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ABSTRACT  

Muscle contraction initiates a rapid vasodilation (widening) of small blood vessels in the 

skeletal muscle called arterioles, increasing muscle blood flow, which is greater when the 

contracting muscle is below, compared to above heart level. The mechanisms responsible for this 

effect of arm position on blood flow are unclear. Below the heart, blood pressure is larger in the 

arterial system due to gravity (called transmural pressure). Arterioles vasodilate in response to a 

reduction in transmural pressure, termed myogenic vasodilation. During muscle contraction, 

transmural pressure is reduced. This thesis tested the hypothesis that there is an increased 

myogenic vasodilation and corresponding blood flow after release of forearm contraction if 

precontraction transmural pressure was higher, as it is below vs. above heart level. To test this 

hypothesis, participants laid supine with their arm placed ~20cm either above (low transmural 

pressure condition; L) or below (high transmural pressure condition; H) heart level. During a 2s 

forearm contraction of a handheld force transducer, the arm position was either maintained or 

changed to the opposite limb position. This was repeated for all four possible starting-ending 

position combinations (L-L, H-L, L-H, H-H). Comparing different starting position effects by 

measuring the response in the same ending position ensured that only differences in active 

vasodilation could contribute to differences in post-contraction blood flow. As expected, 

postcontraction blood flow response was greater when measured below vs. above the heart. 

However, within the same ending position, starting arm position did not affect the magnitude of 

blood flow during either the first or peak cardiac cycle post-contraction (i.e. LL vs. HL, or LH vs. 

HH; P = 1.00). Similarly, there were no differences in dilation of the arterioles (calculated as; 

forearm vascular conductance = blood flow ÷ local forearm arterial blood pressure). These findings 

REFUTE the hypothesis that a greater transmural pressure environment upon contraction would 

result in increased vasodilation. Secondary analysis determined that the higher post-contraction 
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blood flow below vs. above the heart could be explained by greater local arterial blood pressure 

and/or greater mechanical distension of arterioles due to greater transmural pressure below the 

heart.   
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CHAPTER 1: INTRODUCTION  

An increase in exercising muscle blood flow is obligatory to support metabolic demand and 

begins immediately after a single, brief, submaximal contraction (1, 68, 92). It is now well 

established that an “immediate” and rapidly increasing vasodilation contributes to this initial 

hyperemia (71, 80, 89–92). Interestingly, this immediate increase in blood flow is greater when the 

contracting muscle is in the dependent (below heart) position compared to above the heart, and this 

is commonly attributed to an additional “muscle pump” effect on the arterio-venous pressure 

gradient for limb blood flow (4, 25, 62, 67, 80, 91). Briefly, muscle contraction-induced emptying 

of the venous volume, and subsequent elevation of the arterial to venous pressure gradient for limb 

blood flow, can only occur in the dependent position where there is an initial venous volume and 

pressure available (25, 91). Therefore, the current understanding in the literature is that 

greater immediate hyperemia following a muscle contraction in the below versus above heart 

position is due to the widening of the arterio-venous pressure difference by the muscle pump.   

  A recent study by Jasperse et al. (41) highlighted that the current literature investigating 

the muscle pump’s contribution to immediate hyperemia is lacking a critical control study, 

identifying if vascular stimuli other than skeletal muscle contraction elicit greater hyperemia in the 

dependent position. If other vascular stimuli that do not function by widening the arterio-venous 

pressure gradient can also elicit a greater hyperemic response in the dependent position, it would 

suggest that vasodilatory mechanisms may also be more responsive in the dependent position. 

Jasperse et al. (41) performed two complementary studies to investigate this. 1) They used reactive 

hyperemia tests of different length (0.5 to 5 minutes), in conditions of either high (arm below heart) 

or low (arm above heart) transmural pressure. Independent of arm position, the occlusion of the 

forearm during reactive hyperemia causes both an increase in local vasodilatory metabolite buildup 

and a reduction in arteriolar transmural pressure (70, 85, 93). The myogenic response to reduced 
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transmural pressure is a loss of arteriolar myogenic tone, resulting in an increase in arteriolar 

dilation and corresponding hyperemia upon cuff release. The findings of Jasperse et al. (41) 

demonstrated an increase in hyperemia and vascular conductance when occlusion lasted at least 

two minutes with the arm below, compared to above the heart, suggesting a greater loss of vascular 

tone in response to the removal of a higher transmural pressure in the dependent position. 2) To 

determine if the greater hyperemia in the dependent position was due to mechanisms intrinsic to 

the arterial wall, they manipulated the pressure conditions of isolated rat soleus feed arteries using 

fluid reservoirs to mimic the transmural pressure conditions of the forearm placement relative to 

the heart during the previous reactive hyperemia tests. Arteries exposed to a higher initial 

transmural pressure exhibited greater dilation upon removal of transmural pressure than when 

exposed to a lower initial transmural pressure condition.   

Together, these two experimental results of Jasperse et al. (41) suggest that a vascular 

stimulus initiated in a higher transmural pressure environment may evoke a larger vasodilatory 

response by the local vasculature, which they propose challenges the current view that the muscle 

pump is responsible for increased immediate hyperemia in the dependent position. However, 

whether this interpretation applies to the brief transmural pressure reduction from higher 

versus lower initial transmural pressure during the initial contraction of exercise is 

unknown.   

  Given the demonstrated speed of the myogenic response to transmural pressure changes 

during exercise identified by Walker et al. (95), it is plausible that increased transmural 

pressure prior to a brief muscle contraction may be responsible for the elevated hyperemia 

observed immediately after the release of contraction in the dependent position.   

Therefore, the purpose of the current study was to test the hypothesis that a brief, 

submaximal, forearm contraction initiated in a higher arteriolar transmural pressure environment 
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would elicit greater vasodilation, resulting in a greater increase in local blood flow compared to a 

contraction initiated in a lower transmural pressure environment.   

 

Significance 

The mechanistic basis for a greater immediate hyperemia following a brief, single muscle 

contraction below versus above the heart has been attributed to the muscle pump. As a result, the 

possibility of a greater myogenic vasodilatory response to elevated initial transmural pressure has 

not been considered. This will be the first study to test whether initial transmural pressure in the 

human forearm influences post-contraction forearm blood flow via increasing vasodilation. Such 

a finding would significantly alter our understanding of limb position related determinants of 

exercise hyperemia.   
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CHAPTER 2: LITERATURE REVIEW  

Immediate hyperemic response to muscle contraction  

  Any increase in exercise intensity requires a concomitant increase in blood flow to match 

delivery of oxygen to the elevated metabolic demand of the exercising muscles, as well as to 

remove any metabolite build up (5, 58). In humans, this hyperemia occurs in a bi-phasic manner, 

where the initial phase (phase I) is a result of feedforward mechanisms reacting to changes in the 

type of muscle contraction and the following phases (II & III) are a result of feedback regulation 

of exercising muscle blood flow (53, 71, 77, 79). As per Ohm’s law applied to the circulation;   

𝐹𝑙𝑜𝑤 = ∆𝑃 ∗ 𝐾  

Whereby any change in blood flow requires a change in either the conductance (K) of the blood 

vessels or the pressure gradient across the vasculature (∆P) where the flow is measured. The 

following sections will independently discuss feedforward control of hyperemia at the onset of 

exercise, with primary focus on how physiological changes to the vasculature (i.e. the muscle 

pump) affect Ohm’s law and the resulting immediate hyperemic response at the onset of exercise.   

 Phase I of the hyperemic response to a step increase in exercise intensity is an immediate 

and substantial, yet incomplete increase in blood flow which lasts approximately 5-7 seconds, 

followed by a plateau in blood flow until ~20 seconds into exercise (53, 71). The immediate 

hyperemic response is viewed as providing a “best guess” at increasing oxygen delivery to match 

the metabolic demand of the muscles at the onset of exercise. Evidence for this view of immediate 

hyperemia comes from two main observations in the literature; 1) the immediate hyperemic 

response consistently underestimates the blood flow values observed once steady state blood flow 

has been achieved (53, 71, 80), and 2) the extent of the immediate hyperemic response is 

proportional to both the strength (71, 80, 89) and frequency (6, 7, 16, 17) of contractions. However, 

despite our detailed understanding of the immediate hyperemia profile to the onset of exercise, 
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there is still much debate about which physiological mechanisms elicit the change in blood flow 

during the first ~5 s of exercise.  

  Traditionally, there are two physiological mechanisms which are thought to have the ability 

to increase blood flow sufficiently enough during the onset of exercise to elicit the observed 

immediate hyperemic response: the muscle pump and rapid vasodilation. The current 

understanding, as it pertains to this proposed study, is that rapid vasodilation is obligatory at the 

onset of exercise, while the muscle pump may contribute under certain conditions (71, 80, 89–91). 

Although briefly mentioned above, these two mechanisms will be discussed in further detail in the 

following two sections.   

Muscle pump  

  The idea that muscle contraction compresses the veins in a manner which decreases venous 

pressure upon relaxation of the muscle was first proposed by Pollack and Wood, in 1949 (67). In 

1970, it was then postulated by Folkow and colleagues (25) that this “muscle pump” effect can 

increase blood flow to an exercising muscle via increasing the pressure gradient for blood flow 

into the muscle vascular bed. In a seminal review, Laughlin (50) further suggested that the tethering 

of veins to surrounding musculature could result in a greater pressure gradient upon muscle 

relaxation, wherein the muscles pull open the veins creating a negative, vacuum-like pressure. 

Ultimately, the above publications helped to formulate the idea that the muscle pump is obligatory 

to increasing immediate hyperemia in direct response to a brief muscle contraction.     

In 1996, Tschakovsky et al. (91) used changes in hydrostatic pressure and the difference 

between muscle contractions and forearm compression to analyze whether the muscle pump played 

an obligatory role in the immediate hyperemic response. On separate trials, participants both 

performed forearm muscle contractions and experienced forearm cuff inflations, with the arm 

either above or below the heart. Here, the cuff inflations were used to mimic the emptying of the 
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veins without initiating a direct muscle contraction, thereby isolating the muscle pump. The change 

in arm position was used to optimize the effect of hydrostatic pressure, where gravity causes the 

veins to be empty when the arm is above the heart, rendering the muscle pump ineffective because 

venous pressure is already negligible. Tschakovsky et al. (91) found that there was an increase in 

immediate hyperemia following a brief cuff inflation mimicking the venous emptying effects of 

contraction when performed below the heart, and that the hyperemic response was increased 

significantly further in response to muscle contraction. Ultimately, these findings were interpreted 

as evidence that the muscle pump does contribute to immediate hyperemia and has been 

corroborated by many other researchers (50, 62, 64, 76, 77, 91).  

Arguing against this interpretation are more recent findings that inflation of a forearm cuff 

to ~100 mmHg, as in the study by Tschakovsky et al. (91), may result in mechanical compression 

induced dilation of the vasculature, which could explain the observation of an increased blood flow 

during this kind of limb compression (11, 46, 92). Furthermore, another criticism of the muscle 

pump hypothesis is the idea that the human vasculature works as a “vascular waterfall” (39, 66). 

This theory obtains its name from the pressure gradient conditions seen in a waterfall; the water 

level of the lake above the waterfall is the only contributor to the flow over the waterfall, while the 

lake below the waterfall has no effect, regardless of water level. The vascular waterfall theory is 

centered around the concept that arterioles have a “critical closing pressure”, which is a pressure 

threshold that, when exceeded by smooth muscle tone, results in collapse of the arteriole (39, 66). 

When this critical closing pressure is above venous pressure, the pressure gradient for flow then 

becomes the difference between the arterioles and closing pressure, as opposed to the difference 

between arterioles and venous pressure. Therefore, if the critical closing pressure is the true low 

pressure for blood flow through the arterioles, then the phenomena of the muscle pump emptying 
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the veins becomes irrelevant, as the veins are downstream of the critical closing pressure and have 

no effect on the flow of blood.  

In summary, there is definite evidence that muscle pumping causes emptying of veins in 

the dependent position, however, there is no direct evidence suggesting that this mechanism 

accentuates the immediate hyperemic response to muscle contraction caused by rapid vasodilation. 

In fact, recent evidence surrounding vessel compression induced vasodilation may indicate that the 

muscle pump plays no role at all in the immediate hyperemic response. The potential application 

of the vascular waterfall model of blood flow also argues against the contribution of the muscle 

pump in the immediate hyperemic response. Ultimately, the immediate change in conductance of 

the resistance vessels in response to a muscle contraction is the primary contributor to the 

immediate hyperemic response and will be discussed accordingly.  

Rapid vasodilation.  

  Unlike the muscle pump, rapid vasodilation increases blood flow by increasing the 

diameter of the arterioles immediately after release of contraction. Vasodilation occurs in all 

branches of the arteriolar tree, but most dilation occurs in the smallest vessels furthest from the 

feed arteries (92). Therefore, all references to “vasodilation” are referring to the increase in average 

conductance of vessels within the arteriolar tree, with the largest contribution to the overall change 

in conductance coming from the distal arteriolar branches, closest to the contracting muscle bed. 

Vasodilation that occurs immediately following muscle contraction is now recognized as a known 

contributor to hyperemia (8, 13, 63, 72, 87, 90–92), however, this was not always the case as the 

understanding of how, and with what time course, the arterioles dilate had previously suggested 

that their response is delayed (27, 40, 77, 99).   

Some of the earliest in-vivo microscopy studies were designed to view the response of the 

microvasculature in hamster cremaster muscles to electrically stimulated contraction (27, 40). 
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These microscopy studies discovered that the time course for the onset of arteriolar vasodilation in 

response to muscle contraction was on the order of ~5-20 seconds, which would not be rapid 

enough to explain the hyperemia observed in muscles <1 second after release of muscle 

contraction. The results of these microscopy studies were cited as evidence to oppose the idea of 

rapid vasodilation contributing to immediate hyperemia (43, 77). The delayed onset of vasodilation 

observed in these studies was further supported by the notion that local metabolites or neural 

factors resulting from muscle excitation-contraction coupling cannot sufficiently diffuse across the 

interstitial space, into the vasculature, and initiate dilation <1 second post-contraction. To explain 

the observed immediate hyperemic response to muscle contraction, these metabolic or neural 

factors must be able to operate within ~1 second (27, 43, 55, 77).   

Despite the early microscopy evidence in animals, several properties of the blood flow 

response to muscle contraction observed in humans indicated that rapid vasodilatory mechanisms 

must be present and responsible for the immediate hyperemic response. 1) When forearm 

contractions occur above the heart, where the venous volume is empty due to gravity, there is still 

a significant increase in immediate hyperemia, indicating rapid vasodilation (80, 91). Since the 

muscle pump relies on the ability of muscle contraction to increase the pressure gradient across the 

vascular bed by emptying venous volume, contractions above the heart should elicit no increase in 

blood flow if the muscle pump were the only mechanism. 2) With increasing contraction intensity, 

there is a contraction-dependent increase in immediate hyperemia (95). Contractions of ~5% 

maximal voluntary contraction (MVC) will completely empty the venous volume (89), therefore 

any immediate increase in blood flow in response to contractions of greater intensity must be due 

to changes in conductance of the arterioles. 3) After a single muscle contraction, blood flow 

continues to increase for multiple cardiac cycles, regardless of arm position relative to the heart 

(91). The muscle pump only empties the veins while the muscle is contracted, therefore, 
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immediately upon release of contraction is the greatest arterio-venous pressure gradient, as the 

veins will begin to re-fill. If the muscle pump were the only relevant mechanism to immediate 

hyperemia, the first cardiac cycle post-contraction must have the highest blood flow. Furthermore, 

recent microscopy studies in the gluteus maximus of mice (60) and hamster retractor muscle (92) 

have indicated that rapid vasodilation of arterioles occurs >1 second post muscle stimulation. This 

contradicts the findings of earlier studies using microscopy techniques and further suggests that 

there is an obligatory role of rapid vasodilation to the immediate hyperemic response to muscle 

contraction. Together, the observations of in vivo human experiments and the use of modern 

microscopy techniques support the presence of rapid vasodilation in the immediate hyperemia 

response to muscle contraction.    

Although the above evidence indicates the existence of a rapid vasodilatory mechanism, 

there is still much debate as to the nature of how this vasodilation occurs in the in vivo system. The 

following subsections will assess the strengths and weaknesses to many of the proposed 

mechanisms of rapid vasodilation as they contribute to the immediate hyperemic response to 

muscle contraction.  

Sympathetic vasodilator nerves.  

The original hypothesis for arteriolar vasodilation suggested that sympathetic nerves 

actively caused dilation (9). One piece of evidence for this theory originated from a study 

performed on anesthetized cats, where nerve stimulation evoked an atropine-sensitive vasodilation 

response in nerves which were depleted of noradrenaline (26, 44). More simply put, Folkow and 

colleagues (26) found that when the ability of the arterioles to vasoconstrict is pharmacologically 

inhibited, then continued sympathetic stimulation causes significant vasodilation. This type of 

response to sympathetic stimulation is consistent with the idea of the feedforward “defense 

reaction” observed in animals, including humans, where an increase in blood pressure, heart rate 
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and muscle blood flow occur in response to an environmental stressor (9, 43, 44). Therefore, when 

later studies in humans revealed an increase in contralateral limb blood flow during a prolonged 

isometric forearm or calf contraction, the findings were interpreted as support for the presence and 

activation of vasodilator fibers in the skeletal muscle of humans (21–23). However, the studies 

described above use indirect measures of blood flow and vascular dilation to suggest a presence of 

sympathetic dilatory nerves in human skeletal muscle. More recently, studies have employed 

microneurographic techniques to measure the electrical activity between the nervous system and 

skeletal muscles during different types of physiological stressors (30, 31, 54). These studies have 

shown sympathetic silence during vasodilation of the arterioles in skeletal muscle, suggesting that 

humans do not possess nerves that actively cause arteriole dilation.  

Neural spillover causing vasodilation.  

  The release of acetylcholine (ACh) from motor nerves after a brief muscle contraction is 

another potential cause of rapid dilation sufficient enough to elicit hyperemia immediately post-

contraction. Primary evidence for this theory comes from a study by Welsh and Segal (96) using a 

nicotinic receptor blocker (d-turbocurarine), coupled with electrically stimulated retractor muscles 

of anesthetized hamsters. The nicotinic receptor blocker was used to prevent ACh from activating 

muscle fibers, while release of ACh from the motor nerves remained intact. Welsh and Segal (96) 

observed vasodilation of local arterioles adjacent to stimulated motor nerves within 5 seconds of 

electrical stimulation, with no tension produced in the muscle. Furthermore, vasodilation was 

increased when breakdown of ACh was prevented by a cholinesterase antagonist (eserine sulfate), 

and prevention of ACh interacting with vascular smooth muscle receptors by a muscarinic receptor 

blocker (atropine sulphate) prevented vasodilation during nerve activation with nicotinic blockade. 

Together, these findings suggest that ACh released from the activated motor nerve can “spillover” 
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into the neuromuscular junction, whereby it can cause vasodilation by binding to muscarinic 

receptors on nearby vascular smooth muscle (96).  

   The findings of Welsh and Segal (96) appear appropriate to explain the immediate 

hyperemic response to muscle contraction, as ACh release from motor nerves is an obligatory 

function to produce every muscle contraction and can also cause vasodilation of arterioles (43, 96). 

Furthermore, increasing contraction intensities both require increased ACh release and produce an 

increased immediate hyperemic response, linking the previous observation of increases in 

immediate hyperemia with increasing contraction intensity (1, 12, 33, 89, 92). However, when a 

postsynaptic neuromuscular blocker (pipecuronium) inhibits any contraction of forearm muscles 

in humans via nicotinic blockade, but ACh release from motor nerves is normal, there is only a 

modest (1.4 ml*100 ml-1*min-1) increase in blood flow, accompanied by increases in both HR and 

MAP (19). Increasing either HR or MAP can increase localized blood flow to forearm muscles, 

indicating that ACh spillover has very little, if any, effect on muscle blood flow in humans. 

Similarly, sciatic stimulation in the absence of muscle contraction in anesthetized dogs also 

exhibited no change in blood flow, further suggesting that the blood flow response to muscle 

contraction is not affected by ACh release from motor nerves (63).    

   In summary, despite evidence in hamsters for the potential “spillover” of ACh causing  

marked vasodilation during electrical stimulation of retractor muscles (96), it appears that this 

mechanism does not function within the in vivo system of humans (19) or dogs (63), and that other 

factors must contribute to the immediate hyperemic response to a brief muscle contraction (10).   

Putative vasodilators.  

As it seems unlikely that either active sympathetic vasodilation or neural spillover from 

motor nerve stimulation contribute to rapid vasodilation during the immediate hyperemic response 

to brief muscle contractions in humans, a logical next hypothesis could be the involvement of local 
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molecules released by either the endothelium of the vasculature, the local skeletal muscle cells or 

from red blood cells (10, 88). The proceeding subsections will investigate the role of several 

different molecules, their origins in the human body and their role in rapid vasodilation during 

immediate hyperemia.  

Nitric oxide and prostaglandins  

Nitric oxide (NO) is synthesized by both endothelial and neuronal nitric oxide synthases 

(eNOS and nNOS, respectively), from L-arginine when in the presence of oxygen and several other 

cofactors (65). Once synthesized, NO can bind to receptors on the vascular smooth muscle 

surrounding the arterioles, initiating vasodilation. There are several stimuli which could elicit the 

production of NO by either eNOS or nNOS, including; endothelial release in response to an 

increase in either shear stress (16) or smooth muscle compression (11), release of factors 

responsible for muscle activation (i.e. ACh release, as outlined above; 59), or release from red 

blood cells in response to the deoxygenation of hemoglobin (24, 88). On the other hand, 

prostaglandins (PGs) are local hormones which act proximally to where they were formulated, 

from phospholipid precursors through an enzymatic pathway including cyclooxygenase (COX). 

Similar to NO, PGs can act as potent vasodilators released by the endothelial cells in the human 

vasculature (45, 84, 98) and their synthesis can be stimulated from a variety of sources (59). 

Irrespective of their origins, many human studies investigating the role of NO and PGs on rapid 

vasodilation during immediate hyperemia employ pharmacological interventions which inhibit the 

production of NO by NOS and PGs by COX, regardless of what stimulates the activity of COX or 

NOS (88).  

In separate experiments, Shoemaker and colleagues independently observed that inhibiting 

the production of NO (78) and PGs (79) did not alter the magnitude or time course of immediate 

hyperemia during the transition from rest to moderate hand grip exercise in humans. However, one 
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possibility for this finding is that when one molecule is inhibited, the other is able to fully 

compensate for its missing contribution to rapid vasodilation during immediate hyperemia (72).  

Therefore, a study by Saunders et al. (72) used the simultaneous, constant infusion of either saline 

(control for change in blood volume) or both NG-nitro-L-arginine methyl ester (L-NAME; used to 

inhibit NOS) and ketorolac (used to inhibit COX) during a mild-moderate exercise transition, to 

test whether inhibition of both NO and PGs alters rapid vasodilation during immediate hyperemia. 

∆FBF and FVC from rest to peak in this experiment did not change, suggesting that NO and PGs 

are not responsible for the rapid vasodilation contributing to immediate hyperemia in humans (72).  

In summary, although there is much evidence to support the role of both NO and PGs in 

vasoregulation during sustained exercise, it appears that neither of these molecules contribute to 

the rapid vasodilation observed during the transition to a higher exercise intensity in humans.    

Potassium  

Potassium (K+) is released by K+ channels on nervous and muscle cell membranes in 

response to action potential propagation during the excitation of skeletal muscle cells. These K+ 

ions released from skeletal muscle cells have the potential to be transported into adjacent tissues, 

such as the interstitial space of local vasculature (2). K+ in the interstitial space of the vasculature 

close to the contracting muscle can increase immediately in response to single muscle contractions 

(57), to a threshold which is enough to elicit vasodilation of the surrounding vascular smooth 

muscle (52). K+ ions have been proposed to cause local vasodilation in vascular smooth muscle 

by the stimulation of K+ inward rectifying (KIR) channels and sodium-potassium pumps, inducing 

hyperpolarization of the vascular smooth muscle membrane. This hyperpolarization will close 

voltage-gated calcium channels in the smooth muscle membrane and decrease intracellular 

calcium concentrations (2). Calcium is essential for the initiation of smooth muscle contraction, 

therefore, reduced intracellular calcium in smooth muscle cells will result in vasodilation.   
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The role of K+ in the rapid vasodilatory response to muscle contraction was first 

demonstrated by Armstrong and colleagues (2), using cremaster muscles of anesthetized hamsters. 

In situ, these researchers measured the diameter of an arteriole at the site of overlap with a 

cremaster muscle stimulated at a range of stimulation frequencies. Compared with stimulation 

without drug infusion as control, Armstrong et al. (2) also pharmacologically inhibited the voltage 

dependent K+ channels (with 3,4-diaminopyridine), KIR channels (with BaCl2) and sodium-

potassium pumps (with ouabain) during separate trials. Each inhibitor resulted in a significant 

attenuation of the controlled vasodilatory response to a single muscle contraction (58.8-65.7% 

change from control, depending on the specific drug), across all stimulation frequencies. The 

results of this study indicate that K+ has a role in rapid vasodilation at the onset of muscle 

contractions (2). However, despite a significant attenuation in the rapid vasodilatory response seen 

here with each infused drug, these researchers did not completely abolish the entire rapid 

vasodilatory response, indicating that other vasodilatory mechanisms also contribute to this 

response. Furthermore, this study does not indicate the applicability of these findings to the in vivo 

system in humans.  

  More recently, a study by Crecelius et al. (13) attempted to determine if K+ contributed to 

the rapid vasodilatory response to single forearm contractions in humans. They employed single 

forearm contractions at either 10, 20 or 40% MVC, under either control conditions or infusion of 

ouabain and BaCl2 to inhibit sodium-potassium pumps and KIR channels, respectively. Crecelius et 

al. (13) found that inhibition of K+-mediated hyperpolarization resulted in a ~30-45% reduction 

in peak FVC, with a ~55-75% reduction in total vasodilation from control, across all work rates. 

Therefore, this study was the first to demonstrate the role of K+ in rapid vasodilation at the onset 

of muscle contraction in humans. Interestingly, these researchers went one step further and also 

controlled for the potential vasodilatory effects of both NO and PGs, by infusing L-NMMA and 
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ketorolac, similar to the studies previously mentioned by Shoemaker and colleagues (78, 79). The 

combined effect of inhibiting the vasodilatory actions of NO, PGs and K+ resulted in an even 

greater reduction in peak (~60-70% from control) and total FVC (~80% from control), indicating 

that K+, NO and PGs are all components of the normal rapid vasodilatory response to muscle 

contraction in healthy young humans (13).   

  The finding by Crecelius et al. (13), that the inhibition of KIR channels and sodium-

potassium channels reduces the rapid vasodilatory response to a single muscle contraction, 

indicates that K+ released from the skeletal muscle is a likely candidate for initiating this pathway 

in humans. However, K+ release from skeletal muscle does not explain the observation that NO 

and PGs are also involved in rapid vasodilation. A hypothesis proposed by these authors is that 

compression of the vasculature with muscle contraction can induce changes in intracellular Ca2+ 

concentrations within the endothelial cells (13). A change in endothelial cell Ca2+ concentration 

could stimulate NO and PG production (11, 46), as well as Ca2+-mediated K+ channels to stimulate 

K+-mediated hyperpolarization and result in the rapid vasodilatory response to muscle contraction. 

The mechanism of muscle compression induced vasodilation will be discussed in further detail in 

the following section.   

Vessel compression induced dilation.  

  Clifford et al. (11) reasoned that any source of vasoactive substance produced during 

muscle contraction could not possibly diffuse from the myocyte to the vascular smooth muscle, in 

a time course reasonable to elicit rapid vasodilation within 1 second of release of contraction. It is 

also known that vessel walls can release vasodilators in response to mechanical stimuli such as 

shear stress (16). Therefore, Clifford et al. (11) sought to test the hypothesis that mechanical 

compression of the vasculature by skeletal muscle contraction can cause release of local 

vasodilators which then contribute to immediate hyperemia. To test this hypothesis, they isolated 
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the feed arteries of rat calf muscles and prepared them in solution, with the application of an 

electrically controlled valve system to mimic muscle contraction compression of the vessels at 

different duty cycles, both with and without an intact vessel endothelium. The major findings of 

Clifford et al. (11) were: 1) mechanical compression caused immediate dilation. 2) the magnitude 

of dilation was increased when the number of compressions was increased, but not when the 

duration of a single compression was increased. 3) removal of the endothelium attenuated, but did 

not abolish, the dilatory response to contraction, and; 4) the peak in vessel diameter occurred 4-5 

s after release of contraction.  

  From the above findings by Clifford et al. (11), several conclusions can be drawn about the 

mechanism of action for the rapid vasodilatory response to muscle contraction. 1) Compression of 

isolated vessels can elicit dilation in isolation of local muscle or neural influences, indicating that 

there is some mechanism inherent to the vasculature itself which must be able to cause dilation. 2) 

The vasodilatory response is amplified in response to increased frequency, but not duration, of 

contractions and this response is independent of the presence of the endothelium. This insinuates 

that the vascular smooth muscle itself can respond to dynamic changes in pressure (i.e. 5 separate 

contractions of 1 s duration) but not to static changes in pressure (i.e. 1 contraction of 5 s duration). 

3) The attenuated increase in dilation in the absence of an intact endothelium suggests that the 

endothelium contributes, in part, to the rapid vasodilatory response, but it is not the obligatory 

source of dilation. Finally, peak rapid vasodilation in response to compression was approximately 

4-5 s after release of contraction, which is a remarkably similar time course as the peak vasodilation 

observed in the human forearm after release of forearm muscle contraction (7, 11, 91). Although 

no specific mechanism of vasodilation in response to mechanical compression was proposed by 

Clifford et al. (11) in this publication, later studies have indicated a potential contribution to rapid 
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vasodilation by endothelial-mediated release of K+, NO and PGs affecting smooth muscle 

membrane hyperpolarization, which has been described in a previous section above.    

  A limitation of this study by Clifford et al. (11) is that it does not apply directly to the in 

vivo model of human muscle contraction, therefore Kirby et al. (46) sought to investigate whether 

mechanical compression of the human forearm could elicit similar results. These researchers 

employed forearm cuff inflations and muscle contractions of varying strengths and durations to 

investigate if mechanical deformation of forearm blood vessels via acute increases in extravascular 

pressure would elicit rapid vasodilation in humans (46). Each of their experiments were performed 

with the arm ~20 cm above the heart to empty the veins, to control for potential effects of the 

muscle pump. Kirby et al. (46) found that acute extravascular pressure application via a forearm 

cuff did elicit a significant increase in blood flow within 1-2 cardiac cycles of cuff release. 

However, contrary to Clifford et al (11), these researchers discovered that the time to peak rapid 

vasodilation elicited by cuff inflation was much quicker than seen in response to muscle 

contraction (~4-7 cardiac cycles) and that the human forearm was more sensitive to sustained 

contractions, rather than repeated (46). Further, increasing extravascular pressure conditions 

elicited a non-linear increase in vasodilation, while increasing contraction intensities are linearly 

associated with vasodilation. This disassociation between the relationship of a given stimulus with 

corresponding vasodilation suggests that different mechanisms are present between muscle 

contraction and cuff inflation.   

  In summary, despite compelling evidence of a contribution of vessel compression induced 

vasodilation in both isolated arterioles (11) and human forearm (46) models, it appears that vessel 

compression induced vasodilation cannot be the only factor determining the rapid vasodilatory 

response to muscle contraction. One possible mechanism that has yet to be explored is the 
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myogenic contributions of the vascular smooth muscle to rapid vasodilation, which will be 

discussed below.   

Myogenic regulation of arteriolar smooth muscle tone.  

  The “Bayliss effect”, originally introduced by W.M. Bayliss (3) in 1901, is more commonly 

referred to as the vascular myogenic response of arteriolar smooth muscle tone in response to 

changes in transmural pressure (17). The myogenic response of the vascular smooth muscle to an 

increase in intraluminal pressure (relative to extravascular pressure) is to constrict, whereas a 

reduction in this pressure will elicit myogenic relaxation (3, 17, 73, 75). The myogenic mechanism 

operates based on changes in the wall tension of the vascular smooth muscle, independent of the 

vascular endothelium or local nervous system (17, 73). Furthermore, the myogenic response has 

been described as “rate-sensitive”, meaning the vascular smooth muscle reacts differently to either 

rapid or prolonged changes in transmural pressure (6, 18). The present study relates to rapid 

vasodilation in response to sudden release of muscle contraction, therefore, we will only discuss 

the bi-phasic myogenic response typically seen in response to rapid changes in transmural pressure. 

This bi-phasic response is characterised by an immediate distension of the vascular smooth muscle 

in response to increased transmural pressure, followed by an immediate constriction of the vascular 

smooth muscle to original calibre, with the opposite occurring in response to decreased transmural 

pressure (18). The specific mechanisms by which vascular smooth muscle reacts to transmural 

pressure changes is still largely speculative, but leading hypothesis will be discussed accordingly.  

  It is now well understood that an increase in transmural pressure results in depolarization 

of the local vascular smooth muscle cells (73). This has been demonstrated in several different 

animal models, including the cerebral arteries of cats (34), rats (36, 48) and rabbits (47), the 

mesenteric arteries of rats (97), and in dog renal (35) and ileum arteries (83). The depolarization 

of the vascular smooth muscle cell elicits an increase in intracellular Ca2+ concentration from 
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extracellular Ca2+ sources (73), which activates myosin light chain (MLC) kinase. Activation of 

MLC kinase increases the amount of phosphorylated MLC and ultimately causes smooth muscle 

contraction, observed as contraction of the arterioles (38, 73). However, the current dissociation in 

the understanding of the myogenic response is exactly how extracellular Ca2+ is stimulated to enter 

the cell in response to smooth muscle cell depolarization. A recent review by Hill and Meininger 

(38), has suggested that membrane depolarization can occur through one, or a combination of 

several electromechanical or pharmacomechanical mechanisms, all of which are summarized in 

Figure 1. Electromechanical mechanisms of membrane depolarization involve direct stimulation 

of ion channels by mechanical distortion of the smooth muscle due to changes in transmural 

pressure. Pharmacomechanical mechanisms involve the release of second messengers from a 

mechanosensitive protein, which in turn activate ion channels and cause an influx of Ca2+. 

Ultimately, although there is a solid understanding of some potential mechanisms, a single 

obligatory myogenic mechanism has yet to be determined.  

Despite the multitude of current research specific to the mechanism of arteriolar smooth 

muscle cell vasoregulation in response to changes in transmural pressure, very few studies have 

attempted to understand how the myogenic response operates in the human in vivo system.  Walker 

et al. (95) were the first to provide evidence for the existence of functional, rapid-acting myogenic 

vasoregulation during exercise in human skeletal muscle. In this experiment, participants 

performed isometric handgrip exercise at 30% of their MVC, which would be sufficient to 

compress arterioles and thereby substantially reduce blood flow, at a 2 s contraction:2 s relaxation 

duty cycle (95). By positioning the exercising forearm above versus below the heart, the local 

forearm arteriolar perfusion pressure (FAPP), and therefore also arteriolar transmural pressure of 

the forearm could be altered by ~30 mmHg. The exercising arm would be moved between 

perfusion pressure conditions within a 2 s forearm contraction during steady state exercise and, 



20 

 

upon release of contraction, the vasculature would become instantaneously exposed to a new 

transmural pressure condition. Walker and colleagues (95) found that immediate changes in FBF 

following a change in arm position exceeded changes in FAPP, and suggested that transmural 

pressure mechanically affected arteriolar cross sectional area and, therefore, the conductance for 

flow. A transition from above to below the heart saw an increase in FBF of ~69% after the first 

forearm relaxation, despite an increase in FAPP of only ~41%. FVC was increased by ~19% during 

this first relaxation, however, conductance had returned to original levels by the next relaxation, 

thereby decreasing FBF. The opposite was true for transitions from below to above the heart, where 

immediate decreases in FBF (~37%) could not only be explained by the decrease in FAPP (~29%) 

but was accompanied by a decrease in FVC (~14%) which only existed for the first relaxation after 

arm movement. They interpreted these findings to support the existence of a rapid-acting myogenic 

response of the arterioles for two reasons; 1) metabolic demand of this exercise at steady state did 

not change between conditions, as each 2 s contraction is at the same relative intensity independent 

of local perfusion pressure. Further, the time course of metabolite production during a single 2 s 

contraction could not diffuse into the interstitial space rapidly enough to elicit vasodilation in the 

local vascular smooth muscle. 2) The immediate change in FVC upon movement of the arm is 

consistent with typical changes in the distension of the arterioles; hydrostatic forces increase the 

distension of arterioles below the heart and reduce distension in arterioles above the heart. The 

observed return of FVC to pre-distension values within seconds is directly consistent with the 

observed myogenic function of vascular smooth muscle in isolated vessel preparations, outlined 

above (3, 17, 73). Therefore, this study by Walker et al. (95) is the first to functionally demonstrate 

the potential existence of a rapid myogenic response to alterations in perfusion pressure during 

forearm exercise in the human forearm.  
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In summary, the myogenic mechanism of regulating vascular smooth muscle tone in 

isolated arterioles has been well established and Walker et al. (95) have demonstrated the ability 

of this mechanism to rapidly react to sudden changes in transmural pressure during steady state 

exercise in humans. However, further investigation of the myogenic response to single muscle 

contraction is warranted to determine whether the myogenic response can contribute to immediate 

hyperemia at the onset of exercise.   
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Figure 1 (above). This 3-part figure represents the function of the myogenic mechanism of 

vascular smooth muscle contraction in response to an increase in intravascular pressure. Both 

graphs are adapted from Walker et al. (78). i) Moving the arm from the above to below heart 

position increases the distension of the arteriole, which is sensed as a stretch by the smooth 

muscle cells and is the cause of the transient increase in FVC observed in the first graph. ii) 

Adapted from Hill and Meininger (34). There are five known potential mechanisms by which 

the vascular smooth muscle may sense the stretch in the arteriolar wall; A) The mechanical 

stretch of the smooth muscle cells is sensed directly by a vascular cation channel which then 

opens, B) extracellular proteins sense smooth muscle cell stretch and open cation channels, C) 

intracellular cytoskeleton proteins sense the smooth muscle cell stretch and contract to open 

cation channels, D) extracellular proteins change conformation upon smooth muscle cell 

stretch and bind to receptors on local proteins, opening cation channels, and E) 

stretchactivation of proteins in the smooth muscle membrane causes the production of 

secondary messengers in the cell which internally bind to the cation channel, causing them to 

open. iii) The opening of cation channels causes an influx of Ca2+ into the smooth muscle cells. 

Ca2+ causes an increase in the activity of myosin light chain (MLC) kinase, which then causes 

an increase in phosphorylated MLC (MLCactive). MLCactive aids in smooth muscle contraction 

and causes the myogenic constriction of the smooth muscle cells, resulting in a return of FVC 

to pre-distension levels (second graph).   

The issue of redundancy.   

One final concept to consider when discussing multiple mechanisms which may elicit rapid 

vasodilation, is that when any one mechanism is inhibited or controlled for in an experiment, the 

possibility exists that other mechanisms can compensate for its disappearance. For example, the 

experiments by Shoemaker and colleagues (78, 79) and Saunders et al. (72) all concluded that the 

inhibition of NO, PGs or both simultaneously resulted in no change in rapid vasodilation at the 

onset of handgrip exercise in humans. In these scenarios, it is quite possible that these two 

molecules both have a function in rapid vasodilation, but other vasodilatory molecules (such as K+ 

release) compensated for their inhibition to maintain the overall blood flow response at the onset 

of exercise. This type of compensation by alternate mechanisms would negate the validity of 

attempting to isolate “the” mechanism for rapid vasodilation (10, 88). To extend this concept, it 

may be plausible that any of the rapid vasodilatory mechanisms discussed above could contribute 

to immediate hyperemia to some extent, except for sympathetic dilatory nerves as they are a 

structure not present in humans.   
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Rapid vasodilation summary and extensions  

In summary, there are many potential mechanisms which have been hypothesized to 

explain the increased rapid vasodilation observed during the immediate hyperemic response to 

muscle contraction in humans. However, it is now evident that some mechanisms are more 

plausible than others in the in vivo human system. Sympathetic dilatory nerves may potentially 

contribute to rapid vasodilation in some animals, but their currently appears to be little solid 

evidence for their presence in humans. Similarly, although the spillover of ACh from nerves during 

the activation of skeletal muscle may cause rapid dilation in other models, there is little evidence 

to suggest this is an important mechanism in humans. On the other hand, NO, PG and K+ may play 

an important role in endothelial mediated vasoregulation of arteriolar smooth muscle cells in 

humans, whether in response to vessel compression or another stimulus. Myogenic mechanisms of 

the vascular smooth muscle also appear to influence vasoregulation in humans during steady state 

exercise, but studies specifically designed to assess the effect of this mechanism on immediate 

hyperemia at the onset of exercise in humans is lacking. Finally, it is likely that the contribution of 

rapid vasodilation to immediate hyperemia in response to muscle contraction is influenced by 

multiple factors, and that not one single mechanism is responsible.  

Venous emptying mediated dilation  

  A final consideration relevant to this experiment is the amount of vasodilation which is 

mediated by venous emptying. A study by Tschakovsky and Hughson (87) manipulated the height 

of the resting forearm relative to the heart in humans, with or without cuff inflation, to investigate 

this phenomena. Their protocol always started with the arm below the heart, with the forearm veins 

full due to hydrostatic forces. Upon raising the arm above the heart, venous emptying was either 

allowed (no cuff, natural emptying again due to hydrostatic forces) or inhibited by the inflation of 

a cuff around the upper arm to ~30 mmHg, such that veins were occluded but the arterioles were 
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not (87). Once raised, the arm would stay above the heart for either 4 s or 2 minutes until it was 

once again lowered to below the heart, where the cuff occlusion would be removed if it was in 

place for that trial. Without cuff inflation, Tschakovsky and Hughson (87) found that FBF, 

measured after transition of the arm to above the heart, experienced a brief (1 s) reduction, followed 

by a transient increase starting at ~5 s and peaking at ~8 s (at ~2 x baseline FBF), whereas no 

increase in FBF was observed when venous emptying was prevented. Furthermore, when the 

forearm was only raised for a period of 4 s, venous cuff occlusion significantly attenuated peak 

FBF by ~75% after the arm was returned below the heart. It may be argued that the transient 

vasodilation described above could be attributed to the myogenic function of the arterioles, 

however, the myogenic response should be unaffected by inflation of an upper arm cuff ~30 

mmHg. Therefore, the prevention of venous emptying impeding an increase in FBF above the heart 

was interpreted by the authors to indicate venous emptying mediated vasodilation of arterioles in 

the human forearm (87).   

  The effect that the fullness of the veins has on the arteriolar state of dilation is termed the 

“venoarterial reflex” (87). The venoarterial reflex has typically been ascribed to the increase in 

vasoconstriction observed when the limb is moved into the dependent position (87, 94), where the 

findings of Tschakovsky and Hughson (87) are the first to demonstrate that this mechanism works 

in a vasodilatory manner as well. The mechanism of action for the venoarterial reflex is 

hypothesized relate to a local axon reflex, which connects changes in the venous volume to local 

arteriolar dilation. Evidence for this came from studies which showed that the venoarterial reflex 

remained intact when central sympathetic blockade via an epidural anaesthetic (37), but was 

abolished when local anaesthetics or adrenergic blockers were used (64, 87). However, regardless 

of the mechanism of action of the venoarterial reflex, any effects of venous volume (either 

constrictor or vasodilatory) will be controlled for in the present study with the use of a congestion 
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cuff. See methods below for a more detailed description of the process used to control for venous 

volume.   

 

Summary  

Principle proposition: Rapid vasodilation is the primary mechanism responsible for the 

immediate hyperemia in response to single forearm contractions, and it is thought that the 

additional effect of the muscle pump explains why the initial hyperemia immediately following a 

single contraction is greater when a muscle is positioned below versus above heart level.  

Interacting proposition: It is not known whether pre-contraction transmural pressure influences 

the magnitude of the vasodilatory response to a single forearm contraction in vivo.  

Speculative proposition: As per the findings of Jasperse et al. (41), it is expected that the removal 

of a greater pre-contraction transmural pressure will result in a greater post-contraction 

vasodilation.  

Purpose: To determine if increased transmural pressure in the forearm vascular bed prior to the 

initiation of a muscle contraction increases post-contraction vasodilation.  

Hypothesis: Initiation of a single, 2 s forearm contraction will result in greater forearm 

vasodilation if the local transmural pressure prior to contraction is greater.    

Significance: To advance our understanding of how pre-contraction muscle transmural pressure 

contributes to the post-contraction rapid hyperemic response in humans.   

  



27 

 

CHAPTER 3: Increased Post-Contraction Hyperemia Below vs. Above Heart Level: Contribution of 

Increased  

Transmural Pressure-Mediated Vasodilation vs. Mechanical Arteriolar Distension  

Mytchel J.T. Lynn, Olivia K. Mew, Patrick J. Drouin, Noah L. Liberman, Michael E.  

Tschakovsky  
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ABSTRACT  

The immediate increase in blood flow following a single muscle contraction is greater in higher 

transmural pressure conditions below (“H”) vs. above (“L) heart level.  We tested the hypothesis 

that this is due to greater myogenic vasodilation under conditions of greater initial transmural 

pressure. Participants laid supine with their arm placed ~20cm above or below heart level.  During 

a 2 s isometric handgrip contraction, arm position was either maintained or changed resulting in 4 

conditions of starting-finishing arm position (LL, HL, LH, HH).  Forearm blood flow (FBF; echo 

and Doppler ultrasound) and arterial blood pressure (finger photoplethysmography) were 

measured.  Forearm vascular conductance (FVC; ml/min/100mmHg) was calculated. 

Postcontraction hyperemia was higher with contraction release in H vs. L pressure environments 

(p<0.05). However, peak FVC was not different between contractions initiated in H vs. L pressure 

environment whether measured in L (LL 217 ±104 vs. HL 204 ±92 ml/min/100mmHg; P=0.313) 

or H (LH 229 ±8 vs. HH 225 ±85 ml/min/100 mmHg; P=0.391) heart. The same was observed for 

the first post-contraction cardiac cycle (both P=0.317).  Furthermore, FVC of the first 

postcontraction cardiac cycle was greater for contractions released in H vs. L transmural pressure 

conditions (LL 106 ±67 vs. LH 152 ±76 ml/min/100 mmHg, P<0.05; HL 80 ±51 vs. HH 119 ±58 

ml/min/100 mmHg, P<0.05). These findings refute the hypothesis that greater hyperemia 

following a single contraction in the dependent position is due to greater active myogenic 

vasodilation. Instead, our findings demonstrate a key role for transmural pressure-mediated 

mechanical distension of arterioles in creating a greater functional vascular conductance.     

KEYWORDS:  rapid onset vasodilation, transmural pressure, myogenic vasodilation, forearm  

 blood flow, single contraction    
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INTRODUCTION  

An increase in exercising muscle blood flow is obligatory to support metabolic demand and 

begins immediately after a single, brief, submaximal contraction (1, 68, 92). It is now well 

established that an “immediate” and rapidly increasing vasodilation contributes to this initial 

hyperemia (71, 80, 89–92). Interestingly, this immediate increase in blood flow is greater when the 

contracting muscle is in the dependent (below heart) position compared to above the heart, and this 

is commonly attributed to an additional “muscle pump” effect on the arterio-venous pressure 

gradient for limb blood flow (4, 25, 62, 67, 80, 91). Briefly, muscle contraction-induced emptying 

of the venous volume, and subsequent elevation of the arterial to venous pressure gradient for limb 

blood flow, can only occur in the dependent position where there is an initial venous volume and 

pressure available to be reduced (25, 91). This “additional” effect has been proposed to account  

for the greater immediate hyperemic response in the dependent position (25, 50, 67).   

There are a number of studies that have provided indirect evidence supporting that venous 

emptying by the muscle pump increases muscle blood flow (50, 62, 64, 76, 77, 91). In contrast, 

studies examining the “vascular waterfall” effect in muscle microcirculation, where direct 

manipulation of muscle venous pressure fails to alter muscle perfusion (39, 66, 81, 82), argue 

against a contribution of the muscle pump. Additional in vivo evidence against venous pressure 

affecting muscle perfusion comes from Tschakovsky et al. (87), who examined the effect of 

forearm venous emptying on forearm perfusion. With the forearm in the below heart position with 

full veins, the forearm was raised above heart level and supported there for 2 minutes under two 

conditions; one where veins were allowed to empty upon forearm elevation and one where an upper 

arm cuff inflated to below heart venous pressure maintained the below heart venous volume. Were 

venous pressure a factor in determining the effective perfusion pressure gradient, then upon 

returning the forearm to below heart and deflating the congestion cuff one would expect that the 
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emptied forearm would demonstrate a greater blood flow than the forearm that had maintained 

venous volume during elevation. However, no difference in forearm blood flow was observed.   

Given the above, it remains unclear what mechanism(s) is responsible for the greater immediate 

increase in limb blood flow at the onset of exercise with the limb in the dependent position (4, 25, 

62, 67, 80, 91). In this regard, a recent study by Jasperse et al. (41) examined whether vasodilatory 

stimuli other than skeletal muscle contraction could also elicit greater hyperemia in the dependent 

position. They reasoned if vascular stimuli that do not function by widening the arterio-venous 

pressure gradient can also elicit a greater hyperemic response in the dependent position, then the 

dependent position might evoke greater vasodilation. To test their hypothesis, Jasperse et al. (41) 

performed two complementary studies. First, they conducted reactive hyperemia tests whereby 

forearm occlusion of different durations (0.5 to 5 minutes) and subsequent occlusion release, were 

performed in conditions of either higher (arm below heart) or lower (arm above heart) arteriolar 

transmural pressure. Occlusion of the forearm results in a reduction in arteriolar transmural 

pressure, evoking myogenic vasodilation (69, 70, 85). Jasperse et al. (41) observed a greater 

hyperemia in the higher compared to lower forearm transmural pressure condition upon release of 

occlusions lasting 1 minute or more. The same was the case for calculated forearm vascular 

conductance (greater below heart), provided the occlusion period was at least 2 minutes. Second, 

in separate experiments on isolated soleus feed arteries of rats, these authors observed that arteries 

exposed to a higher initial transmural pressure exhibited greater dilation upon removal and 

restoration of transmural pressure than when exposed to a lower initial transmural pressure.   

Together, these two experimental results of Jasperse et al. (41) suggest that a myogenic 

vasodilation in response to removal of transmural pressure is greater when the initial transmural 

pressure is higher. They concluded that these findings challenge the current view that the muscle 

pump is responsible for increased immediate hyperemia in the dependent position. However, 
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whether this interpretation applies to the brief transmural pressure reduction from higher versus 

lower initial transmural pressure during the initial contraction of exercise in humans is unknown.   

Given the demonstrated speed of the myogenic response to transmural pressure changes during 

exercise identified in vivo by Walker et al. (95) and in isolated vessel preparations (49, 74), it is 

plausible that greater myogenic vasodilation may occur following a brief muscle contraction 

initiated in a greater transmural pressure environment.   

Therefore, the purpose of our study was to test the hypothesis that a brief, submaximal, forearm 

contraction initiated in a higher arteriolar transmural pressure environment elicits greater 

vasodilation compared to a contraction initiated in a lower transmural pressure environment, 

thereby explaining the greater post-contraction hyperemia below vs. above the heart.   

MATERIALS AND METHODS  

Participants  

20 recreationally active, healthy, non-smoking university aged people (12 male, 8 female) 

with no history of cardiovascular disease participated in this protocol. Each participant provided 

written consent on a form approved by the Health Sciences Research Ethics Board at Queen’s 

University according to the terms of the Declaration of Helsinki (see Appendix A). All participants 

received written and verbal instructions regarding the protocol and any possible risks involved 

prior to the experimental protocol.   

Experimental Design   

This was a randomized within-subject repeated measures experimental design, where the 

four experimental conditions were counter-balanced both within- and between-participants. 

Participants performed each condition three times, where the average of these trials quantified the 

response of an individual.  

Single forearm contractions.  
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The single forearm handgrip contraction model in this study consisted of a 2 s forearm 

contraction at 60% of MVC force. During supine rest prior to the experimental trials, the participant 

performed three separate forearm MVCs, each separated by one minute of rest. The highest of the 

three MVCs was considered the participants’ true MVC, and 60% of this value was used as their 

target for each single 2 s forearm contraction during experimental trials. The participant practiced 

contracting their forearm at 60% of their MVC several times before the start of the exercise 

protocol for familiarization. During data acquisition, the participant saw their own 60% MVC 

target identified on the display screen under the forearm contraction force channel of the data 

acquisition system, as well as their actual contraction force relative to the on-screen target force. 

A metronome provided both auditory and visual cues with a 2 s tempo guided the participant to 

contract for the correct duration. Thus, participant performance of a single 2 s contraction at 60% 

MVC was guided by both handgrip force magnitude and duration feedback to ensure proper 

execution of the contraction.   

Manipulation of forearm arteriolar transmural pressure (FATP) and perfusion 

pressure (FAPP).  

  Figure 2 illustrates the use of forearm position relative to heart level to create the 

experimental manipulation of an initial pre-contraction FATP environment and the FAPP 

condition which followed release of contraction, under which measurement of the post-contraction 

hyperemia and calculation of post-contraction vasodilation (represented by calculated forearm 

vascular conductance) occurred. The ~40 cm difference in height of the forearm across conditions 

advantageously used changes in hydrostatic forces of gravity in the vasculature to achieve a local 

FAPP difference of ~30 mmHg when the arm was moved from above to below the heart, and vice 

versa, with higher FATP and FAPP in the dependent position.   
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For a visual representation of the experimental apparatus, with the participant in the supine 

position as described below, see Figure 3. The participant’s right arm was positioned on the arm 

rest such that it was at a 45-degree angle to the body and in a supinated position, with slight flexion 

allowed at the elbow for comfort. The arm was strapped to the rest at the wrist. The armrest sat on 

a support board and could slide easily when the board was rapidly raised or lowered via the pulley 

system during each experimental trial, to allow arm orientation on the arm rest to remain constant. 

The difference in forearm height between above and below heart level was measured in cm using 

a marked located on the anterior side of the arm at the midpoint between the base of the palm and 

the antecubital fossa. These values were recorded for later use in determining the local FAPP.  

The four experimental conditions (LL, HH, LH, HL) were named based on the  

chronological order prior to and following each contraction in which the arm is in a low transmural 

pressure above (“L”) or high transmural pressure below (“H”) the heart (Figure 2). These 

correspond to two types of trials; where the arm moves position during contraction (LH and HL) 

and where the arm remains in the same position (LL and HH). This design, coupled with the use 

of forearm contractions at 60% MVC, ensured that upon release of contraction the vasculature 

immediately experienced a new FAPP in trials where the forearm was repositioned during the 

contraction. Comparison of conditions with the same ending arm positions (LH versus HH, HL 

versus LL) ensured forearm arteriolar vasodilation was calculated based on the same FAPP 

environment. The reason for this was two-fold. First, this eliminated any uncertainty about 

estimation of FAPP in one condition versus the other, given the controversy over whether venous 

pressure or a critical closing pressure acted as the downstream pressure, and the impact of venous 

refilling in the dependent but not arm above position post-contraction. Second, this isolated the 

active vasodilation response from potential differences in mechanical distension of arterioles given 

differences in arm position transmural pressure.   
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Figure 2 (above). Displays the current protocol. Subjects lay supine throughout the entire protocol. 

Venous congestion was always initiated in the below heart position, via a blood pressure cuff 

inflated to 40mmHg, before the arm is moved into “Starting position”. The arm was then moved to 

the “Ending position” during a 2 s contraction at 60% of the subject’s maximal voluntary handgrip 

contraction. This protocol was used to measure changes in pre-contraction forearm arteriolar 

perfusion pressures in the same post-contraction pressure conditions, eliminating potential changes 

in arteriolar distension.  

 

Figure 3. Typical experimental setup for this 

study. “a”, this is the apparatus used to raise 

and lower the arm during data collection, with 

the pulley system located at the top; “b”, the 

arm is fastened to the moveable surface (“c”) 

of the experimental apparatus and the hand 

dynamometer is placed in the persons right 

hand. See above text for further description of 

experimental setup.   
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Preventing venous emptying mediated dilation differences between arm positions.   

The hydrostatic forces of gravity emptied veins above the heart, while veins below the heart 

were distended. Evidence exists indicating that emptying of blood from the venous system can 

cause local arteriolar vasodilation in the human forearm (venous emptying mediated dilation) (87). 

Therefore, to ensure that this venous emptying effect did not differ between initial arm positions 

so as to isolate arteriolar transmural pressure effects, a congestion cuff was inflated to ~40 mmHg 

around the upper arm, proximal to the Doppler ultrasound probe, so that initial venous distension 

pressures would be equal between arm positions (87). Prior to each trial, the arm rested in the 

dependent position for one minute before cuff inflation, regardless of the following trial condition, 

in order to standardize the fullness of the veins prior to congestion cuff inflation. The cuff inflation 

was then released during muscle contraction, as a 60% MVC contraction intensity will fully empty 

the venous volume in the forearm and post-contraction blood flow can be measured unencumbered 

by cuff inflation or potential differences in venous-mediated vasodilation between arm positions.   

Experimental protocol.  

  For a schematic representation of the exercise protocol, see Figure 2. Immediately prior to 

the onset of exercise, the participant rested in the supine position with their arm at heart level for 

at least 10 minutes. The test began when a stable brachial artery mean blood velocity (MBV), 

exhibiting no sign of diastolic flow, was obtained. No fluctuations in baseline MBV ensures that 

the change blood flow after muscle contraction is accurate relative to a common baseline (80, 91).  

Before each trial, the arm was lowered to the dependent position and remained there for one minute 

to ensure filling of the forearm venous bed (87). The venous congestion cuff was then inflated to 

40 mmHg and the arm was moved to the starting position for the first trial. The arm remained in 

the starting position for a total of three minutes to acclimatize the vasculature to the given status 

of local transmural and perfusion pressure. At the end of the third minute, the participant was 
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prompted by both a researcher and an on-screen metronome to contract their forearm once, at their 

target intensity, for a total of two seconds. During this contraction, a second researcher 

simultaneously turned off the congestion cuff and either maintained the current arm position or 

moved the forearm to the opposite position. Following the 2 s contraction the arm remained resting 

for 1 minute, after which this sequence of events, starting with the forearm below heart level to 

establish initial forearm venous congestion, was repeated. Each condition was repeated three times 

within each individual.   

Instrumentation  

Central hemodynamic variables  

BP was measured beat by beat via a finger photo plethysmograph (Finometer MIDI, 

Finapres Medical Systems, the Netherlands) on the middle finger of the subjects left hand at heart 

level. ModelFlowTM analysis of the BP waveform was used to calculate MAP, a method that was 

validated by Critoph and colleagues (15). A three-lead electrocardiogram (Powerlab, 

ADIinstruments, Colorado Springs, USA) with electrodes attached to the skin in standard CM5 

placement was used to measure HR.  

Forearm blood flow  

FBF values was calculated by combining Echo and Doppler ultrasound measurements. 

MBV was measured beat by beat in the brachial artery, ~5cm above the antecubital fossa via a 

4MHz pulsed flat Doppler ultrasound probe (Model 500V 131, Multigon Industries, Mt. Vernon,  

NY). Diameter of the brachial artery (d) was measured post-exercise at the same location as the  

Doppler probe, using a linear Echo ultrasound probe (Vivid i; GE Medical Systems, London,  

Ontario) operating at a frequency of 13 MHz in 2D mode.  
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Data Acquisition and Analysis  

Data acquisition.  

  All central haemodynamic variables and MBV were measured continuously throughout 

baseline (BSL) and exercise conditions on a dedicated computer with a sampling frequency of 200 

Hz (Powerlab, ADInstruments Inc., Bella Vista, Australia). Data was analyzed by cardiac cycle 

and all BSL values for haemodynamic variables were averaged across the final 30 seconds of rest 

before the onset of contraction. Post-contraction data was analysed beat-by-beat upon release of 

contraction for one minute. All three trials per condition were averaged to characterize the response 

of an individual.   

Peak values for each variable were determined as the cardiac cycle with the highest value 

for each variable in a trial, post-contraction. The first measurable beat after muscle contraction was 

defined as the first complete, normal cardiac cycle after full release of forearm contraction. The 

first beat of each trial was averaged to create a single first beat average for each participant, in each 

condition. A “first beat delta” value was calculated as the difference between baseline and the first 

measureable beat after release of contraction.  

Corrected local forearm perfusion pressure.  

We defined local FAPP as the MAP located at the forearm. This was calculated during data 

analysis by accounting for the hydrostatic pressure of the blood related to a given height (h; 

measured in cm) of the arm either above or below the heart. The below equation was used to 

determine the corrected local FAPP, where the corrected value is added to MAP when the arm is 

below the heart and vice versa when the arm is above the heart. For FAPP calculation during 

baseline, venous congestion cuff pressure was also subtracted from MAP, as this 40 mmHg then 

represents the effective downstream pressure for blood flow while the congestion cuff was inflated.   

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐹𝐴𝑃𝑃 = 𝑀𝐴𝑃 ± (ℎ ∗ 0.75
𝑚𝑚𝐻𝑔

𝑐𝑚
) 
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Brachial artery blood flow and vascular conductance.   

FBF was calculated with the equation: 𝐹𝐵𝐹 = 𝑀𝐵𝑉 ∗ 𝐴 ∗
60𝑠

𝑚𝑖𝑛
, where A is the cross- 

sectional area of the artery, calculated by: 𝐴 =  𝜋 ∗ (
1

2
𝑑)

2

. This produced a quantitative measure 

of blood flow delivery to the forearm during exercise in units of ml/min. Forearm vascular 

conductance (FVC) was then calculated using the previously determined calculations for both FBF 

and FAPP, through the equation: 𝐹𝑉𝐶 =
𝐹𝐵𝐹

𝐹𝐴𝑃𝑃
 .  

Forearm contraction impulse measurement.  

  A measure of the contraction impulse relative to the target 60% MVC for each participant 

was also collected. A channel on LabChart7 was created to calculate the integral of the force 

channel, resulting in the area under the curve during each 2 s contraction. This channel could then 

be compared to the participant’s individual target and a percentage of target impulse value was 

generated using the below equation. This value was then used to assess how close each participant 

was to contracting at their target and to determine whether any observed differences in FBF 

between conditions could simply be due to changes in forearm contraction impulse.  

%𝑖𝑚𝑝𝑢𝑙𝑠𝑒 =
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑖𝑚𝑝𝑢𝑙𝑠𝑒 (𝑘𝑔 ∗ 𝑠−1)

(60% 𝑀𝑉𝐶 𝑘𝑔 ∗ 2𝑠)
∗ 100 

Statistical Analysis  

  The main effects of condition (LL, LH, HL or HH) on any given dependent variable was 

compared within individuals using a one-way repeated measures ANOVA. A repeated measures 

design was used to account for the presence of each participant, in each experimental condition.  

Comparisons of main effects which fail tests of sphericity (Mauchly’s test) were accounted for by 

using the Greenhouse-Geisser correction of significance. Dependent variables which did not pass 

the Shapiro-Wilke test of normality were analyzed using the non-parametric equivalent of the one 
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way repeated measures ANOVA; Friedman’s ANOVA. See Table 1 for a summary of which 

statistical test was used for each dependent variable based on normality. All pairwise comparisons 

for a significant main effect were adjusted post-hoc via the Bonferonni method. To test whether 

there was an effect of sex, sex was added as a between-subject factor in a mixed repeated measures 

ANOVA during a separate set of analysis. The level of significance for main effects was set to p 

< 0.05 and all data are presented as mean ± standard deviation. All tests were performed with a 

commercial statistical package (IBM SPSS Statistics 24).   

Table 1: Summary of statistical tests used to analyze each dependent variable based on normality  

One-way repeated measures ANOVA 

(normally distributed variables)  

Friedman’s ANOVA  

(not normally distributed variables)  

-Impulse  

-BSL MAP  

-MAP (0-7 cardiac cycles post-contraction)  

-MAP (7-20 cardiac cycles post-contraction)  

-BSL FBF  

-PkFBF  

-BSL FVC  

-PkFVC  

-1b∆FBF  

-1bFBF  

-1b∆FVC  

-1bFVC  

  

RESULTS  

  All statistical comparisons for a given variable are between group means for each 

condition. All relevant variables are summarized at the end of this section in Table 4. A hyphen 

denotes a pairwise comparison between conditions during discussion of post-hoc analysis (i.e.  

“LL-HL” represents the comparison between LL and HL). It is also noteworthy that with the four 

conditions in this experiment, there were six separate post-hoc pairwise comparisons. Two of these 

comparisons directly assess the effect of starting position in a common ending position (LL-HL, 

LH-HH), while two compare the effect of ending position with a common starting position (LLLH, 

HL-HH). One comparison asses differences in both starting and ending position simultaneously 

(LH-HL) and another comparison does not involve positional arm differences within either 

condition (LL-HH).   
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Subject Characteristics.   

Subject characteristics are presented below in Table 2.   

Table 2: Subject characteristics.   

Characteristic  N = 20 (Male = 12, Female = 8)  

Age (years)  24.45 ± 2.04  

Heights (cm)  176.08 ± 9.65  

Weight (kg)  73.93 ± 9.32  

Brachial artery diameter (cm)  0.35 ± 0.05  

MVC  74.27 ± 12.23  

Values are mean ± SD.  

   

Was the contraction impulse different between conditions?  

The average impulse, calculated as the area under the curve for a given 2 second forearm 

contraction relative to the 60% MVC target, was averaged across all trials within each condition 

for each participant. The impulse measures were not different between conditions (P = 0.194) 

and can be seen in Figure 4.   
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Figure 4. Percentage of contraction impulse achieved relative to target (% Impulse), per condition. 

Values represent group mean ±SD. There is no significant difference between conditions (P = 

0.194).  

 
  

Figure 5. The average time course of the MAP response across all four conditions. Each data point 

represents the MAP pressure of each participant at that cardiac cycle either before or after 

contraction. The 2 s forearm contraction is represented by the vertical black bar. There are no 

significant differences in MAP between conditions prior to contraction (P = 0.682), or 

postcontraction from; 0-7 cardiac cycles (P = 0.849) where FBF is increasing to its peak, or 

between 7-20 cardiac cycles (P = 0.615) where FBF begins to plateau as it is returning from peak 

values. Error bars are ±SD, where each cluster of error bars is ordered LL, LH, HL, HH.   

  

HH   HL   LL   LH   
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Was MAP different between conditions?  

There was no difference in the group mean BSL MAP between conditions (P = 0.682). 

Furthermore, post-contraction MAP was subdivided into two sections for analysis; from release of 

contraction to the time of peak FBF (averaged across all four conditions; approximately seven 

cardiac cycles), and from 7-20 cardiac cycles post-contraction. There is no significant difference 

in MAP between conditions either from release of contraction to seven cardiac cycles (P = 0.849), 

or from 7-20 cardiac cycles post-contraction (P = 0.615). There also does not appear to be a 

difference in MAP between conditions beyond 20 cardiac cycles post-contraction (Figure 5). See  

Appendix B for individual MAP responses to each condition.   

Were baseline values different between conditions?  

  There was a significant main effect of condition on BSL FBF (P < 0.05) (Figure 6). Post 

hoc analysis indicates that there was a significant effect of starting arm position between HL-LL  

(P = 0.042). There was also a significant main effect of starting arm position on baseline FVC (P 

< 0.05). Post-hoc analysis indicates that all comparisons of conditions with different starting arm 

positions were significantly different, regardless of ending position (P > 0.05). Furthermore, both 

comparisons between conditions with the same starting arm positions were not different (P = 1.00).   
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Figure 6. The 30 s average baseline for both FBF and FVC across all conditions. Comparisons are 

made between different starting arm positions, within a common ending position. Baseline values 

for conditions with the arm ending above the heart (dark bars) are represented in panel A (FBF) 

and B (FVC). Baseline values for conditions with the arm ending below the heart (light bars) are 

represented in panel C (FBF) and D (FVC). Values are group means ± SD. “*”, a significant 

difference between starting arm positions, for the same ending arm position. All P < 0.05.  
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Was there an effect of starting transmural pressure on post-contraction FBF or FVC?  

There was a significant main effect of condition for the first beat after contraction for FBF 

(P < 0.05). However, post-hoc analysis indicated that starting transmural pressure did not have an 

effect on 1bFBF, regardless of whether post-contraction blood flow was measured above (LL vs. 

HL, P=1.00; Figure 7) or below (LH vs. HH, P=1.00; Figure 8) the heart.   

There was also a significant main effect of condition on the first beat FVC after muscle 

contraction (P < 0.05). Again, post-hoc analysis indicated that starting transmural pressure did not 

have an effect on 1bFVC, regardless of whether post-contraction vascular conductance was 

measured above (LL vs. HL, P=1.00; Figure 7) or below (LH vs. HH, P=1.00; Figure 8) the heart.    

There was a significant main effect of condition on PkFBF (P < 0.05). However, post-hoc analysis 

indicated that the starting transmural pressure did not have an effect on post-contraction peak FBF, 

regardless of whether post-contraction was measured above (LL vs. HL, P=1.00; Figure 7) or 

below (LH vs. HH, P=1.00; Figure 8) the heart.  

There was not a significant main effect of condition on PkFVC (P=0.156), regardless of 

whether it was measured above (LL vs. HL; Figure 7) or below (LH vs. HH; Figure 8) the heart.   

See Appendix C and D for individual responses over time for both FBF and FVC, 

respectively. See Appendix E for comparison of the averages between conditions for the time 

course of both FBF and FVC.  
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 Figure 7. The effect of pre-contraction transmural pressure on FBF and FVC during both the first 

beat (panels A and B, respectively) and the peak responses (panels C and D, respectively) when the 

arm is situated above the heart after forearm contraction. There are no significant comparisons (P = 

1.00 for all comparisons).  
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Figure 8. The effect of pre-contraction transmural pressure on FBF and FVC during both the 

first beat (panels A and B, respectively) and the peak responses (panels C and D, respectively) 

when the arm is situated below the heart after forearm contraction. There are no significant 

comparisons (P = 1.00 for all comparisons).   
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Was there an effect of post-contraction local arterial pressure on FBF and FVC?     

  There was a significant main effect of condition for the first beat after contraction for 

FBF (Figure 10)(P < 0.05). Post-hoc analysis for 1bFBF indicated that all pairwise comparisons 

between conditions with different ending forearm positions, when starting at the same forearm 

position, were significantly different (P < 0.05).    

There was also a significant main effect of condition on the 1bFVC after muscle 

contraction (Figure 10)(P < 0.05). Post-hoc analysis also indicated that, when starting in the 

same forearm position, there is a significant difference in 1bFVC between ending forearm 

positions (P < 0.05). When calculating 1bFVC as an absolute change from baseline, there was 

still a significant main effect of condition with post-hoc analysis indicating a significant 

difference between ending forearm positions, when the contraction was initiated in the same 

forearm position (Figure 10)(P < 0.05).   
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 Figure 9 (above). The effect of post-contraction perfusion pressure on first beat FBF (A and B), 

first beat FVC (C and D) and the change from baseline to first beat FVC (E and F). Whether the arm 

started above (dark bars) or below (light bars) the heart, there was a significantly greater FBF  or 

FVC when the arm ended below the heart. “*”, statistically significant difference between ending 

arm positions. All P < 0.05.   

  

Was there an effect of sex on main outcome variables?  

  To test whether sex had an effect on any of the main outcome variables, sex was added as 

a between-subjects factor in a mixed factorial ANOVA analysis with each relevant variable.  

There was no significant interaction effect of sex with any of the major outcome variables (Table 

3). Furthermore, there were only significant main effects of sex on ∆FBF (P > 0.05) (Table 3).    
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Table 3. Does the effect of pre-contraction transmural pressure differ between sexes?  

 
Values are mean ± SD. The first P-value represents the significance of the main effect of sex for 

that variable, while the second P-value represents the interaction between sex and the 

corresponding variable. For representation of the significant main effects of each condition, see 

Table 4. “α”, number corresponds to the period of post-contraction cardiac cycles under which 

MAP was averaged to calculate this variable.  
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Was there an effect of outliers and normality on the main outcome variables?  

Of the variables in this data set, only %impulse and MAP are normally distributed and, 

therefore, can be analyzed using parametric tests (i.e. one-way repeated measures ANOVA). One 

method of dealing with problems related to normality is to remove data for a given participant if 

their data point was greater than ±2 SD from the mean and re-test for normality. With this data set, 

removing the data points which were greater than ±2 SD away from the mean resulted in seven of 

the variables being normally distributed. This allowed parametric tests to be run on an additional 

three variables (BSL FBF, PkFBF, PkFVC), increasing the power of testing for differences 

between conditions for these variables. However, the removal of these data points only presented 

a difference in the main effect of condition for BSL FBF, where the one-way repeated measures 

ANOVA with outliers removed became non-significant (P = 0.082), compared to a significant  

Friedman’s ANOVA with outliers included (P < 0.05). Friedman’s ANOVA analysis of first beat 

FBF also presented as not different between conditions when data points ±2 SD away from the 

mean were included (P = 0.204). Removal of these data points caused there to be a significant 

difference between condition (P < 0.05), with post-hoc analysis indicating a significant difference 

between different ending positions (all interactions, P < 0.05), but not between conditions with the 

same ending position (both interactions, P > 0.93). Ultimately, we had no reason to believe that 

these data points represented a “non-physiological” response, resulting from measurement error, 

and decided not to remove them from the data set for analysis. Therefore, all graphs and statistics 

presented above report data including all data points greater than ±2 SD away from the mean.   
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Table 4. Summary of group mean response for each dependent variable in each condition  

  
Summary of the numerical result for each valid comparison. The primary outcome variables are 

compared between paired columns, secondary data analysis is compared between columns of 

similar colour (shaded vs. non-shaded). Values are mean ± SD. “α”, number corresponds to the 

period of post-contraction cardiac cycles under which MAP was averaged to calculate this 

variable; “∆”, denotes a difference between baseline and the first measurable beat following 

release of contraction. “*”, denotes a significant difference between starting arm positions when 

ending position is the same (i.e. LL-HL, LH-HH); “†”, denotes a significant difference between 

ending arm positions when the starting arm position was the same (i.e. LL-LH, HL-HH). 

Significance is P < 0.05 for all comparisons.   
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DISCUSSION  

This study was designed as an effort to further the understanding of mechanisms 

responsible for a greater increase in blood flow following muscle contraction below vs. above heart 

level. We tested the hypothesis that rapid onset vasodilation in response to a single handgrip 

contraction is enhanced when forearm vessels are exposed to a greater transmural pressure 

environment prior to contraction. The primary findings of this study were as follows. 1) Both FBF 

and FVC during the first or peak cardiac cycle following release of muscle contraction were not 

different between starting transmural pressure conditions. This was true regardless of whether post-

contraction was measured under a lower (above heart; Figure 7) or higher (below heart; Figure 8) 

perfusion pressure environment. 2) Both the FBF and FVC during the first beat following muscle 

contraction were greater when the forearm was below rather than above the heart. This was the 

case regardless of whether contraction was initiated under a higher or lower initial transmural 

pressure environment, or whether FVC was measured as a change from baseline (Figure 9).  

Finding 1 does not support the hypothesis that a higher starting transmural pressure will 

elicit a greater active vasodilation of the forearm vasculature in response to similar muscle 

contractions. For finding 2, neither active vasodilation nor the difference in perfusion pressure 

between ending positions could separately or in concert account for how much greater both the 

first and peak cardiac cycle blood flows were below vs. above heart.   

Since the observation by Bayliss (3) in 1901 that arterioles can dilate immediately 

following a brief muscle contraction, our understanding of the mechanisms which elicit this 

vasodilation have advanced considerably. Armstrong and colleagues (2) were the first to identify 

a role of potassium (K+) in rapid vasodilation in hamsters, where inhibition of either voltage 

dependent K+ channels, inward rectifying K+ channels or sodium-K+ pumps each caused a  

decrease in peak FVC (59-66%) following a single muscle contraction. More recently, Crecelius 
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et al. (13) demonstrated that inhibition of K+-mediated hyperpolarization resulted in a ~30-45% 

reduction in peak FVC in humans following muscle contraction. Crecelius et al. (13) also 

demonstrated that combining inhibition of K+ with nitric oxide (NO) and prostaglandin (PGs) 

pathway inhibition reduced peak FVC following contraction by ~60-70%, despite prior evidence 

against a role of either NO (72, 78) or PGs (72, 79) in rapid vasodilation at the onset of muscle 

contraction. However, despite a potential role of these molecules in the immediate hyperemic 

response to muscle contraction, none of them can completely account for the full increase in FVC.   

Another contributing mechanism to rapid vasodilation at the onset of exercise is mechanical 

compression of the arterioles. Mechanical compression via muscle contraction was observed to 

increase vasodilation in the original findings of Bayliss (3) in rabbit hind limbs, and was later 

confirmed by Mohrman and Sparks (56) in dogs. More recently, Clifford et al. (11) determined 

that rapid vasodilation of isolated rat arteries occurs in response to mechanical compression 

without the presence of the endothelium, suggesting a myogenic response of the vascular smooth 

muscle to mechanical compression. Kirby and colleagues (46) then provided evidence that 

mechanical compression contributes to, but does not fully cause increased vasodilation in humans 

at the onset of exercise, indicating a role for the myogenic mechanism in vivo. Based on this prior 

research, and the findings of Jasperse et al. (41) using prolonged cuff occlusion and forearm 

positional changes, we tested the hypothesis that higher pre-contraction transmural pressure will 

elicit a greater in vivo rapid vasodilation in response to a muscle contraction when measured under 

the same perfusion pressure environment.   

Isolation and Quantification of Active Myogenic Vasodilation Contribution to Post- 

Contraction Hyperemia  

While in vivo comparison of active vasodilation magnitude between conditions is 

relatively straightforward under constant perfusion pressure conditions, comparisons between 
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different perfusion pressure conditions are problematic for several reasons. First, neither the 

potentially relevant venous pressure (25, 50, 91) or critical closing pressure of a vascular bed 

(39, 66) can be measured in vivo. Furthermore, both critical closing pressure (39, 66, 81, 82) and 

venous pressure (87) are different in a vascular bed below vs. above heart level and this 

difference can vary depending on whether the comparison is at rest, immediately post-

contraction, or after arterial inflow has achieved refilling of venous volume. Without accurate 

measures, calculated vascular conductance can be confounded by errors in applied perfusion 

pressure gradient, such that differences in vascular conductance between arm positions are 

calculated when there are none, or calculations indicate no difference when one does exist. 

Second, the force of gravity on the hydrostatic column of blood subjects the local arterioles in a 

limb below the heart to increased transmural distension pressure compared to a limb above the 

heart. As arterioles dilate, the additional distension pressure could add a mechanical contribution 

to increased vascular conductance, i.e. added distension of cross-sectional area (95).      

In order to overcome these confounds and allow comparison of the active vasodilatory 

response evoked by contractions above vs. below heart level, we measured forearm blood flow 

post-contraction under the same local arterial driving pressure and arteriolar transmural pressure 

conditions. Thus, the relevant experimental condition comparisons are LL vs. HL and, 

separately, LH vs. HH. For LL vs. HL, initiation of contraction in B with repositioning of the 

forearm to A during the contraction meant that the effect of initial transmural pressure 

environment could be compared under the same arterial driving and transmural distension 

pressure, thus isolating active vasodilation.  

Another issue with being able to isolate an active myogenic vasodilation and assess the 

effect of starting transmural pressure on its magnitude is that prior to contraction veins are 

already empty above heart but still full below the heart. As venous emptying-mediated dilation 
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has been clearly demonstrated previously (87), it was important to eliminate a venous volume 

difference between arm above and below conditions. We overcame this confound by use of a 

constant venous congestion cuff inflation pressure of 40 mmHg for all conditions prior to muscle 

contraction, such that the same venous emptying occurred. Thus, any differences that were 

observed in vasodilation magnitude between contractions initiated above vs. below heart level 

could not be due to differences in venous emptying-mediated dilation, allowing for the isolation 

of arteriolar transmural pressure effects on vasodilation.    

The myogenic response of arteriolar smooth muscle to an increase in transmural pressure 

is to vasoconstrict, and to vasodilate in response to decreased transmural pressure (3, 17, 73, 75). 

This myogenic response of the smooth muscle is extremely rapid, as evidenced in both in vitro 

animal studies (6, 18, 61, 74) and in vivo human studies during rest in both skin (42) and muscle 

(51), during passive movement (86), exercise (95) and in response to prolonged cuff occlusion  

(41), for example.   

Schwartz et al. (74) have demonstrated that a brief reduction in transmural pressure 

results in active vasodilation, via brief occlusions (100 to 400ms) of canine coronary arteries 

using surgically implanted inflation cuffs. Their results exhibit vasodilation within one cardiac 

cycle of the start of coronary artery occlusion when the contraction lasted at least 200 ms. 

Similar results were observed previously in the coronary arteries of anesthetized dogs with 

occlusions between 4-8 s (20) and in occlusion lasting >30 s in isolated rat skeletal muscle 

arterioles (49). Findings more specific to exercise onset have used vascular bed or isolated vessel 

compressions to decrease transmural pressure and observed an immediate vasodilation following 

compression release (3, 11, 41, 46).   

  The hypothesis tested in the present study was proposed by Jasperse et al. (41), who 

employed forearm cuff occlusion >30 s in duration as a means of evoking a myogenic 
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vasodilation, with the arm either above or below the heart to determine if the local transmural 

pressure within which myogenic vasodilation was evoked determined the magnitude of that 

vasodilation. They concluded that higher driving pressure and greater dilation of the arterioles in 

the dependent position following release of occlusion were responsible for increased hyperemia 

in the dependent position. Jasperse et al. (41) further indicated that there must be an active 

component of vasodilation, as longer periods of occlusion below the heart result in increasing 

differences in hyperemia compared to above the heart. Accompanying experiments where they 

compared isolated feed artery vasodilation responses to removal of transmural pressure under 

higher vs. lower initial transmural pressure were consistent with initial transmural pressure 

determining vasodilation magnitude. However, post-occlusion hyperemia measurement 

comparisons across transmural pressure environments were between resistance vessels within 

their pre-compression transmural pressure conditions. As discussed previously, it is not possible 

to separate distension vs. active vasodilation effects on any differences between transmural 

pressure conditions.   

In the present study a higher versus lower transmural pressure prior to muscle contraction 

did not alter the post-contraction magnitude of either FBF or FVC when post-contraction 

hyperemia was measured within the same driving pressure environment (Figures 7 & 8). 

Measurement in the same perfusion and distension pressure environment allowed us to 

confidently compare the magnitude of FVC between starting arm positions without any of the 

previously mentioned confounds. Thus, we conclude that a greater post-contraction hyperemia 

below heart is not due to a greater myogenic vasodilation resulting from a greater initial 

transmural pressure environment. The question then is: what does explain the greater increase in 

FBF below vs. above the heart commonly observed in both our study and others?  
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Isolation and Quantification of Arterial Driving Pressure and Transmural Pressure Vessel 

Distension Contributions to Post-Contraction Hyperemia  

Two other candidates exist to explain greater post-contraction hyperemia below vs. above 

heart. First, the functional perfusion pressure gradient for blood flow could be greater below 

heart. Second, the increased arteriolar transmural pressure below heart could mechanically 

distend arterioles, increasing vascular conductance. To assess contributions of these two 

candidates, it was important to ensure the same active vasodilation stimulus when comparing 

above vs. below heart, therefore, we compared conditions where contraction initiation was in the 

same forearm position, but post-contraction responses were compared in different forearm 

positions. Thus, the relevant comparisons were LL vs. LH, and HL vs. HH. Another issue with 

comparison of hyperemia in above vs. below forearm positions is that below the heart veins 

gradually refill as post contraction hyperemia progresses, which can alter the effective pressure 

gradient for calculating FVC, while gravity maintains empty veins above heart. Therefore, to 

assess the contributions to hyperemia by local perfusion pressure and potential arteriolar 

distension via transmural pressure above vs. below heart, only data obtained during the first 

cardiac cycle after release of muscle contraction was compared.    

As demonstrated by Walker et al. (95) during steady state forearm exercise, where 

vasodilation is constant, repositioning of the forearm between above and below heart positions 

has an immediate impact on forearm blood flow. This confirms that the local perfusion pressure, 

and not a heart level arterial pressure, is the relevant driving pressure following release of a 

contraction. By assuming that the perfusion pressure gradient was forearm level arterial pressure 

– 0 mmHg venous pressure, as is the case with emptied veins during the first beat following 

release of muscle contraction, we are maximizing the estimate of effective perfusion pressure 

differences above vs. below heart. If this perfusion pressure per se was responsible for greater 
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hyperemia below vs. above heart, then the calculated FVC for the first cardiac cycle post-

contraction should not be different between above vs. below heart level.    

In this regard, the hydrostatically determined perfusion pressure differences between arm 

positions in our study could account for some, but not all of the difference in the first cardiac 

cycle FBF post-contraction between above vs. below heart conditions. Consequently, calculated 

FVC in the first measurable beat after release of muscle contraction was greater below vs. above 

the heart (Figure 9). As all contractions were performed for the same duration (2 s), at the same 

relative intensity (60% MVC) and relevant comparisons are made within the same pre-

contraction transmural pressure conditions, the greater conductance during the first beat 

following muscle contraction observed below the heart must be a result of increased distension 

of the local vasculature, not additional active vasodilation. Therefore, we conclude that greater 

post-contraction hyperemia commonly observed below vs. above the heart is due to a 

combination of both transmural pressure arteriolar distension and local effective perfusion 

pressure gradient.   

Methodological Considerations  

  One methodological consideration is whether the power of this study was sufficient to 

detect a significant difference between conditions, when analyzing both the first beat and peak  

FVC. We believe that our study was sufficiently powered to detect a difference for two reasons.  

First, an a priori sample size calculation (not included) based on previous research in this field 

(89) suggested that a sample size of 18 would be sufficient to detect a 53 ml/min/100mmHg 

difference in calculated FVC during the first beat following muscle contraction between arm 

positions (β = 0.812), while we collected 20 participants. Despite a first beat FVC difference of 

only 26 ml/min/100mmHg when comparing starting arm positions measured above the heart 

post-contraction (r = 0.367), a post-hoc power calculation of our data (not included) indicated 
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that we were sufficiently powered to detect such a difference between starting arm positions, if 

difference of means were not due to random variation (β = 0.994). Second, regardless of 

calculated power, the magnitude of increase in both peak and first beat FVC responses observed 

in this study following contraction are lower in conditions that started below vs. above the heart, 

contradictory to our hypothesis (Figures 7&8, Table 4). Therefore, we are confident that the lack 

of difference observed between starting arm positions is not an issue of statistical power, and we 

can conclude that a higher starting transmural pressure does not result in increased active 

vasodilation.    

  Another important methodological consideration is that we could not directly measure 

venous pressure when using the occlusion cuff. However, it has been previously demonstrated by 

Halliwill et al. (32) that venous pressure in a resting forearm slightly above heart level is highly 

correlated (r = 0.999 ± 0.00) to the pressure of an upper arm cuff between the ranges of 20-60 

mmHg. Furthermore, these researchers determined that the rate of venous pressure increase after 

cuff occlusion in a limb slightly above heart level is equal to 0.54 ± 0.36 mmHg/s. However, in 

the current study the arm was always maintained in the dependent position for one minute prior 

to venous congestion cuff inflation, where substantially increased venous pressure exists closer 

to the 40 mmHg target. Therefore, coupled with the three-minute baseline prior to each forearm 

contraction, we are confident that venous pressure matched congestion cuff pressure even with 

the arm raised above the heart.   

  Finally, the study was designed to avoid the confound of potential differences in venous 

emptying-mediated dilation responses that could occur between arm positions when normal 

venous volume and pressure differences in above vs. below heart positions are present at rest. 

Thus, it is still possible that a below heart vasodilatory response to a single contraction is greater 

than above the heart because of differences in venous emptying-mediated dilation that would 
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normally exist. However, the design of this study was to isolate effects of arteriolar transmural 

pressure on myogenic vasodilation, and therefore required controlling for venous emptying-

mediated dilation. Contributions of venous emptying-mediated dilation to the elevated below vs.  

above heart hyperemia post-contraction remain to be investigated.  

Conclusions  

  In summary, we designed an experiment to isolate the effect of initiating a contraction in 

a higher vs. lower perfusion pressure condition on post-contraction vascular conductance. This 

study is the first to demonstrate that initial arteriolar transmural pressure prior to an in vivo 

forearm contraction in humans does not have an influence on the post-contraction vasodilation of 

local arterioles. Consequently, a second set of analyses suggests that increased hyperemia 

observed following forearm contraction in the dependent position is a direct result of both the 

higher driving pressure upon release of contraction and transmural pressure-mediated mechanical 

distension of forearm muscle arterioles. This mechanical distension effect is of particular 

importance, as it does not constitute part of the current understanding of factors determining 

local vascular conductance. In the future, interpretation of differences in calculated vascular 

conductance under different transmural pressure condition require consideration of mechanical 

distension contributions.   
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CHAPTER 4: GENERAL DISCUSSION  

Integrated Summary  

  An increase in blood flow (hyperemia) to skeletal muscle is obligatory following a single, 

brief muscle contraction (1, 68, 92), and increases with both strength (14, 33, 89, 92) and 

duration of the contraction (33, 46). Increased hyperemia is crucial for delivering oxygen and 

relevant nutrients to the exercising tissues (myocytes), while correspondingly removing the 

excess metabolites (i.e. ADP and Pi) that are a by-product of cellular work (5, 58). The profile of 

this hyperemia response to muscle contraction is characterized by an immediate increase in 

blood flow within the first cardiac cycle of releasing a single contraction (29, 51), followed by a 

peak in blood flow within 4-7 cardiac cycles (46). In humans, this increased hyperemia is caused 

by some combination of an increase in the cross sectional area of the arterioles leading to the 

exercising muscle (vasodilation) and/or an increase in the pressure gradient for flow to the 

muscle.   

  The mechanisms responsible for causing increased hyperemia immediately following 

release of contraction have been heavily debated. Early theories that humans possess nerves 

which actively cause vasodilation (9, 21–23) and that “spillover” of acetylcholine from 

sympathetic nerves in the skeletal muscles of humans causes vasodilation (96) have been 

disproven (30, 31, 54). More recent work has identified that K+, NO and PGs released locally 

during muscle contraction can account for up to ~60% of the peak vasodilatory response to 

single muscle contraction (2, 13). Other work in rodents has identified that compression of 

arteries after removal of the endothelium causes the arterioles to vasodilate, supporting the 

notion that the smooth muscle cells of the arteries themselves can vasodilate in direct response to 

compression by muscle contraction (termed the “myogenic response”) (11). Compression 

induced vasodilation has since been confirmed in the human forearm, where it was found to 
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contribute greatly to the total increase in vasodilation at the onset of exercise (46). Despite the 

many competing theories of what causes increased hyperemia at the onset of contraction, a 

possible truth is that several mechanisms act together to maintain optimal blood flow to 

exercising tissues.   

  Another debated phenomenon (and the focus of this thesis) is that hyperemia in response 

to muscle contraction is greater when a limb is located below vs. above the heart. A common 

theory surrounded by much debate is that the physical compression of full veins below the heart 

by muscle contraction (the muscle pump) can cause an increase in the pressure gradient for flow 

into the muscle, increasing hyperemia compared to veins in a limb above the heart that are 

emptied by gravity (50, 62, 64, 77, 91). However, several lines of evidence argue against the role 

of the muscle pump being an obligatory mechanism at the onset of exercise. 1) The pressure 

gradient generated by the muscle pump is maximized during the first beat after release of muscle 

contraction, but the general observation is that blood flow after release of contraction peaks 

multiple cardiac cycles after release of contraction. 2) With increasing contraction intensity, 

there is a contraction-dependent increase in immediate hyperemia (89). Contractions of ~5% 

maximal voluntary contraction (MVC) will completely empty the venous volume (89), therefore 

any immediate increase in blood flow in response to contractions of greater intensity must be due 

to changes in conductance of the arterioles. Together, these observations indicate that there must 

be an alternate explanation for increased hyperemia in response to muscle contraction below the 

heart.   

Others have shown that vasodilation after release of prolonged forearm cuff occlusion 

increases hyperemia more in a limb below vs. above the heart (41). These results suggest that the 

local pressure environment of the vasculature may influence the amount of rapid vasodilation 

that occurs. This aligns with the theory of a myogenic mechanism acting in the human 
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vasculature, where release of compression on arteries in a higher transmural pressure 

environment elicits a greater myogenic vasodilation response. From these results, the present 

study hypothesized that a muscle contraction initiated under higher local pressure environment 

(below the heart) would also cause a greater vasodilation after release of contraction.  

 Contradictory to our hypothesis, the local pressure environment in which a contraction 

was initiated did not alter the amount of vasodilation observed during either the first or peak beat 

after the release of the contraction. This indicates that the amount of arteriolar tone in the arteries 

before contraction does not influence the degree to which the myogenic mechanism causes 

vasodilation. However, it is possible that the transmural pressure difference used in our study 

was not sufficient to elicit a difference in post-contraction FVC, and that a greater transmural 

pressure difference may provide different results. Furthermore, our secondary observations 

display a significant difference between conditions that measure post-contraction hyperemia in 

different pressure conditions. This, therefore, indicates that the pressure condition in which you 

measure blood flow following contraction directly influences the amount of vasodilation 

experienced by the arterioles. As the muscle contraction is the same between the two pressure 

environments, the increased vasodilation observed below the heart must be due to the distension 

of the arterioles, as the stimulus for active vasodilation is the same. Furthermore, hyperemia 

below the heart following muscle contraction increases more than by what can be explained by 

increased distension alone, indicating a further role of driving pressure.   

  Altogether, our study is the first to confirm that the increase in hyperemia in a human 

limb located below the heart is due to the increased driving pressure for flow as well as the 

increased conductance because of arteriolar distension. Up to this point in the literature, the 

muscle pump has been the predominant mechanism understood to contribute to increased 

hyperemia following muscle contraction below vs. above the heart, with potential contributions 
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from increased driving pressure for flow and additional rapid vasodilation. Our findings argue 

that increased distention in arterioles below the heart must also be considered when interpreting 

any past or future results in studies that employ positional differences to observe changes in 

blood flow and vascular conductance (See appendix E for relevant figure).  

Strengths of Thesis Work  

  The major strengths of this thesis are the several study design considerations that allow us 

to minimize any confounds that could interfere with testing our hypothesis. First, we used a 

venous congestion cuff to maintain venous pressure at 40 mmHg before muscle contraction in 

every condition. Prior research by Tschakovsky and Hughson (87) has indicated that venous 

emptying can cause arteriolar vasodilation, independent of muscle contraction. The venous 

congestion cuff then ensured that the amount of venous emptying was identical between all 

conditions; therefore, any difference in vasodilation between conditions resulted from a different 

mechanism of vasodilation. Second, when comparing the role of pre-contraction pressure 

environments on post-contraction hyperemia and vasodilation, we only compared conditions that 

ended in the same arm position (i.e. LL vs. HL, LH vs. HH). The local pressure environment 

causes a different driving pressure for blood flow and has different rates of venous re-filling after 

the release of muscle contraction, both of which can contribute to changes in blood flow and the 

calculation of conductance between arm positions. When comparing conditions in the same 

ending arm position, we can be sure that any differences in flow or vasodilation are due 

differences in the starting pressure condition. Third, because of the above considerations related 

to pressure differences between arm positions, we only used data obtained during the first beat 

following muscle contraction when comparing conditions in a different pressure environment 

after release of muscle contraction. As a muscle contraction at 60% empties the veins in a 

contracting limb, the veins in a limb below the heart gradually begin to refill with each cardiac 
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cycle post-contraction, while veins in a limb above the heart remain empty due to gravity. As we 

do not have a method of measuring venous pressure directly, we cannot calculate the correct 

pressure gradient for blood flow after the first beat following muscle contraction. Thus, to avoid 

underestimating the pressure gradient for flow below the heart, we only consider the first beat 

following contraction where we are confident that venous pressure is negligible.   

Limitations of Thesis Work  

  Our study design also has several limitations that warrant consideration. First, we do not 

directly measure a downstream pressure for blood flow. Whether the correct low pressure for 

determining vascular conductance is venous pressure (25, 50, 91) or critical closing pressure (39, 

66), neither can be measured in vivo. Therefore, our use of local venous pressure for calculation 

of the pressure gradient for flow may not be accurate. However, Halliwill et al. (32) has 

previously demonstrated that venous pressure is equal to cuff occlusion pressures between 20-60 

mmHg, indicating that we can be confident that baseline venous pressure in our study was 40 

mmHg. Furthermore, all relevant comparisons made after release of cuff/contraction are either 

within the same pressure environment, such that downstream pressure should be equivalent, or is 

during the first beat following contraction where venous pressure is negligible. Second, as we 

controlled the potential venous volume via cuff occlusion prior to muscle contraction, we cannot 

provide evidence whether venous emptying-mediated dilation has a potential influence on the 

observation of increased hyperemia in the dependent position.  

Future Directions  

  This study is the first to identify that increased hyperemia in the dependent position 

following muscle contraction is a result of increase distension of the local vasculature and the 

higher driving pressure for flow. As this study had to control for venous volume, future studies 
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should aim to understand the role that venous emptying mediated dilation may have on 

increasing vasodilation in the dependent position. Ultimately, the importance of this study relates 

directly to understanding the stimuli that are relevant for increasing hyperemia at the onset of 

exercise. Future studies should also continue to attempt to understand which specific cellular 

processes help to produce this vasodilation through the myogenic mechanism of the vascular 

smooth muscle.   
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School of Kinesiology and Health Studies  

Queen’s University  

  

“The effect of initial forearm arteriolar perfusion pressure on vasodilation at the onset of 

exercise” Research Program  

Human Vascular Control Laboratory  

Room 400B, Kinesiology and Health Studies Building 

Michael E. Tschakovsky, Ph.D., Co-ordinator  

  

Name of primary researcher: Mytchel Lynn  

  

  

  

CONSENT FORM  

FOR RESEARCH PROJECTS ENTITLED:  

Investigation into Peripheral Vascular Control in Humans  

  

  

You are invited to participate in a research study conducted under the “Peripheral Vascular 

Control in Humans” Research Program.  

  

This is an important form.  Please read it carefully.  It tells you what you need to know 

about this study.  If you agree to take part in this research study, you need to sign this 

form.  Your signature means that you have been told about the study and what the risks 

are.  Your signature on this form also means that you want to take part in this study.  

  

Purpose of the Study:  

The purpose of this study is to improve our understanding of how initial forearm arteriolar 

transmural pressure affects post-contraction immediate hyperemia.  

  

Benefits For You:  

There are no direct benefits to you by participating in this study.   
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Description of Experiment and Risks:  

  

What will happen?   During this study, you will take part in some of the specific experimental 

procedures outlined below.  These procedures have been circled.  They will be performed at 

the Human Vascular Control Laboratory (HVCL) on the Queen’s University Campus. The 

investigator will explain to you in detail how each of these procedures will be combined 

in the particular experiment involving your participation.  Please initial by each bullet 

point that is marked.   

  

● HEART RATE MEASUREMENTS: Heart rate is continuously monitored by an  

electrocardiogram (EKG) through 3 spot electrodes on the skin surface.  The electrodes 

are normally placed in the lower portion of the chest and they can detect the electrical 

activity that makes your heart beat.   

  

RISKS:  This procedure is entirely safe.  In a very small group of individuals, a skin rash 

might occur from the adhesive on the electrodes.  There is no way of knowing this ahead 

of time.  The rash, if it develops, will resolve itself within a day or so.  Avoid scratching 

the rash and keep clean.  

  

● BLOOD PRESSURE MEASUREMENTS:   

1. A cuff that can be inflated with air is wrapped around your upper arm, just as would 

occur if you had your blood pressure measured at the doctor’s office.  This cuff is 

inflated to a pressure higher than your systolic blood pressure (the pressure in your 

blood vessels when the heart beats), and gradually deflated over a number of 

seconds to measure systolic blood pressure and diastolic (the pressure in your blood 

vessels when the heart is relaxed) blood pressure.  Meanwhile, your wrist is secured 

in a wrist brace and a small pressure sensor is placed over your radial artery at the 

wrist.  This pressure sensor is able to detect the increases and decreases in size of 

your radial artery that occur with each heart beat, and what the pressure sensor 

measures is compared to the pressure that the upper arm cuff measures (this 

calibrates the sensor).  From then on, the pressure sensor at the wrist measures 

blood pressure continuously, while the upper arm cuff may be inflated intermittently.  
OR  

2. A small cuff is fit around your finger.  This cuff inflates to pressures that match the 

blood pressure in your finger, so you feel the cuff pulsing with your heart beat.  It 

shines infrared light through your finger to measure changes in the size of your finger 

with each heartbeat.  

  

RISKS: These techniques are non-invasive and pose no risk.  

  

● LIMB BLOOD FLOW AND BLOOD VESSEL DIAMETER MEASUREMENTS: The  

blood flowing through your brachial (above the elbow), radial (above the wrist), or  
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femoral (above the groin) artery can be detected and your artery diameter measured 

using Doppler and imaging ultrasound.  A probe will be placed on the skin over your 

artery and adjustments in its position controlled by hand by the investigator.  

Measurement of femoral artery flow takes place on the lower abdomen just above the 

groin.  Shorts will be tied up at the site of measurement to expose the skin in this region.  

High frequency sound (ultrasound) will penetrate your skin.  The returning sound 

provides information on blood vessel size and blood flow.    

  

RISKS: This technique is non-invasive and poses no risk.   

  

● ELECTROMYOGRAPHY (EMG): This measures the electrical activity of your muscles.  

Electrodes will be placed on muscles of interest for a given study.    

  

RISKS:  This procedure is entirely safe.  In a very small group of individuals, a skin rash 

might occur from the adhesive on the electrodes.  There is no way of knowing this ahead  

of time.  The rash, if it develops, will resolve itself within a day or so.  Avoid scratching 

the rash and keep clean.           

  

● FOREARM AND LEG VOLUME MEASUREMENTS: The volume of your forearm or calf  

can be measured by a thin, stretchable rubber band placed around your respective limb 

that is filled with mercury.  A very small electrical current runs through this gauge and 

changes in the length of this mercury-filled rubber band are detected by changes in this 

current that occur in proportion to changes in the length of the rubber band.  

  

RISKS: This technique is non-invasive and poses no risk.  

  

● BLOOD OXYGEN CONTENT:  A plastic clip is placed over your left index finger.  This 

clip aims light through your finger, and the absorption of that light by the blood provides 

information on how much oxygen the blood contains.    

  

RISKS:  This technique poses no risks.   

  

● MUSCLE MASS: Circumference and length measurements of segments of your arm or 

leg will be taken via manual placement of a tape measure on your limbs by the 

investigator.    
OR  

At Kingston General Hospital, you will lay on a table and a scan of your body will be 

performed using a technique called “dual-energy x-ray absorptiometry” (DXA).  This 

technique uses a small amount of x-ray energy to scan a “picture” of your body and 

identify how much muscle there is on your arms and legs.  
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RISKS:  Radiation levels with DXA are considered trivial by radiation regulatory 

agencies. The technique uses less radiation than a dental X-ray, roughly equivalent to 

the background amount a person would be exposed to when flying from Cincinnati to the 

West Coast.  This is a mere fraction of the radiation dose we are all exposed to every 

week, from just being alive.  

  

● FOREARM OR HAND HEATING:  In order to increase the blood flow through your  

brachial artery and/or radial artery, your forearm or hand will be enclosed in a water bath 

that is circulated with warm water.  The warm water will result in the dilation of your skin 

blood vessels.  The water bath consists of a cylinder that is circulated with heated water.  

Your arm will rest inside the tube enclosed in a plastic glove that prevents your skin from 

being in direct contact with the water.  A temperature sensor will be fixed to your skin 

and your skin temperature will be maintained between 41 and 42˚ Celsius.  The water for 

the bath is heated remotely to a temperature not exceeding 45˚ Celsius and is circulated 

into the bath via a water pump.  The water in the bath will feel quite warm, but not too 

hot.  If at any time you feel discomfort the warm water inflow will be stopped and 

replaced with cooler water to allow the bath temperature to drop to a more comfortable 

level.  Your forearm may be heated for a total of one to two hours.  

  

RISKS:  When the skin blood vessels fill with blood for an extended period while 

undergoing arterial compression it causes a temporary swelling as some fluid escapes 

from the blood vessels into the surrounding tissue.  This minor swelling should resolve 

itself within 24 hours.  Elevation of the arm will help to speed up the process.  Your skin 

may appear red after removal from the bath.  This is due to the increased skin 

circulation.  The redness should resolve within 24-36 hours.  

● CONGESTION OF YOUR FOREARM OR LEG VEINS: One inflatable cuff will be 

placed around your upper arm or above the knee and another may be placed around 

your wrist or ankle.  The wrist cuff will be inflated to a pressure that prevents blood flow 

to your hand for a period of 10-15 minutes at a time.  This should not be uncomfortable.  

If it is, notify the investigator and the position of the cuff will be adjusted until inflation 

without discomfort is achieved.  These cuffs will be inflated to pressures that feel like a 

mild to moderate squeeze.  This will prevent blood from flowing out of your limb back to 

the heart, but allow blood to flow in to your arm.  Your limb will fill with blood and if the 

cuff inflation is maintained for a number of minutes, you may feel a sensation of 

swelling.  This is because some of the plasma (water portion of your blood) will leak out 

of the small blood vessels and into the space between other cells in your limb.   This is 

similar to when you stand up in the morning and stay upright during the day.  In that 

case, gravity makes it difficult for blood to flow back to the heart from the legs, and they 

slowly swell over the course of the day as plasma leaves the blood vessels.  When the 

cuff is released, the limb will slowly return to normal as the plasma moves back into the 

blood vessels.  

  

RISKS: The movement of fluid out of the blood vessels into your limb may in extreme 

cases cause discomfort.  This discomfort should resolve itself within minutes of deflating 

the cuff, and the swelling should subside within 24 hrs.  Elevating the arm above the 

heart for 15 minutes should speed this process.  
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● INTERMITTENT COMPRESSION OF THE FOREARM OR LEG: You will have an  

inflatable cuff placed around your forearm or leg.  We can rapidly inflate and deflate this 

cuff to different pressures that are able to squeeze the blood out of the veins in your 

limb.  Inflation is maintained for only a brief period of time (a few seconds).  The 

sensation of limb compression will feel like a strong grip, but should not be painful.  If it is 

uncomfortable, notify the investigator and the position of the cuff can be adjusted.  

  

RISKS: There are no risks associated with this procedure.  

  

● EXERCISE MANEUVERS THAT ALTER BLOOD PRESSURE:   You may be asked to  

perform one of the following MANEUVERS to temporarily increase your blood pressure: 

1) squeezing a handgripper with your forearm for a few minutes with or without blood 

flow to your forearm being prevented 2) contracting your leg muscles with or without 

blood flow to your leg being prevented.  

  

RISKS:  When muscle contractions are performed while the blood flow to the limb is 

prevented, you may experience considerable discomfort similar to that when doing 

maximal weightlifting repetitions.  However, there is no risk to your muscles in 

performing this exercise.  

  

● HANDGRIP EXERCISE:  You will be asked to perform handgrip squeezing exercise.  

The duration of this exercise can vary from a few seconds to 10-20 minutes, and at an 

intensity that can vary from very mild to maximal contraction force.  Exercise may take 

place in combination with any of the above-mentioned techniques which can control the 

blood flow to your limbs, congest the limbs, and which can alter your blood pressure.    

  

RISKS: When forearm muscle contractions are performed while the blood flow to the 

forearm is prevented, you may experience considerable discomfort similar to that when 

doing maximal weightlifting repetitions.  However, there is no risk to your muscles in 

performing this exercise.  You may experience muscle soreness in the muscles of your 

forearm for 24-72 hours after performing the handgrip exercise, much as you would if 

you had been lifting weights.  

__________________________________________________________________________________ 

How long will it take?  

  

On an initial visit we will use ultrasound to get an image of the blood vessels in your 

limbs in order to determine whether you are eligible to participate in the main study.  
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For the main study: preparing all of the techniques for measuring your response and 

creating the correct experiment conditions usually takes ~30 minutes.  The actual 

experiment will take ~1.5-3 hours.   

   

Talking and Movements:  

  

Talking, moving or crossing legs during the times that we are taking measurements will 

cause variations in the measurements we are making. If you have any discomfort, 

please let us know immediately and we can temporarily break from data collection. 

However, if everything is comfortable, please maintain a very quiet posture. Even very 

slight movements interfere with our experiments.  

Special Instructions:  

  

Participants are asked to not drink alcohol or caffeine during the 12 hours prior to 

the study.  Also, we ask that you do not consume any food during the 4 hours 

preceding the experiments.  You should empty your bladder immediately prior to 

starting the test.  When the study is finished, we will have you sit in the laboratory for a 

short time to allow you to readjust to the upright posture.  These precautions should be 

enough to prevent any sensations of dizziness.  Please be aware that sensations of 

dizziness are not normal and you should let us know if you experience any discomfort 

before you leave the laboratory.  

  

Attached Medical Screening Form:  

  

This questionnaire asks some simple questions about your health.  This information is 

used to guide us with your entry into the study.  Current health problems indicated on 

this form which are related to cardiovascular diseases (including high blood pressure) 

and liver or kidney problems will exclude you from the study only if the experiment in 

question requires healthy participants.  

  

  

Safety Precautions:  

  

Safety precautions for the study will include the following:  

  

● Participants who enter the study will be identified as either healthy men and women, 

insulin resistant, or type II diabetic.  
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● Before entering the study you will be screened using a medical screening form.  You will 

not be able to enter the study if anything is found which indicates that it is dangerous for 

you to participate.  

  

● We will continuously monitor your heart rate and blood pressure, and you will be laying 

on your back or seated upright.  These precautions allow us to quickly identify if you are 

becoming faint and simply stopping the experimental manipulation will allow you to 

quickly recover.  

  

Confidentiality:  

  

All information obtained during the course of the study is strictly confidential and will not 

be released in a form traceable to you, except to you and your personal physician.  Your 

data will be kept in locked files which are available only to the investigators and research 

assistants who will perform statistical analysis of the data.  There is a possibility that 

your data file, including identifying information, may be inspected by officials from the 

Health Protection Branch in Canada in the course of carrying out regular government 

functions.  The study results will be used as anonymous data for scientific publications 

and presentations, or for the education of students in the School of Physical and Health 

Education at Queen’s University.  

Study Compensation  

  

There will be no compensation for your participation in this study.  

  

Freedom to Withdraw from the Study  

  

Your participation in this study is voluntary.  You may refuse to participate or you may 

discontinue participation at any time during the duration of the study without penalty and 

without affecting your future medical care.   

  

Participant Statement and Signature Section  

  

I have read and understand the consent form for this study.  I have had the purposes, 

procedures and technical language of this study explained to me.  I have been given 

sufficient time to consider the above information and to seek advice if I choose to do so.  

I have had the opportunity to ask questions which have been answered to my 

satisfaction.  I am voluntarily signing this form.  I will receive a copy of this consent form 

for my information.  
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If at any time I have further questions, problems or adverse events, I will contact:  

  

Michael E. Tschakovsky, Ph.D.  

(Principal Investigator)  

KHS 306, Kinesiology and Health Studies Building  

Queen’s University, Kingston, ON, K7L 3N6  

Tel: (613) 533-6000, ext, 74697  

  

Jean Cote, Ph.D.  

Director, School of Kinesiology and Health Studies  

KHS 206, Kinesiology and Health Studies Building  

Queen’s University, Kingston, ON, K7L 3N6 Tel: 

(613) 533-3054  

  

If I have any questions concerning research participant’s rights, I will contact:  

Dr. Albert F. Clark, Chair  

Office of Research Services  

Fleming Hall, Jemmett Wing 301  

Queen’s University, Kingston, ON, K7L 3N6  

Tel: 1-844-535-2988  

  

    

By signing this consent form, I am indicating that I agree to participate in this study.  

  

  

  

______________________     _________________________  
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Participant Signature    

  

  

  

  Signature of Person Obtaining Consent  

______________________     _________________________  

Participant Name        Name of Person Obtaining Consent  

(please print)       

  

  

  

  (please print)  

______________________     _________________________  

Date (day/month/year)      Date (day/month/year)  
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APPENDIX B: INDIVIDUAL MAP RESPONSE DATA  
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Figure 11-1. The individual mean arterial pressure (MAP) response both before and after muscle 

contraction in condition LL. The black vertical bar represents the 2 s muscle contraction (“Con”), 

while the black line represents the average of all participants across the condition.   
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Figure 11-2. The individual mean arterial pressure (MAP) response both before and after muscle 

contraction in condition LH. The black vertical bar represents the 2 s muscle contraction 

(“Con”), while the black line represents the average of all participants across the condition.  
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Figure 11-3. The individual mean arterial pressure (MAP) response both before and after muscle 

contraction in condition HL. The black vertical bar represents the 2 s muscle contraction  

(“Con”), while the black line represents the average of all participants across the condition.  
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Figure 11-1. The individual mean arterial pressure (MAP) response both before and after muscle 

contraction in condition HH. The black vertical bar represents the 2 s muscle contraction  

(“Con”), while the black line represents the average of all participants across the condition.  

  

APPENDIX C: INDIVIDUAL FBF RESPONSE DATA  
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Figure 10-1. Individual time course of FBF data following release of muscle contraction for 

condition LL. The average response off all participants is dictated by the black line. “Pre”, the 

data point representing the 30s baseline average for each participant.   
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Figure 10-2. Individual time course of FBF data following release of muscle contraction for 

condition LH. The average response off all participants is dictated by the black line. “Pre”, the 

data point representing the 30s baseline average for each participant.  
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Figure 10-3. Individual time course of FBF data following release of muscle contraction for 

condition HL. The average response off all participants is dictated by the black line. “Pre”, the 

data point representing the 30s baseline average for each participant.  
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Figure 10-4. Individual time course of FBF data following release of muscle contraction for 

condition HH. The average response off all participants is dictated by the black line. “Pre”, the 

data point representing the 30s baseline average for each participant.  

    

  

APPENDIX D: INDIVIDUAL FVC RESPONSE DATA   
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Figure 12-1. Individual time course of FVC data following release of muscle contraction for 

condition LL. The average response off all participants is dictated by the black line. “Pre”, the data 

point representing the 30s baseline average for each participant.   
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Figure 12-2. Individual time course of FVC data following release of muscle contraction for 

condition LH. The average response off all participants is dictated by the black line. “Pre”, the 

data point representing the 30s baseline average for each participant.  
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Figure 12-3. Individual time course of FVC data following release of muscle contraction for 

condition HL. The average response off all participants is dictated by the black line. “Pre”, the 

data point representing the 30s baseline average for each participant.  
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Figure 12-4. Individual time course of FVC data following release of muscle contraction for 

condition HH. The average response off all participants is dictated by the black line. “Pre”, the 

data point representing the 30s baseline average for each participant.  
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APPENDIX E: GROUP MEAN RESPONSES  
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Figure 13-1. Time course of average FBF response to muscle contraction in each condition.  

“Pre”, the data point representing the 30s baseline average for each participant.  
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Figure 13-1. Time course of average FVC response to muscle contraction in each condition.  

“Pre”, the data point representing the 30s baseline average for each participant.  
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APPENDIX F: CONTRIBUTION OF MECHANISMS OF INCREASED FBF BELOW  

 THE HEART    
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Figure 13-3. The relative contribution of different mechanisms to increases FBF during the first 

measurable beat following release of forearm contraction. Relevant comparisons were made 

across different ending arm positions, within the same starting arm position. As forearm 

contraction strength and duration were the same in all conditions, and contractions were initiated 

in the same transmural pressure environment, the amount of FBF observed in the condition 

ending “L” was defined as the amount of “Active Vasodilation” observed in “H”. The calculated 

FVC value for each condition ending “L” (see Table 4), was used to calculate a hypothetical FBF 

(not included) in the higher perfusion pressure environment “H”, for relevant comparisons. This 

hypothetical FBF represents the contribution of increased perfusion pressure on the difference in 

blood flow between arm positions (“Perfusion Pressure”). Finally, the remainder of the 

difference between different ending arm positions was described as the effect of “Distension” 

increasing FVC and, therefore, increasing FBF in the dependent position. “*”, significantly 

different from condition with the same starting arm position (P < 0.05).   

  


