline remained the same as CON. However, passive movement was 

initiated for both legs. After five seconds of passive movement, both legs, with the left leg 

occlusion cuff still inflated, joined in the flexion/extension exercise (Figure 5). The addition of the 

exercising occluded leg increased the physiological central command and mechanoreflex EPR 

activation of the heart without allowing the extra leg vasculature to participate in the cardiovascular 

circuit. To ensure power output of the right leg remained the same with the addition of the left leg, 

the electrically braked ergometer watts were doubled in this condition. After 30 seconds of 

exercise, the left leg occlusion cuff was rapidly deflated to ensure the activation of the muscle 

metaboreflex did not further increase cardiac activation and dual leg exercise continued for an 

additional 30 seconds.  

Each condition began with a two-minute baseline period of quiet rest, the left leg occlusion 

cuff was rapidly inflated at the one-minute mark. With the cuff still inflated, a lab assistant hand 

cranked the pedals on the ergometer for five seconds before participants began knee 

extension/flexion exercise at 50% WR!"#$ . Participants completed all three trials for one condition 

before proceeding to the next condition. 

!

"#$%&'!- ) Experimental protocol. CON, control; ECA, excess cardiac activation; LL, left leg; 
Mvmt, movement; RL, right leg. 

!
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A finger photoplethysmograph (Finometer MIDI; Finapres Medical Systems, Enschede, 

The Netherlands) was placed on the participant’s left middle finger resting at heart level to obtain 

continuous HR measurements and ABP waveforms. Stroke volume and cardiac output were 

calculated by analysis of these waveforms via ModelFlow™ (Finapres, The Netherlands) and 

using the equation CO = HR x SV, respectively.  

6"1&'$)+7 '#"'3+8)&&2+6)&9+$.2+: 4$1"#"'+

Common femoral artery mean blood velocity (MBV) was measured continuously by a 4 

MHz pulsed flat Doppler Probe (Model 500 V Transcranial Doppler; Multigon Industries, Mt. 

Vernon, NY, USA) attached to the skin positioned on the femoral artery distal to the inguinal 

ligament but proximal to the bifurcation into the profound and superficial femoral arteries. Femoral 

artery MBV data were obtained through analog connection to a Powerlab/8sp (ADInstruments) 

and converted into cm/s using Labchart 7 software (ADInstruments). This conversion was 

facilitated by a previously established calibration curve, which takes into consideration the 

insonation angle of the Doppler ultrasound relative to the common femoral artery.  

Common femoral artery diameter was obtained using a linear Echo ultrasound probe (13 

MHz 2D mode; Vividi GE Medical Systems, London, Ontario, Canada) positioned over the same 

site as the Doppler probe. Diameter measurements were taken once prior to exercise and used for 

leg blood flow analysis as previous evidence has demonstrated no dilation of the common femoral 

artery during exercise so long as the diameter exceeds 0.79 cm (Gonzales et al., 2010). Femoral 

artery diameter was quantified with automated edge detection software analysis via Measurements 

from Arterial Ultrasound Imaging (MAUI, Hedgehog Medical). 
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Beat-by-beat data were interpolated and one-second time bins were calculated for cardiac 

output, heart rate, mean arterial blood pressure, systolic blood pressure, and diastolic blood 

pressure. Total vascular conductance was calculated as cardiac output (mL/min) / mean arterial 

blood pressure (mmHg). Other vascular conductance (OVC) was calculated as total vascular 

conductance (mL/min ¥ mmHg) – leg vascular conductance (mL/min ¥ mmHg).  

;"<+8)&&2+6)&9+

One second time bins were calculated for common femoral MBV. Femoral leg blood flow 

was calculated as mean blood velocity (cm/s)•60 s/min•π[femoral artery diameter (cm)/2]'  using 

the common femoral artery diameter obtained with automated edge detection software analysis 

from Measurements from Arterial Ultrasound Imaging (MAUI, Hedgehog Medical). Leg vascular 

conductance was calculated as leg blood flow (mL/min) / mean arterial blood pressure (mmHg). 

="."'$)+!"#-&25+ +

Following the above data analysis approaches, trials completed within a condition were 

averaged to characterize the individual participant response. 

;I4I#QI#P46!7L46RQ#Q!

To test our hypothesis that excess exercise-induced cardiac activation will generate 

increases in cardiovascular circuit flow, a one-tailed paired t-test was performed to compare the 

change in CO from baseline to exercise between conditions. The resting baseline value under left 

leg cuff inflation at rest was determined by averaging the data between -30 s to -5 s (R+CUFF). 

The exercise response value was determined by averaging data between 25-30 s of exercise. 
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All other variables were secondary outcomes and were analyzed using the same one-tailed 

paired t-test approach outlined above. To further characterize results, effect sizes for a within 

subject design were calculated for all comparisons using Cohen’s 4!  (Lakens, 2013) to provide a 

measure of the magnitude of observed differences, interpreted as small (4!  = 0.2), medium (4!  = 

0.5), and large (4!  = 0.8) (Cohen, 2013). Significance was accepted at 5#< 0.05. All data are 

presented as means ± SD.  

An exploratory analysis was performed using a two-way repeated measured ANOVA to 

assess the difference in hemodynamic variables between conditions across time. Resting baseline 

value prior to cuff inflation was determined by averaging the data between -120 to -60 s (REST), 

and following cuff inflation as described above (R+CUFF). Response to passive movement was 

determined as the average of the 5 s period of passive limb movement (PEx; -5 to -0 s), and exercise 

values representing the adjustment to exercise were the average of 5 s intervals. Pair-wise 

differences between conditions at each time point were determined using a post-hoc Tukey’s HSD 

test. Significance was accepted at 5#< 0.05. All data are presented as means ± SD.  

>$1?)"+>4@"+/$),A)$#4&.+

An a priori sample size calculation was performed, with CO as the primary outcome. No 

previous studies allow for an estimate of effect size, therefore, sample size calculations were based 

on a moderate effect size of 0.5. G*Power revealed a minimum sample size of 27 participants were 

required to detect a significant difference in CO between conditions, using a one-tailed paired t-

test ("  error probability = 0.05, # error probability = 0.8). In the absence of prior studies to inform 

effect size calculations, we conservatively aimed to recruit 32 participants for the study.  

!
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All 41 participants assessed for eligibility met the initial inclusion criteria and were invited 

to the familiarization session. Of these participants, six were excluded due to insufficient femoral 

artery diameters (<0.79 cm), and one was excluded for exceeding the activity level criteria of the 

first three tiers in the Participant Classification Framework by McKay et al. (2022). Therefore, 34 

participants were enrolled and began familiarization. During the incremental exercise task to 

failure and subsequent exercise with supra-systolic (280 mmHg) cuff inflation, two participants 

could not tolerate the discomfort associated with the protocol and were therefore excluded from 

randomization. The remaining 32 participants attended the experimental trial. Two final 

participants were excluded due to incompatibility (e.g. finger too small) with the finger 

photoplethysmograph used to obtain primary outcome data. Consequently, 30 participants (14F, 

16M) completed the entire protocol and were included in data analysis (Figure 6).  
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!
"#$%&'!. )#CONSORT flow diagram for participant recruitment. CON, control; ECA, excess 
cardiac activation.#

!

B$'#4,4?$.#+/-$'$,#"'45#4,5+

! Participant characteristics are presented in Table 1. Height, weight, single leg (SL) 

WR! "#$ , and 50% SL WR! "#$ &were all significantly higher in males (5 < 0.05; Table 1). One 

female participant was amenorrheic and was therefore excluded from menstrual cycle phase 

reporting.  

!
!
!
!
!
!
!
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3456'!( ) Participant characteristics 

 Female (n = 14) Male (n = 16) Combined (n = 30) 
Age (years)! 23.1 ± 2.6 23.6 ± 3.8 23.4 ± 3.2 
Height (cm) 167.5 ± 5.8 173.4 ± 5.6 170.7 ± 6.4 
Weight (kg) 63.4 ± 6.7 73.9 ± 13.1 69.0 ± 11.9 
SL WR! "#$ &(W) 41.9 ± 9.4 53.6 ± 9.2 48.1 ± 10.8 
50% SL WR! "#$  (W) 20.9 ± 4.7 26.8 ± 4.6 24.1 ± 5.4 
Follicular : Luteal (n=13) 5:8         -         - 

Values are mean ± SD. SL, single leg; WR! "#$ +&work rate peak. 

 

D$5+#-"'"+$.+"((",#+&(+,&.24#4&.+&'+,A((+4.()$#4&.+$#+'"5#E+

Average baseline values for each condition prior to cuff inflation and during cuff inflation 

at rest are presented in Table 2. Exploratory post-hoc analysis revealed no significant differences 

for any variables between conditions at REST (-120 to -60 s) or R+CUFF (-30 to -5 s). Compared 

to REST, post-hoc analysis revealed that SV was significantly greater during CON trials following 

R+CUFF (5 = 0.0155). MAP was also significantly greater in both CON (5 = 0.0312) and ECA 

(5#= 0.0062) trials following R+CUFF compared to REST. 
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3456'!* )!Baseline values at rest!

 CON ECA 

 REST REST + CUFF REST REST + CUFF 

CO (L/min) 6.5 ± 1.2 6.9 ± 1.3 6.6 ± 1.3 7.0 ± 1.3 
HR (beats/min) 73.5 ± 9.9 74.7 ± 10.6 73.5 ± 10.7 75.0 ± 11.1 
SV (mL) 89.6 ± 19.1 93.7 ± 20.1 * 91.3 ± 20.0 94.4 ± 20.4 
MAP (mmHg) 84.0 ± 6.7 87.1 ± 6.7 * 83.5 ± 7.4 87.0 ± 7.3 * 
LBF (mL/min) 385.2 ± 137.5 579.8 ± 257.2 395.7 ± 152.0 618.6 ± 259.7 
LVC (mL/min/mmHg) 5.43 ± 1.95 8.0 ± 3.8 5.7 ± 2.2 8.7 ± 4.1 
TVC (mL/min/mmHg)! 77.4 ± 12.8 79.3 ± 13.7 79.6 ± 16.7 80.6 ± 16.3 

Values are mean ± SD. CO, Cardiac output; HR, heart rate; LBF, leg blood flow; LVC, leg vascular 
conductance; MAP, mean arterial blood pressure; SV, stroke volume; TVC, total vascular 
conductance. * Significant (P < 0.05) from REST values. 
+

D-$#+9$5+#-"+"((",#+&(+"*,"55+,$'24$,+$,#4F$#4&.+&.+-"1&23.$14,+F$'4$%)"5E+

One-tailed paired t-tests revealed ΔCO and ΔHR from R+CUFF (-30 to -5 s) to the final 

25-30 s of voluntary exercise with cuff inflation were significantly greater during ECA trials 

compared to CON (both 5#< 0.0001), while there were no differences observed between conditions 

for ΔSV (Figure 7). Both ΔMAP (5#< 0.0001) and ΔLBF (P = 0.0179) were significantly greater 

during ECA, but ΔLVC was not different between conditions (Figure 8). ΔTVC (5#= 0.0120) and 

ΔOVC (5# = 0.007) were also greater during ECA trials (Figure 9). 
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!

"#$%&'!/ )!Progressive change over time in cardiac output (A), heart rate (B), and stroke volume 
(C). Change in cardiac output (D), heart rate (E), and stroke volume (F) from resting baseline with 
cuff inflation to 25-30 s exercise. Closed circles on bar graphs represent individual data points. 
Data are mean ± SD. CON, control; ECA, excess cardiac activation; PEx, passive exercise; 
R+CUFF, resting baseline with cuff inflation.  * Significantly different from CON trial (5 < 0.05), 
† ECA significantly different from R+CUFF (5 < 0.05), § CON significantly different from 
R+CUFF (5 < 0.05). 
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3456'!+) Summary of effect sizes (Cohen's 4!) 

 Effect Size (Cohen’s 4!) 

Δ Cardiac Output 1.09 

Δ Heart Rate 2.05 

Δ Stroke Volume 0.01 

Δ Mean Arterial Pressure 0.99 

Δ Leg Blood Flow 0.40 

Δ Leg Vascular Conductance -0.23 

Δ Total Vascular Conductance 0.43 
Effect sizes interpreted as small (4!  = 0.2), medium (4!  = 0.5), and large (4!  = 0.8) (Cohen, 2013).!

+

D-$#+9$5+#-"+"((",#+&(+?$554F"+"*"',45"E+

 To evaluate progressive changes over time, an exploratory two-way repeated measures 

ANOVA was performed. Post-hoc analysis revealed that PEx (-5 to 0 s) led significant increases 

in CO (5 < 0.0001), HR (5 < 0.0001), MAP (5 < 0.0001), LBF (5 = <0.0056), and TVC (5 = 

0.0185), compared to R+CUFF (-30 to -5 s) during ECA trials. Similarly, PEx significantly 

increased CO (5 < 0.0001), HR (5 < 0.0001), MAP (5 = 0.0024), TVC (5 = 0.0097), but no 

significant changes in LBF were observed in CON! trials. No significant differences between 

conditions were observed during PEx for any variables (Figures 7 & 8).  

D-".+242+"*"',45"+")"F$#"+-"1&23.$14,+F$'4$%)"5+('&1+'"5#4.<+%$5")4."+94#-+,A((+4.()$#4&.E+

 Significance values are compared to R+CUFF (-30 to -5 s). Unless otherwise specified, all 

variables remained significantly elevated once they exceeded baseline values. Post-hoc analysis 

revealed CO and HR were elevated during PEx in both CON and ECA (all 5 < 0.0001). SV 

increased from R+CUFF at 5-10 s of exercise during CON (5 = 0.0004), and from 10-15 s during 

ECA (5 = 0.0066). LBF rose during 0-5 s for CON (5 < 0.0001) and from PEx for ECA (5 = 

0.0056). LVC increased during 0-5 s for both CON and ECA (both 5#< 0.0001). MAP was elevated 
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during PEx and 0-5 s of exercise for both CON (5 = 0.0024; 5 = 0.0004) and ECA (5#< 0.0001; 5#

= 0.0035), returned to R+CUFF values at 5-10 s, and rose again starting at 15-20 s in CON (5 = 

0.0030) and at 10-15 s in ECA (5 < 0.0001), staying elevated until the final 25-30 s of exercise 

with cuff inflation (both 5 < 0.0001). All variables in both conditions were significantly elevated 

from baseline during the final 25-30 s of exercise with cuff inflation (all 5 < 0.0001) (Figures 7 & 

8). 

D-".+242+"*,"55+,$'24$,+$,#4F$#4&.+")"F$#"+-"1&23.$14,+F$'4$%)"5+$%&F"+,&.#'&)+F$)A"5E+

 Significance values are compared to identical time points during CON trials. All variables 

remained significantly elevated once they exceeded CON trials. Post-hoc analysis revealed CO 

was elevated at 20-25 s (5 = 0.0313), HR was elevated at 5-10 s (5 = 0.0464), and MAP was 

elevated at 15-20 s (5 = 0.0237) (Figures 7 & 8). 

 

3456'!, ) Significance values of main and interaction effects from two-way repeated measures 
ANOVA 

 Main Effect of 
Condition 

Main Effect of 
Time 

Interaction Effect of 
Time x Condition 

Cardiac Output 5#= 0.2633 5 < 0.0001 * 5 < 0.0001 * 

Heart Rate 5 = 0.0439 * 5 < 0.0001 * 5 < 0.0001 * 

Stroke Volume 5 = 0.9353 5 < 0.0001 * 5 = 0.5590 

Mean Arterial Pressure 5 = 0.2340 5 < 0.0001 * 5 < 0.0001 * 

Leg Blood Flow 5 = 0.2741 5 < 0.0001 * 5 = 0.5500 

Leg Vascular Conductance 5 = 0.4911 5 < 0.0001 * 5 = 0.5444 

Total Vascular Conductance 5 = 0.4540 5 < 0.0001 * 5 = 0.3491 
* Significant (P < 0.05) 
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!

"#$%&'!0)!Progressive change over time in leg blood flow (A), mean arterial pressure (B), leg 
vascular conductance (C). Change in leg blood flow (D), mean arterial pressure (E), and leg 
vascular conductance (F) from resting baseline with cuff inflation to 25-30 s exercise. Closed 
circles on bar graphs represent individual data points. Data are mean ± SD. CON, control; ECA, 
excess cardiac activation; PEx, passive exercise; R+CUFF, resting baseline with cuff inflation.  * 
Significantly different from CON trial (5 < 0.05), † ECA significantly different from R+CUFF (5 
< 0.05), § CON significantly different from R+CUFF (5 < 0.05).!
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!
"#$%&'!1) Change in vascular conductance from resting baseline with cuff inflation to 25-30 s 
exercise. Data are mean ± SD. CON, control; ECA, excess cardiac activation; ΔLVC, change in 
right leg vascular conductance; ΔOVC, change in other vascular conductance; ΔTVC, change in 
total vascular conductance. * Significantly different from CON trial (P < 0.05). 

+

:42+,A((+&,,)A54&.+?'"F".#+,&.#'4%A#4&.+('&1+$224#4&.$)+F$5,A)$#A'"E+

+ One-tailed t-tests for Limb Occlusion Efficacy trials revealed ΔLBF and ΔLVC in the left 

occluded leg between R+CUFF (-30 to -5 s) to the final 25-30 s of voluntary exercise with cuff 

inflation was greater during ECA trials compared to CON (ΔLBF, 339.84 ± 94.162 vs. 81.311 ± 

201.72 mL/min; ΔLVC, 3.3510 ± 2.1418 vs. 0.6867 ± 0.8020 mL/min¥mmHg; both 5 = 0.0001). 

An exploratory two-way repeated-measured ANOVA revealed an interaction effect of LBF and 

LVC during Limb Occlusion Efficacy trials (both 5#< 0.0001). Post-hoc analysis revealed 

differences in LBF (5#= 0.0006) and LVC (5 = 0.0004) between conditions from 5-10 s to the final 

25-30 s (both 5#< 0.0001) of left leg cuff occluded voluntary exercise (Figure 10).  
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 !

"#$%&'!(2) Limb Occlusion Efficacy trials. Progressive change over time for occluded leg blood 
flow (A) and occluded leg vascular conductance (B). Data are mean ± SD. CON, control; ECA, 
excess cardiac activation; PEx, passive exercise; R+CUFF, resting baseline with cuff inflation. * 
Significantly different from CON trial (P < 0.05), † ECA significantly different from R+CUFF (P 
< 0.05), § CON significantly different from R+CUFF (P < 0.05). 

 
!
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We investigated the effect of excess exercise-induced cardiac activation on cardiac and 

exercising limb hemodynamic responses for 30 seconds following the onset of knee 

extension/flexion exercise. The control exercise condition (CON) consisted of right leg knee 

extension/flexion exercise with the left leg remaining at rest with a proximal cuff inflated to 
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occlude left leg circulation from participation in the cardiovascular circuit. Excess cardiac 

activation (ECA) in isolation was accomplished by initiating exercise with both the right leg and 

the occluded left leg to generate additional muscle mass activation-mediated autonomic activation 

without allowing the exercising left leg circulation to participate in the cardiovascular circuit. The 

absolute power output was doubled with two-legged exercise so that the right-leg power output 

remained the same as during right-leg-only exercise. We hypothesized that excess exercise-

induced cardiac activation would increase the CO response to the onset of exercise, leading to 

increased exercising right leg muscle perfusion.    

The major findings were as follows: 1) The addition of occluded left leg exercise to right 

leg exercise was successful in increasing cardiac activation as evidenced by a greater HR within 

the first 10 s of exercise in the ECA condition vs. CON, 2) At 30 s of exercise CO was greater in 

ECA vs. CON, as was MAP and TVC 3) At 30 s of exercise, exercising LBF but not LVC was 

greater in ECA vs. CON. These data support the hypotheses that excess cardiac activation can 

increase the CO and exercising leg perfusion response within the first 30 s of sub-maximal knee 

extension/flexion exercise onset.     

>4&N#4P!4PI#T4I#JL!4Q!4!N'I'&M#L4LI!JK!P4&N#4P!J%IB%I!#L!Q%5]M4E#M46!'E'&P#Q'!#L!O%M4LQ!

Prior investigations have established that blunted cardiac activation results in attenuated 

CO increases during exercise. Administration of intrathecal fentanyl, a type III and IV afferent 

feedback blocker, reduces neural feedback from exercising muscle that stimulates the EPR 

(Amann et al., 2011; Sidhu et al., 2015; Trinity et al., 2010). Across submaximal exercise 

workloads, the magnitude of CO, HR, and MAP increases are significantly attenuated in the 

fentanyl vs. control conditions, suggesting that with blunted cardiac activation due to a lack of 

afferent feedback from exercising muscles, there is a reduced CO response and therefore circuit 
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flow (Amann et al., 2011; Sidhu et al., 2015). With reduced cardiac activation, there is also an 

attenuated rate of CO increase. Application of cold facial stimulation (CFS) delays the withdrawal 

of parasympathetic activity, thereby reducing the rate of increase in cardiac activation. As such, 

CFS prior to exercise notably slows the HR and CO response at exercise onset, and during a 

stepwise increase in exercise intensity (Endo et al., 2003; Hayashi et al., 1998). Similarly, 

attenuated rates of CO increases are observed when beta-1 receptor blockades are used to blunt 

exercise-induced increases in cardiac activation (Hughson & Kowalchuk, 1991; Pawelczyk et al., 

1992). Collectively, these findings indicate that circuit flow is dependent on the rate and magnitude 

of cardiac neural activation when activation is attenuated during exercise.  

In contrast, findings from studies where cardiac activation is enhanced have inconsistent 

effects on circuit flow. Studies using passive leg movement to evoke a mechanoreflex-mediated 

increase in cardiac activation report a greater circuit flow response attributed to a HR-driven 

increase in CO (Hayman et al., 2010; McDaniel et al., 2010; Trinity et al., 2010). Using an 

occlusion cuff to prevent vascular contributions from the passively moving leg, McDaniel et al. 

(2010) demonstrated that an increase in circuit flow can be achieved without contribution from leg 

vasculature in the passively moving leg, suggesting that increases in cardiac activation drive 

significant increases in circuit flow. However, this conclusion overlooks potential contributions 

from an observed increase in vascular conductance in the control leg, and MAP reductions 

following passive movement onset. It may therefore be fairer to say that a coordinated increase in 

both CO and vascular conductance generated the increase in LBF. 

Studies using atrial pacing to evoke a proportionally greater cardiac activation response 

observe a limited effect on CO. At rest, HR increases via atrial pacing result in minimal CO 

changes before increases in HR were accompanied by a reduction in SV such that CO did not 
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increase with further increases in HR (Bevegard et al., 1967; Kumada et al., 1967; Sowton, 1964; 

Wessale et al., 1990). During moderate steady-state exercise or vasodilated conditions (e.g. ATP 

injections), atrial pacing was consistently unable to increase CO when HR was elevated by 40-55 

beats/min (Bada et al., 2012). Similarly, during high-intensity exercise, HR increases of ~20 

beats/min did not significantly alter CO (Munch et al., 2014). In all conditions, atrial pacing was 

unable to elevate CO due to proportional reductions in SV. 

There are notable limitations for both methodologies aimed at increasing cardiac 

activation. During passive single-leg movement, the absolute increases in CO observed are 

considerably lower (~1 L/min) (McDaniel et al., 2010) than the increase in CO values observed 

during moderate single-leg knee-extensor exercise (~4 L/min) (Bada et al., 2012). The modest 

increase in CO from rest with passive leg movement may occur because the capacity to augment 

CO via cardiac activation had not been exceeded, and the subsequent rise in control LBF (and 

therefore venous return) was enough to sustain an increase in circuit flow at lower absolute flow 

levels (Hayman et al., 2010; McDaniel et al., 2010; Trinity et al., 2010).!Moreover, the increases 

in CO were transient, lasting no longer than 2 minutes (McDaniel et al., 2010; Trinity et al., 2010), 

and do not accurately reflect an exercise-induced cardiac activation effect on circuit flow, where 

increases in CO and vasodilation are i) far greater compared to passive leg movement and ii) 

sustained continuously and iii) accompanied by a rise in MAP.  Limitations in atrial pacing studies 

are related to the influence of pacing on cardiac function. During atrial pacing, increases in cardiac 

activation are achieved via a positive chronotropic effect, however the inotropic state of the heart 

is likely not matched to the increased HR as a result of lower left ventricle filling pressures creating 

a lower preload (Frank-Starling mechanism) and reduced cardiac cycle length restricting the 

available filling time (interval-force relationship) (Bada et al., 2012; Munch et al., 2014; Sheriff & 
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Mendoza, 2004). Thus, both passive movement and atrial pacing models are not representative of 

an exercise-mediated increase in cardiac activation. 

Our study addressed these limitations by creating an excess, exercise-mediated increase in 

cardiac activation at exercise onset. The addition of a second, occluded exercising leg, prevented 

the exercising muscle vascular bed, located distal to the inflated cuff, from participating in the 

cardiovascular circuit. With this method, we aimed to stimulate greater autonomic cardiac 

activation in the ECA condition via additional mechanoreceptor activation and central command 

input, with potential influence from the metaboreflex. Previous studies have identified that 

mechanosensitive afferent fibre burst rate tends to increase with tension development (Kaufman 

et al., 1983; Nakamura et al., 2023), and autonomic feed-forward signaling mediated by central 

command elevates HR at the onset of voluntary exercise in proportion to effort perception 

(Goodwin et al., 1972; Williamson et al., 2001, 2006). It is also possible within the 30 s of exercise 

onset in our study that there was a greater metaboreflex activation from the occluded exercise left 

leg during ECA. Ischemic muscle is known to activate the metaboreflex and elicit a time and 

intensity-dependent sympathetic response from mild to severe workloads (Hansen et al., 1994; 

Ichinose et al., 2011; Mark et al., 1985; Ray, 1993; Victor & Seals, 1989). Adequately perfused 

exercising muscle has also been shown to activate the metaboreflex during moderate exercise 

(Victor & Seals, 1989). These studies support the contention that there is greater autonomic cardiac 

activation with the addition of a second, occluded exercising leg in our ECA condition. 

At 30s of exercise, we observed an increased HR response within ECA vs. CON. In contrast 

to atrial pacing studies, this increase in HR did not result in a reduction in SV, such that CO was 

also greater in ECA vs. CON. These findings suggest that increased cardiac activation can indeed 

create a rise in CO during submaximal exercise onset with two-legged knee extension/flexion. By 
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doubling absolute work rate, we elicited a greater HR and likely an increased cardiac contractility 

response during ECA trials that generated a greater circuit flow response. While we did not directly 

measure heart contractility, the absence of differences in SV between conditions, despite the higher 

afterload in the ECA condition, implies an increase in cardiac contractility to maintain the same 

SV against a higher MAP (Bugge-Asperheim & Kiil, 1973).  

Our results highlight that pacing does not adequately mimic autonomic neural cardiac 

activation that occurs during exercise. It is important to note that while pacing studies increased 

HR by 20-55 beats/min during exercise (Bada et al., 2012; Munch et al., 2014), the differences in 

HR between conditions in our study were more modest (~11 beats/min). Our findings suggest this 

magnitude of HR increase, stimulated by exercise-mediated mechanisms, can create increased CO 

with no compromise to SV. 

AEP'QQ!P4&N#4P!4PI#T4I#JL]#LN%P'N!'LO4LP'M'LI!JK!P4&N#4P!J%IB%I)!#MB4PI!JL!'E'&P#Q#L$!6#M5!
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 Consistent with the analysis approach to assessing the effects of ECA on hemodynamic 

responses identified in our pre-registered trial, a paired t-test comparison of the change from 

R+CUFF to 25-30 s of exercise revealed a significantly greater increase in exercising LBF in the 

ECA condition. As exercising limb perfusion is a function of the arterial driving pressure and limb 

vascular conductance, the increase in LBF could result from a change in either or both factors. We 

did not observe a greater increase in LVC in ECA compared to the CON condition, but MAP was 

increased in ECA vs. CON despite increases in TVC, consistent with an arterial pressure-driven 

increase in exercising leg perfusion with ECA.  

Considering that part of the excess autonomic cardiac activation achieved with the addition 

of the occluded left leg exercise could be attributed to the metaboreflex, the observed increase in 
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LBF could be attributed to greater activation of this reflex. The metaboreflex is traditionally 

conceived as a “flow restoring” reflex, whereby metaboreflex-mediated increases in ABP act to 

improve exercising muscle perfusion (O’Leary & Sheriff, 1995; Rowell, 1997; Rowell & Sheriff, 

1988). In canine studies at submaximal exercise intensities, the pressor response appears to be CO-

driven, with little contribution from changes in vascular conductance (Augustyniak et al., 2001; 

Ichinose et al., 2010; Kim et al., 2005; O’Leary & Augustyniak, 1998; Spranger et al., 2013; Wyss 

et al., 1983). Translated to humans, this mechanism would lead to the prediction that the excess 

cardiac activation and resultant increase in CO in our study would elevate ABP and thereby 

exercising limb perfusion. However, evidence for a CO-driven metaboreflex pressor response to 

drive limb blood flow in humans is mixed (Boushel, 2010). When the metaboreflex is activated in 

the arm, it appears unable to elicit a flow-raising response despite marked increases in blood 

pressure, due to concurrent reductions in vascular conductance (Hansen et al., 1993; Joyner, 1991; 

Strange, 1999). Similar results have been observed when the metaboreflex is activated in the legs 

(Sinoway & Prophet, 1990; Strange et al., 1990). Yet, some evidence suggests a CO-driven pressor 

response, similar to that observed in canines. When the metaboreflex is activated in the leg, it is 

capable of creating increases in CO and thereby MAP, partially restoring or increasing blood flow 

to the exercising limb (Boushel, 2010; Boushel et al., 1996; Rowell et al., 1991).  

Our results align with the latter studies. The increased CO and MAP despite increases in 

TVC in the ECA condition, suggest that the rise in MAP occurred as a result of increased CO rather 

than reduced conductance. Moreover, we did not observe an increase in LVC between ECA and 

CON conditions, suggesting that the initial vasodilatory response in the exercising right leg is not 

different. With the addition of the second exercising leg in ECA, absolute power was effectively 

doubled such that single-leg power output remained constant between conditions. Given the 
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similarity in LVC and elevated exercising leg perfusion at 30 s during ECA vs. CON, increases in 

exercising LBF appear to have been driven by increases in MAP. As CO is also elevated in ECA 

above CON values, this would appear to be the mechanism by which excess cardiac activation led 

to increased exercising limb perfusion in our study.  

 Exploratory analysis to gain insight into potential effects of ECA on the time course of 

cardiovascular responses via 2-way repeated measures ANOVA revealed a greater increase in HR 

in ECA vs. CON by 10 s of exercise, but this was not observed for CO until 20 s. Using this 

analysis method, there was also no detectable difference in LBF or TVC at any time point, likely 

due to the test having to account for multiple comparisons between conditions.   

Pneumatic cuff inflation to prevent the vasculature of the additional exercising leg from 

participating in the cardiovascular circuit was designed to isolate cardiac activation effects.  

However, we observed an increase in TVC in the absence of increased exercising LVC, indicating 

that other vascular beds experienced vasodilation. Typically, greater absolute workloads are 

associated with greater sympathetically mediated vasoconstriction in both active (Buckwalter & 

Clifford, 2001; Joyner et al., 1992) and non-active muscle beds (Perko et al., 1998) to maintain an 

elevated MAP. However, while we observed a greater increase in MAP, the greater increases in 

TVC with ECA are inconsistent with an increased sympathetic vasoconstrictor response to greater 

absolute workloads.  The reason for an increase in TVC is unclear, but we speculate that it may 

reflect a baroreflex response to the imbalance of an increased cardiac output relative to exercising 

muscle vascular conductance.  The addition of a second exercising leg would normally increase 

cardiac activation and result in local exercising muscle vasodilation in that leg.  Without the 

vasodilation being allowed to participate in the cardiovascular circuit in our ECA condition, the 

greater CO increase was in excess relative to TVC, resulting in an excess elevation of arterial blood 
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pressure. Given this cardiac-peripheral imbalance would not normally occur, the excess increase 

in arterial blood pressure may have been sensed as such by the arterial baroreflex, which partly 

counteracted the exercise-mediated autonomic activation.  If so, then the observed increase in TVC 

may reflect baroreflex-mediated attenuation of sympathetic vasoconstrictor activity to attenuate 

the rise in pressure. Indeed, it has been shown that with increased exercise intensity, the baroreflex 

operating point is shifted along the baroreflex response curve towards the reflex threshold, 

resulting in augmented responsiveness to hypertensive stimuli (Keller et al., 2003; Norton et al., 

1999; Raven et al., 1997).  Furthermore, baroreflex-mediated changes in MAP to hyper- and 

hypotensive stimuli are primarily regulated through alterations in TVC rather than CO (Ogoh et 

al., 2002, 2003).  

However, in contrast to previous studies, the baroreceptor-mediated increase in TVC 

observed in our study was not attributed to increases in exercising LVC. Keller et al. (2003) 

demonstrated that exposing baroreceptors to a hypertensive stimulus using neck suction chambers 

reduced vasomotor tone in both exercising and non-exercising legs due to attenuated baroreflex-

mediated vasoconstriction. While LVC increased in both limbs to counteract the perceived 

hypertensive stimulus, the increase was less pronounced in the exercising leg compared to the non-

exercising leg (Keller et al., 2003). Importantly, these findings were specific to steady-state 

exercise.  In contrast, our study focused on responses at exercise onset and found no evidence of 

changes in vascular tone in the exercising limb to protect or reduce blood pressure. These findings 

suggest that baroreflex control of exercising vasculature may exhibit distinct responses to 

hypertensive stimuli at the onset of exercise compared to steady-state conditions.  

!

!
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! To quantify increases in LBF in the left occluded leg, we conducted Limb Occlusion 

Efficacy trials, measuring femoral artery blood flow proximal to pneumatic cuff inflation. Pilot 

testing confirmed the efficacy of pneumatic cuff occlusion to prevent blood flow distal to cuff 

inflation. Specifically, we consistently observed no blood flow to the posterior tibial artery at rest 

or immediately following exercise cessation while the occlusion cuff was inflated. 

 During Limb Occlusion Efficacy trials, resting LBF decreased from ~400 mL/min to ~100 

mL/min following pneumatic cuff inflation. Given the verified efficacy of the cuff to occlude blood 

flow distal to its inflation, these measurements indicate that ¾ of the flow at the Doppler ultrasound 

measurement site is to tissue underneath and distal to the cuff. The remaining blood flow was not 

due to incomplete occlusion, but rather, is explainable by perfusion from arterial branches of the 

common femoral artery that lie distal to the Doppler measurement site, but proximal to the inflated 

cuff. These branches supply blood to tissues in the lower abdomen, pelvis, upper thigh, and hip 

regions. Therefore, blood flow to these areas would contribute to any change in flow through the 

common femoral artery. 

 We observed a greater increase in LBF in the occluded leg during ECA vs. CON. The 

progressive increase in femoral artery flow at the Doppler measurement site must therefore reflect 

perfusion of tissue that is supplied by arterial branches that are distal to the femoral measurement 

site, but proximal to the inflated cuff. The temporal profile of the progressive increase in occluded 

LBF and LVC is inconsistent with an increased blood flow to engaged exercising muscle proximal 

to the cuff. Unlike the exponential increase to plateau observed in the non-occluded exercising leg, 

the occluded leg displayed a progressive linear increase in LBF and LVC. This pattern is more 
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consistent with a baroreflex-mediated increase in TVC in response to elevated arterial pressure, 

created by an imbalance between CO and peripheral conductance outlined in the previous section. 

='IOJNJ6J$#P46!>JLQ#N'&4I#JLQ!

! To our knowledge, this is the first study to assess the effect of excess exercise-induced 

autonomic neural cardiac activation relative to the participating exercising limb vascular bed at the 

onset of voluntary exercise. Several strengths characterize our study.  Our methodology allowed 

us to increase cardiac activation via exercise-mediated autonomic activation that is not achieved 

by atrial pacing. We employed an a-priori power analysis and completed pre-trial registration prior 

to study commencement. The order of conditions was randomized and counterbalanced across 

participants to control for order effects, and the within-subject design increased our statistical 

power. Participants were blinded to the study hypothesis, and investigators were blinded during 

data analysis. The physiological response of each participant was quantified as an average of three 

trials for each condition to improve the estimation of an individual’s true response.  

Though our study provides insights into how cardiac activation influences circuit flow, 

certain limitations must be considered. First, femoral artery diameter was not measured 

continuously during exercise. If femoral artery dilation progressed over the 30-second exercise 

period, then there could be an underestimation of the true LBF and LVC response. However, the 

following argues against this being an issue.  All recruited participants had a femoral artery 

diameter exceeding 0.79 cm as previous studies have reported no significant dilation during 

exercising in individuals with an artery diameter >0.79 cm, minimizing this concern (Gonzales et 

al., 2010).  Further, the period of exercise only lasted 30 seconds, and femoral artery vasodilation 

evoked by increased shear stress, were it occurring, would only just be beginning (MacDonald et 

al., 1998; Wray et al., 2005).  
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Second, although Limb Occlusion Efficacy trials confirmed that pneumatic cuff inflation 

resulted in the absence of blood flow at the posterior tibial artery, the observation of a gradual 

increase in vascular conductance and blood flow through the femoral artery proximal to the inflated 

pneumatic cuff indicated vasodilation proximal to the cuff.  Thus, we could not completely prevent 

additional vasodilation in the existing cardiovascular circuit.  We cannot be sure what tissue was 

perfused, but the gradual increase in this perfusion during exercise in the ECA condition is 

inconsistent with supporting an increased metabolic demand to exercising muscles proximal to the 

pneumatic cuff and instead can plausibly be explained by baroreflex response to excess arterial 

blood pressure in ECA.   

Third, our results are limited to the active muscle mass, exercise intensity, and exercise 

modality employed in our study. This is to say that we are unable to generalize our findings that 

excess cardiac activation can induce further increases in circuit flows during steady-state exercise 

at different workloads or exercise modalities, where the magnitude of circuit flow increases from 

rest may be greater than those observed in our study.  

Fourth, the ModelFlow™ method used to assess changes in CO is validated across exercise 

modalities (Stok et al., 1993; Sugawara et al., 2003; Wesseling et al., 1993), but not specifically 

under conditions of vascular obstruction created by the pneumatic occlusion cuff. However, the 

left leg cuff occlusion is present for all trials across conditions, thus if the limb occlusion alters the 

system in a manner that influences absolute CO values, this effect exists for both CON and ECA 

conditions, so observed CO differences between conditions should not be an artifact of pneumatic 

cuff inflation.    
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 This study utilized the addition of an occluded exercising leg at exercise onset to create 

excess exercise-induced autonomic neural cardiac activation relative to exercising muscle 

vasculature involved in the cardiovascular circuit. We have demonstrated that at the onset of 

exercise, CO can be elevated via an increase in HR without the decline in SV that occurs with an 

atrial pacing approach to increase cardiac activation. Furthermore, there is the potential for a 

cardiac-driven increase in exercising limb perfusion by 30 seconds of exercise. Our results support 

that increased cardiac activation could improve cardiovascular circuit flow responses at exercise 

onset, and that, under these conditions, the heart is not solely dependent on the magnitude of 

exercising limb vasodilation and resultant venous return for increasing its output. 
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At the onset of exercise, the rapid rise in metabolic demand to contracting muscles 

necessitates precise coordination of both central (cardiac output; CO) and peripheral (vasomotor 

tone) cardiovascular responses to maintain arterial blood pressure (ABP), while meeting oxygen 

delivery requirements (Craig et al., 2021; MacDonald et al., 1998; Shoemaker et al., 1994). The 

balance between CO and peripheral vasodilation during exercise is thought to be dictated by 

cardiac activation, wherein the heart plays a dominant role in setting the rate and magnitude of 

cardiovascular responses. In this “cardiac determination” model, autonomic cardiac activation is 

the limiting factor for circuit flow, and vascular tone is adjusted to match the cardiac response and 

protect ABP. When cardiac activation is reduced, previous studies have observed proportional 

decreases in cardiovascular circuit flow (Amann et al., 2011; Endo et al., 2003; Hughson & 

Kowalchuk, 1991; Hughson & Morrissey, 1982; Sidhu et al., 2015). Additionally, individuals with 

autonomic dysfunction experience hypotension due to an inability to constrict peripheral vascular 

beds during exercise (Marshall et al., 1961; Puvi-Rajasingham et al., 1997; Smith et al., 1995). 

Furthermore, mechanoreflex-mediated increases in CO and peripheral blood flow (PBF) can occur 

independently of peripheral vasodilation (McDaniel et al., 2010), indicating circuit flow depends 

primarily on cardiac activation rather than venous return from exercising muscle.  

However, alternative views propose that peripheral vasodilation, rather than cardiac 

activation, dictates cardiovascular responses during exercise. In this “peripheral determination” 

model, vascular tone adjustments determine PBF and venous return to the heart, with cardiac 

function matched to venous return to protect ABP. Evidence from pharmacological vasodilator 
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infusions suggests “excess” vasodilation can increase CO without compromising ABP, indicating 

that venous return can dictate CO independent of exercise-induced cardiac activation (González-

Alonso et al., 2008; Rådegran & Calbet, 2001; Rosenmeier et al., 2004). Atrial pacing studies 

further support this model, as efforts to increase cardiac activation during exercise by increasing 

heart rate (HR) via atrial pacing, fail to increase CO due to proportional declines in stroke volume 

(SV; Bada et al., 2012; Magder et al., 2019; Munch et al., 2014; Sheriff & Mendoza, 2004). 

However, pacing does not mirror the same autonomic neural activation of the heart that occurs 

with exercise. To address this limitation, the purpose of this study was to determine whether 

increasing cardiac activation through exercise-mediated autonomic neural activation can generate 

increases in cardiovascular circuit flow.  

We found that at the onset of exercise, CO can be elevated via an increase in HR without 

the decline in SV that occurs with an atrial pacing approach to increase cardiac activation. 

Furthermore, by 30 s of exercise, we observe a potential cardiac-driven increase in exercising limb 

perfusion, independent of increases in exercising limb vasodilation. This study provides novel 

evidence that autonomic cardiac activation can independently augment CO and exercising limb 

perfusion at exercise onset, above the magnitude of venous return and peripheral vasodilation 

increases.   

3O'Q#Q!;I&'L$IOQ!

! This study was strengthened by several methodological considerations. We used a knee 

flexion/extension exercise modality that allowed for an autonomic neural increase in cardiac 

activation, providing a representative assessment of how hemodynamic variables respond to 

exercise compared to atrial pacing. This exercise design facilitated continuous and accurate 

measurements of femoral artery blood flow while also engaging a larger muscle mass, thereby 
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offering a closer approximation to whole-body exercise versus smaller muscle mass exercise. To 

reduce the risk of Type 2 errors and ensure the study was adequately powered to detect a 

moderately meaningful effect, an a-priori power analysis was conducted based on an effect size of 

0.5. Condition order was randomized by a third-party website, and we employed a within-subject 

design to reduce inter-individual variability and improve statistical power. Investigators were 

blinded during data analysis to prevent observer bias, and participants were blinded to the study 

hypothesis, though participant blinding to the conditions was not possible due to the nature of the 

interventions. Nevertheless, since exercise resistance and duration were consistent within 

condition trials and between conditions, respectively, and data were averaged across three trials 

per condition, it is unlikely that knowledge of the conditions would meaningfully alter 

physiological responses.  

3O'Q#Q!D#M#I4I#JLQ!

There are also notable limitations to consider. Continuous measurements of femoral artery 

diameter during exercise were not obtained, which may have led to underestimations of LBF and 

LVC. However, we recruited participants with a femoral artery diameter greater than 0.79 cm, 

based on evidence that arteries above this size do not exhibit significant dilation during exercise 

(Gonzales et al., 2010), reducing the likelihood of this concern. Additionally, we were unable to 

maintain an identical cardiovascular circuit between conditions. During Limb Occlusion Efficacy 

trials, both LBF and LVC responses in the occluded leg were greater during ECA trials. However, 

we attributed this increase to a baroreflex-mediated increase in TVC to offset increases in MAP, 

rather than a failure to fully occlude additional exercising muscle vasculature from participating 

in the cardiovascular circuit. Thus, we were still able to create a proportionally greater cardiac 

activation relative to vascular participating in the circuit during ECA. The increase in CO and MAP 
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despite increases in TVC supports the interpretation that circuit flow changes were primarily 

cardiac-driven. Finally, central hemodynamics were assessed via the ModelFlow™ method, which 

has been validated across multiple exercise modalities (Stok et al., 1993; Sugawara et al., 2003; 

Wesseling et al., 1993). However, this method only provides an estimated value based on an intact 

cardiovascular system. With an occlusion cuff acting as an obstruction to the circuit, the absolute 

CO values may vary from those obtained through direct measurements. Despite this, the left leg 

cuff occlusion is present for all trials across conditions, thus while the obstruction may influence 

absolute CO values, within-participant comparisons between conditions should remain reliable. 

"%I%&'!Z#&'PI#JLQ 

This study was the first to observe that excess, exercise-evoked autonomic cardiac 

activation can drive increases in CO and peripheral blood flow during the onset of voluntary 

exercise. However, these findings are limited by the active muscle mass, exercise intensity, and 

exercise modality used in this study. As our study collected data from exercise onset, future studies 

should investigate whether similar outcomes are observed when cardiac activation is increased in 

excess of peripheral vasodilation when the body has a preestablished circuit flow during steady-

state exercise. 
!"
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 The transition from my undergraduate studies to a master’s degree was both a challenging 

and transformative experience. The step between my first and second year in this master’s program 

coincided with a period of reduced support in the lab due to a smaller group of graduate students 

available to assist with piloting and data collection. While this initially seemed like a setback, it 

ultimately strengthened my relationships with lab mates and taught me to prioritize tasks 
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effectively. These circumstances also allowed me to take on more responsibility and gain a deeper 

understanding of the rationale behind various processes, thus instilling a sense of ownership over 

my work.  

 Under the guidance of my supervisor, Dr. Michael Tschakovsky, I was given the freedom 

to explore different lab techniques and learn the nuances of each piece of equipment independently. 

While this autonomy aided in developing my problem-solving skills and adaptability, the process 

of using this equipment during data collection was not without its challenges. The finger 

photoplethysmograph (Finometer), used to obtain my primary outcome measurement, presented 

the most significant challenges. Frequent malfunctions led to rescheduling data collection sessions, 

unnecessary expenses to compensate participants, and excessive time spent on data cleaning. This 

was a reoccurring issue that was particularly prominent in my study, whether due to stress induced 

by the occlusion cuff and the intensity of the exercise, or progressive deterioration of the equipment 

that coincided with my data collection timeline. Looking back, I recognize I could have been more 

proactive in addressing these challenges by seeking technical assistance earlier and implementing 

an exclusion criterion for participants who had a finger that was incompatible with the Finometer. 

A more selective recruitment strategy might have reduced the number of unsuccessful visits and 

reduced the amount of unusable data. 

 If I were to begin this journey over again, I would also dedicate more time to evaluating 

the statistical models used to assess outcome variables. While the one-tailed paired t-test we 

employed was sufficient to answer my research question, it did not fully leverage the additional 

time course data we had collected. A two-way repeated measured ANOVA might have been a more 

comprehensive model, as it accounts for temporal patterns in the data. Although we performed and 

reported ANOVA results for exploratory purposes, differences in statistical significance emerged 
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between the ANOVA and t-test results due to the more conservative nature of the former. 

Ultimately, our conclusions were drawn from the outcomes of the t-test, as reported in our pre-trial 

registration, however, a more thorough understanding of the benefits and drawbacks of each 

statistical model could have streamlined the analysis process. Despite these challenges, the 

obstacles I encountered reiterated the importance of making informed decisions promptly. These 

insights will undoubtably shape my approach to future research endeavours.  
!"
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 This thesis introduces a novel methodology for eliciting an increase in autonomic neural 

cardiac activation during voluntary exercise in excess of available vasodilation participating in the 

cardiovascular circuit. While previous studies have demonstrated cardiac-driven increases in 

circuit flow during passive movement, their findings are limited in generalizability to voluntary 

exercise due to the smaller magnitude and transient nature of the observed flow changes (McDaniel 

et al., 2010; Trinity et al., 2010). Moreover, using atrial pacing to increase cardiac activation during 

voluntary exercise fails to elicit further increases in circuit flow, likely due to the lack of increase 

in cardiac contractility that is typically elicited during increases autonomic increases in cardiac 

activation (Bada et al., 2012; Munch et al., 2014). Thus, our study provides a feasible model to 

capture the relationship between excess exercise-induced cardiac activation and peripheral 

vasomotor tone. The methodology provides a foundation for future research to explore the 

relationship between increased cardiac activation and vascular responses to different exercise 

intensities, modalities, or workload transitions.  
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5"</+(</(=<%"&3(&*/3$&3(W<3'(3'"(W$3"%A((H(3",R"%$3.%"(#"/#*%(W<11(5"(L<S"=(3*(6*.%(#C</(
$/=(6*.%(#C</(3",R"%$3.%"(W<11(5"(,$</3$</"=(5"3W""/(7a($/=(7Ni(2"1#<.#A((B'"(W$3"%(
L*%(3'"(5$3'(<#('"$3"=(%",*3"16(3*($(3",R"%$3.%"(/*3("S&""=</+(7Oi(2"1#<.#($/=(<#(
&<%&.1$3"=(</3*(3'"(5$3'(D<$($(W$3"%(R.,RA((B'"(W$3"%(</(3'"(5$3'(W<11(L""1(Y.<3"(W$%,:(5.3(
/*3(3**('*3A((FL($3($/6(3<,"(6*.(L""1(=<#&*,L*%3(3'"(W$%,(W$3"%(</L1*W(W<11(5"(#3*RR"=($/=(
%"R1$&"=(W<3'(&**1"%(W$3"%(3*($11*W(3'"(5$3'(3",R"%$3.%"(3*(=%*R(3*($(,*%"(&*,L*%3$51"(
1"D"1A(( *̀.%(L*%"$%,(,$6(5"('"$3"=(L*%($(3*3$1(*L(*/"(3*(3W*('*.%#A(

(
(

(
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$(.Y.2%%V'"/(3'"(#C</(51**=(D"##"1#(L<11(W<3'(51**=(L*%($/("S3"/="=(R"%<*=(W'<1"(
./="%+*</+($%3"%<$1(&*,R%"##<*/(<3(&$.#"#($(3",R*%$%6(#W"11</+($#(#*,"(L1.<=("#&$R"#(
L%*,(3'"(51**=(D"##"1#(</3*(3'"(#.%%*./=</+(3<##."A((B'<#(,</*%(#W"11</+(#'*.1=(%"#*1D"(
<3#"1L(W<3'</(N7('*.%#A((@1"D$3<*/(*L(3'"($%,(W<11('"1R(3*(#R""=(.R(3'"(R%*&"##A(( *̀.%(#C</(
,$6($RR"$%(%"=($L3"%(%",*D$1(L%*,(3'"(5$3'A((B'<#(<#(=."(3*(3'"(</&%"$#"=(#C</(
&<%&.1$3<*/A((B'"(%"=/"##(#'*.1=(%"#*1D"(W<3'</(N7MPj('*.%#A(
(
(

! ! -&)S".#(&)%&'%3&Q$%'&$"+$*%&$%!"S%E"().2% J/"(</L1$3$51"(&.LL(W<11(5"(R1$&"=(
$%*./=(6*.%(.RR"%($%,(*%($5*D"(3'"(C/""($/=($/*3'"%(,$6(5"(R1$&"=($%*./=(6*.%(W%<#3(
*%($/C1"A((B'"(W%<#3(&.LL(W<11(5"(</L1$3"=(3*($(R%"##.%"(3'$3(R%"D"/3#(51**=(L1*W(3*(6*.%(
'$/=(L*%($(R"%<*=(*L(a8MaO(,</.3"#($3($(3<,"A((B'<#(#'*.1=(/*3(5"(./&*,L*%3$51"A((FL(<3(<#:(
/*3<L6(3'"(</D"#3<+$3*%($/=(3'"(R*#<3<*/(*L(3'"(&.LL(W<11(5"($=^.#3"=(./3<1(</L1$3<*/(W<3'*.3(
=<#&*,L*%3(<#($&'<"D"=A((B'"#"(&.LL#(W<11(5"(</L1$3"=(3*(R%"##.%"#(3'$3(L""1(1<C"($(,<1=(3*(
,*="%$3"(#Y.""U"A((B'<#(W<11(R%"D"/3(51**=(L%*,(L1*W</+(*.3(*L(6*.%(1<,5(5$&C(3*(3'"(
'"$%3:(5.3($11*W(51**=(3*(L1*W(</(3*(6*.%($%,A(( *̀.%(1<,5(W<11(L<11(W<3'(51**=($/=(<L(3'"(&.LL(
</L1$3<*/(<#(,$</3$</"=(L*%($(/.,5"%(*L(,</.3"#:(6*.(,$6(L""1($(#"/#$3<*/(*L(#W"11</+A((
B'<#(<#(5"&$.#"(#*,"(*L(3'"(R1$#,$(\W$3"%(R*%3<*/(*L(6*.%(51**=](W<11(1"$C(*.3(*L(3'"(
#,$11(51**=(D"##"1#($/=(</3*(3'"(#R$&"(5"3W""/(*3'"%(&"11#(</(6*.%(1<,5A(((B'<#(<#(#<,<1$%(
3*(W'"/(6*.(#3$/=(.R(</(3'"(,*%/</+($/=(#3$6(.R%<+' 3(=.%</+(3'"(=$6A((F/(3'$3(&$#":(
+%$D<36(,$C"#(<3(=<LL<&.13(L*%(51**=(3*(L1*W(5$&C(3*(3'"('"$%3(L%*,(3'"(1"+#:($/=(3'"6(#1*W16(
#W"11(*D"%(3'"(&*.%#"(*L(3'"(=$6($#(R1$#,$(1"$D"#(3'"(51**=(D"##"1#A((V'"/(3'"(&.LL(<#(
%"1"$#"=:(3'"(1<,5(W<11(#1*W16(%"3.%/(3*(/*%,$1($#(3'"(R1$#,$(,*D"#(5$&C(</3*(3'"(51**=(
D"##"1#A(
%
$(.Y.2%B'"(,*D","/3(*L(L1.<=(*.3(*L(3'"(51**=(D"##"1#(</3*(6*.%(1<,5(,$6(</("S3%","(
&$#"#(&$.#"(=<#&*,L*%3A((B'<#(=<#&*,L*%3(#'*.1=(%"#*1D"(<3#"1L(W<3'</(,</.3"#(*L(="L1$3</+(
3'"(&.LL:($/=(3'"(#W"11</+(#'*.1=(#.5#<="(W<3'</(N7('%#A((@1"D$3</+(3'"($%,($5*D"(3'"(
'" $%3(L*%(aO(,</.3"#(#'*.1=(#R""=(3'<#(R%*&"##A(

(
! ! ()#"$*(##")#%-&*0$"..(&)%&'%#/"%'&$"+$*%&$%!"S2% *̀.(W<11('$D"($/(

</L1$3$51"(&.LL(R1$&"=($%*./=(6*.%(L*%"$%,(*%(1"+A((V"(&$/(%$R<=16(</L1$3"($/=(="L1$3"(3'<#(
&.LL(3*(=<LL"%"/3(R%"##.%"#(3'$3($%"($51"(3*(#Y.""U"(3'"(51**=(*.3(*L(3'"(D"</#(</(6*.%(
1<,5A((F/L1$3<*/(<#(,$</3$</"=(L*%(*/16($(5%<"L(R"%<*=(*L(3<,"(\$(L"W(#"&*/=#]A((B'"(
#"/#$3<*/(*L(1<,5(&*,R%"##<*/(W<11(L""1(1<C"($(#3%*/+(+%<R:(5.3(#'*.1=(/*3(5"(R$</L.1A((FL(<3(<#(
./&*,L*%3$51":(/*3<L6(3'"(</D"#3<+$3*%($/=(3'"(R*#<3<*/(*L(3'"(&.LL(&$/(5"($=^.#3"=A(
(
$(.Y.2 (B'"%"($%"(/*(%<#C#($##*&<$3"=(W<3'(3'<#(R%*&"=.%"A(

(
! ! +!#"$)+#()S%'&$"+$*%.Q-#(&)%+),%-&*0$"..(&)2% *̀.%(L*%"$%,(W<11(5"(

"/&1*#"=(</($(R1"S<+1$##(5*S($/=(#"$1"=(W<3'($(/"*R%"/"(#1""D"($%*./=(3'"(.RR"%($%,A((
>.&3<*/(*%(&*,R%"##<*/(*L(6*.%(L*%"$%,(&$/(5"(&%"$3"=(56(%$R<=16($==</+(*%(%",*D</+($<%(
</(3'"(5*S(D<$($(&*//"&3"=($.3*,$3"=($<%(&*,R%"##*%A((B'"(#"/#$3<*/(*L(#.&3<*/($/=(
&*,R%"##<*/(#'*.1=(/*3(5"(R$</L.1A((G*3<L6(3'"(</D"#3<+$3*%(<L(3'"%"($%"($/6(L""1</+#(*L(
=<#&*,L*%3A((
%
%
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$(.Y.2%B'"%"($%"(/*(%<#C#($##*&<$3"=(W<3'(3'<#(R%*&"=.%"A(
(

! ! "_"$-(."%*+)"QE"$.%#/+#%+!#"$%R!&&,%0$"..Q$"2%%% *̀.(,$6(5"($#C"=(3*(
R"%L*%,(*/"(*L(3'"(L*11*W</+(?HG@h0@!>(3*(3",R*%$%<16(</&%"$#"(6*.%(51**=(R%"##.%"Z(
a](#Y.""U</+($('$/=+%<RR"%(W<3'(6*.%(L*%"$%,(L*%($(L"W(,</.3"#(W<3'(*%(W<3'*.3(51**=(
L1*W(3*(6*.%(L*%"$%,(5"</+(R%"D"/3"=(N](&*/3%$&3</+(6*.%(1"+(,.#&1"#(W<3'(*%(W<3'*.3(
51**=(L1*W(3*(6*.%(1"+(5"</+(R%"D"/3"=A(
%
$(.Y.2%%V'"/(,.#&1"(&*/3%$&3<*/#($%"(R"%L*%,"=(W'<1"(3'"(51**=(L1*W(3*(3'"(1<,5(<#(
R%"D"/3"=:(6*.(,$6( "SR"%<"/&"(&*/#<="%$51"(=<#&*,L*%3(#<,<1$%(3*(3'$3(W'"/(=*</+(
,$S<,$1(W"<+'31<L3</+(%"R"3<3<*/#A((-*W"D"%:(3'"%"(<#(/*(%<#C(3*(6*.%(,.#&1"#(</(
R"%L*%,</+(3'<#("S"%&<#"A(

(
! ! .#$&&0%#".#2% F/(*%="%(3*(&%"$3"($(,"/3$1(#3%"##($(d>B!JJ)e(3"#3(W<11(5"(R"%L*%,"=A(H(

#"%<"#(*L(W*%=#(L*%(&*1*.%#(W<11(5"(=<#R1$6"=(#.&'($#(d!@EeA(-*W"D"%:(3'"(W*%=(W<11(5"(
=<#R1$6"=(</($(=<LL"%"/3(&*1*.%:(R"%'$R#(3'"(&*1*.%(+%""/A( *̀.(,.#3(%"$=(*.3(3'"(&*1*.%(</(
W'<&'(3'"(W*%=(<#(W%<33"/(</:(/*3(3'"(W*%=(<3#"1LA(B'"%"L*%":(.R*/(#""</+(d$", e(\W%<33"/(</(
+%""/(3"S3](6*.(W<11(%"#R*/=(56(#$6</+(d+%""/eA( *̀.(W<11(5"($#C"=(3*(R"%L*%,(3'"(3$#C($#(
L$#3($#(6*.(&$/A(()$%3(*L(3'"(#3.=6("D$1.$3"#(3'"(#&*%"(6*.($&'<"D"(*/(3'"(3"#3($/=(<3(<#(
D"%6(<,R*%3$/3(3'$3(6*.%(#&*%"($&'<"D"#(3'"(/*%,$1(%$/+"(L*%(R"%#*/#(*L(6*.%($+"($/=(
"=.&$3<*/A(( *̀.%(R"%L*%,$/&"(W<11(5"(,"$#.%"=(56('*W(,.&'(*L(3'"(1<#3(6*.(%"$=(3'%*.+'(
</(3W*(,</.3"#(3<,":($#(W"11($#('*W(,$/6(,<#3$C"#(6*.(,$C"A %%(
$(.Y.2%B'"%"($%"(/*(%<#C#(R*#"=(56(3'<#(R%*&"=.%"A(

(
! ! +)S"$%#".#2% F/(*%="%(3*(&%"$3"(",*3<*/$1(#3%"##($/($/+"%(3"#3(W<11(5"(R"%L*%,"=A()%<*%(

3*(3'"(3"#3</+(=$6:(6*.(W<11('$D"(5""/($#C"=(3*(L<11(*.3($/($/+"%(Y."#3<*//$<%"(</(*%="%(3*(
%"&$11($(R$#3("D"/3(3'$3(,$="(6*.(D"%6($/+%6A(V"(W<11(.#"(3'"(Y."#3<*//$<%"(3*("1<&<3(
,*, "/3$%6($/+"%A(( *̀.(W<11(5"($#C"=(3*(="#&%<5"(3'"("D"/3(W'<1"(%"M"SR"%<"/&</+(3'"(
"D"/3(</(6*.%(<,$+</$3<*/:($#(W"11($#(%"R*%3(*/(3'*.+'3#:(L""1</+#:($/=(R'6#<&$1(
$#R<%$3<*/#($5*.3(3'"(#<3.$3<*/A((B'"(3"#3(W<11(1$#3(3W*(,</.3"#A%%(
%
%$(.Y.2% *̀.(W<11(L""1(,*,"/3$%6($/+"%(3'$3(W<11(#.5#<="(L*11*W</+(3'"(</3"%D<"WA((F3(<#(
R*##<51"(3'$3(3'<#($/+"%(</3"%D<"W(,<+'3(&*/3%<5.3"(3*(%"/"W</+(R%*51",#(5"3W""/(
6*.%#"1L($/=(3'<#(</=<D<=.$1A((FL(6*.(5"1<"D"(3'$3(3'<#(,<+'3(</($/6(W$6(5"(R%*51",$3<&:(6*.(
$%"("/&*.%$+"=(3*(W<3'=%$W(L%*,(R$%3<&<R$3<*/(</(3'<#(#3.=6A(

(
(

! ! -&)#$&!%#".#2% H(&*/3%*1(3"#3(W<11(5"(R"%L*%,"=(</(*%="%(3*(./="%#3$/=(<L(D"%5$1<U$3<*/(
<#(&*/3%<5.3</+(3*(3'"(51**=(D"##"1(%"#R*/#"A(( *̀.(W<11(#<,R16(&*./3(L%*,(k*/"_(</(
?<##<##<RR<_#A(( *̀.%(D"%5$1<U$3<*/(W<11(#3$%3($#(d*/"(?<##<##<RR<:(3W*(?<##<##<RR<:(3'%""(
?<##<##<RR<� e($/=(W<11(&*/3</."(L*%(3W*(,</.3"#A(
%
$(.Y.2%B'"%"($%"(/*(%<#C#(R*#"=(56(3'<#(R%*&"=.%"A(

(
! ! !&^"$%R&,3%)"S+#(E"%0$"..Q$"2% *̀.(W<11(1$6(*/(6*.%(5$&C($/=(6*.%(1*W"%(5*=6(

W<11(5"("/&1*#"=(</($/($<%M3<+'3(5*SA((0$%<*.#(1"D"1#(*L(#.&3<*/(W<11(3'"/(5"($RR1<"=(3*(3'"((
(
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! ! 5*S(3*(#<,.1$3"('*W(3'"(51**=(/*%,$116(#'<L3#(</(3'"(5*=6(=.%</+($&3<D<3<"#(1<C"(#3$/=</+(
.RA((B'<#(W<11(&$.#"(6*.%('"$%3(%$3"(3*(</&%"$#"($/=(6*.%(51**=(D"##"1#(3*(&*/#3%<&3(3*(
,$</3$</(51**=(R%"##.%"A((B'<#(<#($(/*%,$1(%"#R*/#"(3'$3(6*.("SR"%<"/&"("D"%6(,*%/</+(
W'"/(6*.(+"3(.R(*.3(*L(5"=A (

(
$(.Y.2%B'"%"(<#($(#,$11(&'$/&"(3'$3(6*.(,$6(5"+</(3*(L$</3(W<3'(3'<#(R%*&"=.%"A((V"(W<11(
5"(,*/<3*%</+(6*.%(51**=(R%"##.%"(&*/3</.*.#16A((FL(6*.("SR"%<"/&"($/6(*L(3'"(L*11*W</+(
#6,R3*,#:(/*3<L6(3'"(</D"#3<+$3*%(<,,"=<$3"16Z(/$.#"$:(/$%%*W</+(L<"1=(*L(D<#<*/:(
#W"$3</+A((2'$/+"#(</(6*.%(51**=(R%"##.%"(3'$3(W"(="3"&3(W<11(,*#3(1<C"16(</=<&$3"(3'$3(
L$</3</+(<#(<,,</"/3(W"11(5"L*%"(6*.("SR"%<"/&"($/6(*L(3'"#"(#6,R3*,#A((96(#'.33</+(*LL(
3'"(#.&3<*/:(51**=(W<11(%$R<=16(%"3.%/(3*(6*.%('"$%3($/=(#6,R3*,#(*L(L$</3</+(W<11(5"(
%"D"%#"=A(( *̀.(,$6(L""1(/$.#"*.#(L*%($(L"W('*.%#($L3"%(3'<#(R%*&"=.%"(<L(6*.(&$,"(&1*#"(
3*(L$</3</+A((B'<#(#'*.1=(%"#*1D"(<3#"1L(W<3'*.3($/6(&*,R1<&$3<*/#A%(
(

! ! -&!,%0$"..&$%#".#2% F/(3'<#(3"#3:(6*.(W<11(R1$&"(6*.%('$/=(*%(L**3(</($/(<&"(W$3"%(5$3'(
L*%($(L"W(\aMP](,</.3"#A(B'<#(W<11(&$.#"(6*.%('"$%3(%$3"(3*(</&%"$#"($/=(6*.%(51**=(
D"##"1#(3*(&*/#3%<&3($#(3'"(&*1=(W<11($&3<D$3"(6*.%(#6,R$3'"3<&(/"%D*.#(#6#3",(\3'"(R$%3(*L(
6*.%(/"%D*.#(#6#3",(</D*1D"=(</(3'"(dL<+'3(*%(L1<+'3e(%"#R*/#"]A(
%
$(.Y.2%#A878%678%:4%79@L@%>4@8=%MB%<A9@%>74?8=578I%/4K8;87N%9<%?6:%M8%]59<8%
>69:J5DI%345%A6;8%<A8%79HA<%6<%6:B%<9F8%<4%K9<A=76K%B457%A6:=%47%J44<%J74F%<A8%9?8%
K6<87%M6<A%9J%B45%J88D%5:6MD8%<4%?4:<9:58I%(

(
¥( -/".#%^+!!%.#$+00()S2 ((̀ *.(W<11('$D"("<3'"%($(3"/#*%(5$/=$+"(*%($(&.#3*,(

#3%$RR</+(="D<&"($RR1<"=(3*(6*.%(&'"#3($/=($5=*,"/A(( *̀.($%"($#C"=(3*(5%"$3'"(*.3($#(
,.&'($<%(L%*,(6*.%(1./+#($#(6*.(&$/:($/=(3'"/('*1=(3'$3($#(3'"(#3%$RR</+(<#(3<+'3"/"=(
$%*./=(6*.%(&'"#3($/=($5=*,"/A((` *.(&$/(</=<&$3"(3'"(/""=(3*(5%"$3'"(=.%</+(3'<#(
R%*&"=.%"($3($/6(3<,"A((HL3"%(&$3&'</+(6*.%(5%"$3'(6*.(W<11($+$</(",R36(6*.%(1./+#($/=(
#3%$RR</+(W<11(&*/3</."A((B'<#(W<11(5"(%"R"$3"=(./3<1(3'"(#3%$RR</+(<#(&*,R1"3"A((B'"(
R.%R*#"(*L(3'<#(<#(3*(%"#3%<&3('*W(,.&'(6*.(&$/("SR$/=(6*.%(&'"#3($/=($5=*,"/(</(3'"(
"LL*%3(*L(5%"$3'</+(</($/=(3*(%"=.&"(3'"($,*./3(*L($<%(1"L3(</(6*.%(1./+#($3(3'"("/=(*L($(
/*%,$1("SR<%$3<*/A((B'<#(,<,<&#(d%"#3%<&3<D"e(1./+(=<#"$#"A(((

(
$(.Y.2 ((B'"(#3%$RR</+(&$/(L""1(./&*,L*%3$51"(5.3(#'*.1=(/*3(5"(R$</L.1A((FL(<3(<#(R$</L.1(
/*3<L6(3'"(</D"#3<+$3*%(<,,"=<$3"16($/=(#3%$RR</+(W<11(5"($=^.#3"=A((B'"%"(<#($(#,$11(
&'$/&"(3'$3(6*.(,$6(5"+</(3*(L$</3(W<3'(3'<#(R%*&"=.%"A((V"(W<11(5"(,*/<3*%</+(6*.%(
51**=(R%"##.%"(&*/3</.*.#16A((FL(6*.("SR"%<"/&"($/6(*L(3'"(L*11*W</+(#6,R3*,#:(/*3<L6(3'"(
</D"#3<+$3*%(<,,"=<$3"16Z(/$.#"$:(/$%%*W</+(L<"1=(*L(D<#<*/:(#W"$3</+A((2'$/+"#(</(6*.%(
51**=(R%"##.%"(3'$3(W"(="3"&3(W<11(,*#3(1<C"16(</=<&$3"(3'$3(L$</3</+(<#(<,,</"/3(W"11(
5"L*%"(6*.("SR"%<"/&"($/6(*L(3'"#"(#6,R3*,#A(( B'"#"($%"(%"D"%#"=(56(%$R<=16(%",*D</+(
3'"(#3%$RR</+($/=('$D</+(6*.(%"#3(1$6</+(*/(6*.%(5$&C(W<3'(6*.%(1"+#(%$<#"=A((

(
! ! /+),S$(0%"_"$-(."2%% *̀.(W<11(5"($#C"=(3*(R"%L*%,('$/=+%<R(#Y.""U</+("S"%&<#"A((

B'"(=.%$3<*/(*L(3'<#("S"%&<#"(&$/(D$%6(L%*,($(L"W(#"&*/=#(3*(a8MN8(,</.3"#:($/=($3($/(
</3"/#<36(3'$3(&$/(D$%6(L%*,(D"%6(,<1=(3*(,$S<,$1(&*/3%$&3<*/(L*%&"A((@S"%&<#"(,$6(3$C"(
R1$&"(</(&*,5</$3<*/(W<3'($/6(*L(3'"($5*D"M,"/3<*/"=(3"&'/<Y."#(W'<&'(&$/(&*/3%*1 (
(
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! ! (3'"(51**=(L1*W(3*(6*.%(1<,5#:(&*/+"#3(3'"(1<,5#:($/=(W'<&'(&$/($13"%(6*.%(51**=(R%"##.%"A(((
(
$(.Y.2 (V'"/(L*%"$%,(,.#&1"(&*/3%$&3<*/#($%"(R"%L*%,"=(W'<1"(3'"(51**=(L1*W(3*(3'"(
L*%"$%,(<#(R%"D"/3"=:(6*.(,$6("SR"%<"/&"(&*/#<="%$51"(=<#&*,L*%3(#<,<1$%(3*(3'$3(W'"/(
=*</+(,$S<,$1(W"<+'31<L3</+(%"R"3<3<*/#A((-*W"D"%:(3'"%"(<#(/*(%<#C(3*(6*.%(,.#&1"#(</(
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