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KEY POINTS SUMMARY 

 The immediate increase in skeletal muscle blood flow following contraction is greater when 

the contracting muscle is below vs. above heart level .  This has been attributed to muscle 

pump-mediated venous emptying and subsequent widening of the arterial to venous 

pressure gradient which can occur below but not above heart level.    

 However, alternate explanations could include greater rapid onset vasodilatation and/or 

transmural pressure-mediated mechanical distension of resistance vessels, but these remain 

unexplored. 

 We demonstrate that active vasodilatation is not responsible for greater post-contraction 

hyperaemia below heart.  Instead, an increased transmural pressure-mediated mechanical 

distension of resistance vessels is a key mechanism responsible for this phenomenon.  

 Our findings establish the importance of considering/accounting for local mechanical 

arteriolar distension effects when investigating exercise hyperaemia.   

 They also inform the application of exercise for rehabilitative purposes and prompt 

investigation into whether arteriolar distension accompanying vasodilation is reduced with 

diseases or aging, thereby compromising exercising muscle perfusion.   
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ABSTRACT 

We tested the hypotheses that increased post-contraction hyperaemia in higher (H; below heart) vs. 

lower (L; above heart) transmural pressure conditions is due to 1) greater active vasodilatation or 2) 

greater transmural pressure-mediated arteriolar distension. Participants (n=20, 12 male, 8 female, 

combined 24.5 ±2 yrs) performed a 2 s isometric handgrip contraction, where arm position was 

maintained within or changed between H and L during contraction, resulting in 4 starting-finishing 

arm position conditions (LL, HL, LH, HH). Post-contraction forearm blood flow (FBF; echo and 

Doppler ultrasound) was higher with contraction release in H vs. L environments (p<0.05). However, 

contraction initiated in H did not result in greater vasodilatation (forearm vascular conductance; 

FVC) than contraction initiated in L, regardless of contraction release condition (peak FVC; LL 217 

±104 vs. HL 204 ±92 ml/min/100mmHg; P=0.313, LH 229 ±8 vs. HH 225 ±85 ml/min/100 mmHg; 

P=0.391; first post-contraction cardiac cycle FVC, same comparisons both P=0.317). However, FVC of 

the first post-contraction cardiac cycle was greater for contractions released in H vs. L regardless of 

pre-contraction condition (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 hyperaemia 

following a single contraction in higher transmural pressure conditions is due to greater active 

vasodilatation. Instead, our findings reveal a key role for increased transmural pressure-mediated 

mechanical distension of arterioles in creating a greater increase in vascular conductance for a given 

active vasodilatation following skeletal muscle contraction.   

KEYWORDS: rapid onset vasodilatation, transmural pressure, myogenic vasodilatation, distension, 

forearm blood flow, muscle contraction 
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ABBREVIATIONS 

1cc = First cardiac cycle following the release of muscle contraction 

BP = blood pressure 

BSL = baseline 

d = diameter of the brachial artery 

FAPP = Forearm arteriolar perfusion pressure 

FATP = Forearm arteriolar transmural pressure 

FBF = Forearm blood flow, measured in ml/min. Was calculated at baseline (BSL FBF), during the first 

cardiac cycle (1ccFBF), and at peak (pkFBF) following release of muscle contraction.  

FVC = Forearm vascular conductance, measured in ml/min/100mmHg. Was calculated at baseline 

(BSL FVC), during the first cardiac cycle (1ccFVC), the difference between BSL and 1cc (1cc∆FVC), and 

at peak (pkFVC) following release of muscle contraction. 

H = higher local perfusion pressure condition with the forearm below the heart 

HH = experimental condition where the arm starts in H, and remains in H after release of contraction 

HL = experimental condition where the arm starts in H, but is moved to L during a brief muscle 

contraction  

L = lower local perfusion pressure condition with the forearm above the heart  

LH = experimental condition where the arm starts in L, but is moved to H during a brief muscle 

contraction 

LL = experimental condition where the arm starts in L, and remains in L after release of contraction 

MAP = Mean arterial pressure 

MBV = Mean blood velocity 

MVC = Maximum voluntary contraction 

ROV = rapid onset vasodilation 
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INTRODUCTION 

It is now well established that a rapid onset vasodilatation (ROV) results in the immediate 

hyperaemia at the onset of exercise (Tschakovsky et al., 1996, 2004; Shoemaker et al., 1998; 

Tschakovsky & Sheriff, 2004; Saunders et al., 2005; VanTeeffelen & Segal, 2006). Interestingly, this 

hyperaemia is greater when the contracting muscle is in the dependent (below heart) position 

compared to above the heart (Bevegärd & Lodin, 1962; Tschakovsky et al., 1996; Shoemaker et al., 

1998; Nådland et al., 2009). The greater hyperaemia has commonly been attributed to an additional 

“muscle pump” effect on the arterio-venous pressure gradient for limb blood flow (Pollack & Wood, 

1949; Bevegärd & Lodin, 1962; Folkow et al., 1970; Tschakovsky et al., 1996; Shoemaker et al., 1998; 

Nådland et al., 2009), whereby contraction-induced venous emptying widens the arterio-venous 

pressure gradient, but only in the dependent position where there is an initial venous volume 

available to empty (Pollack & Wood, 1949; Folkow et al., 1970; Laughlin, 1987).  

However, studies demonstrating a “vascular waterfall” effect in muscle microcirculation,  

whereby muscle perfusion stops well before arterial and venous pressure equilibration (Permutt & 

Riley, 1963; Jackman & Green, 1990; Shrier & Magder, 1995a, 1995b), argue against a muscle pump. 

Additional in vivo evidence against venous emptying increasing the effective pressure gradient for 

flow comes from Tschakovsky & Hughson (2000). In this study, 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 one would expect that when the forearm was returned to below the heart and the 

congestion cuff deflated, the emptied forearm would experience a greater blood flow compared to 

when venous volume had been maintained.  However, no difference in forearm blood flow was 

observed.  

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

immediate hyperaemia at the onset of exercise with the limb in the dependent position (Pollack & 

Wood, 1949; Bevegärd & Lodin, 1962; Folkow et al., 1970; Tschakovsky et al., 1996; Shoemaker et 

al., 1998; Nådland et al., 2009). Potential mechanisms other than a muscle pump could include a 

greater active vasodilatation, greater mechanical distension of vasodilating arterioles due to 

increased transmural pressure, or greater effective perfusion pressure gradient due to a higher local 

arterial perfusion pressure, independent of venous pressure. In this regard, a recent innovative 

study by Jasperse et al. (2015) examined whether a vasodilatory stimulus which does not widen the 

arterio-venous pressure gradient by venous emptying could also elicit greater hyperaemia below 
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versus above the heart. In isolated rat soleus feed arteries, Jasperse et al. (2015) demonstrated that 

when transmural pressure was reduced to zero and then restored, the feed artery diameter increase 

was greater in higher vs. lower transmural pressure conditions. In vivo, they demonstrated that 

reactive hyperaemia and calculated vascular conductance following forearm vascular occlusion 

lasting 1-5 minutes were greater when performed below vs. above heart level . Occlusion results in a 

rapid reduction in vascular transmural pressure, so this was an in vivo equivalent of the isolated feed 

artery model. Jasperse et al. (2015) hypothesized that transmural pressure reductions from a higher 

starting transmural pressure would result in a greater hyperaemia .  In explaining their observations 

of greater isolated vessel diameter and forearm calculated vascular conductance following 

transmural pressure manipulation in higher vs. lower transmural pressure conditions, they 

speculated that the greater calculated vascular conductance below vs. above heart was due to 

restoration of a greater transmural pressure resulting in distension of resistance vessels, but also 

indicated an active vasodilation as a contributor.  However the relative contribution of each could 

not be determined in their study.  

While the findings of Jasperse et al. (2015) arise from a non-exercise experimental model, 

they do raise the possibility that a greater active vasodilatation and/or mechanical distension of 

arterioles following contraction in below compared to above heart level explains the greater below 

heart level post-contraction hyperaemia.  However, to date no study has investigated this possibility.   

Therefore, the purpose of our study was to test the following hypotheses that the hyperaemia 

following a single contraction below heart is greater than above heart due to 1) greater active 

vasodilatation and/or 2) a greater mechanical arteriolar distention effect of higher local transmural 

pressure.  Ensuring that differences in active vasodilatation can be distinguished from mechanical 

distension effects of arterioles in higher vs. lower transmural pressure conditions is critical, as 

mechanical distension represents a fundamentally different mechanism determining local exercising 

muscle vascular conductance and is not considered in the current understanding of exercise 

hyperaemia.  To achieve this, we used a novel approach of moving the forearm from one arm 

position to the other during contraction, so that vasodilatation initiated under different transmural 

pressure environments could be assessed under the same transmural pressure environment. 
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MATERIALS AND METHODS 

Ethical Approval 

20 recreationally active, healthy, non-smoking young adults (8 female, 12 male; combined 

age 24.5 ± 2 years) with no history of cardiovascular disease participated in this protocol. Each 

participant provided informed written consent.  The procedures of this study were approved by the 

Health Sciences Research Ethics Board at Queen’s University  (approval reference 6005158 PHE-036-

02) and conformed to the standards set by the Declaration of Helsinki (except for registration in a 

database). 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. 

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

contraction at 60% of MVC (maximal voluntary contraction) force. During supine rest prior to the 

experimental trials, the participant performed three separate forearm MVCs, each se parated 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 contraction target force. 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 could see their instantaneous contraction 

force recording as well as target force. A metronome provided both auditory and visual cues 

indicating the 2 s contraction duration during which the participant rapidly increased contraction 

force to the target force.  

Manipulation of Forearm Position Relative to Heart Level 

Figures 1 and 2 illustrate the manipulation of forearm position relative to heart level. The 

participant’s right arm was positioned on an arm rest and strapped at the wrist. The arm rest could 

be rapidly raised or lowered via a pulley system to achieve a ~20 cm difference in height of the mid-

forearm from heart level in each of the above and below heart positions. These height differences 

were recorded for later use in determining differences in the local forearm arteriolar transmural 

pressure (FATP) and forearm arterial perfusion pressure (FAPP) based on heart level arterial blood 
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pressure ± hydrostatic pressure.  The result was a ~30 mmHg greater FATP and FAPP in the below 

heart level position.   

 It is important to recognize that FATP represents the distension pressure against the vessel 

walls, and is the hypothesized stimulus for greater post-contraction vasodilatation when contraction 

is initiated below vs. above heart level.  However it is also the potential mechanism for a greater 

mechanical distension effect on arterioles post-contraction when contraction is released below vs. 

above heart level.  In contrast, FAPP is important to distinguish because it represents the arterial 

pressure that effects flow of blood through the forearm vascular bed.   As has been clearly shown by 

Walker et al. (Walker et al., 2007) calculations of post-contraction forearm vascular conductance 

require the use of the local FAPP, not heart level arterial perfusion pressure.  

Isolating Active Vasodilatation vs. Arteriolar Distension Contribution to Greater Below 

Heart Level Post-Contraction Hyperaemia 

In vivo assessment of active vasodilatation relies on the calculation of vascular conductance 

from measured blood flow and arterial blood pressure. When comparing vascular conductance 

responses to contraction below vs. above heart level there are two factors that could contribute to 

differences in calculated vascular conductance other than active vasodilatation. First, there can be 

unknown differences in the effective perfusion pressure gradient due to differences in venous 

pressure and/or critical closing pressure. Second, there could be a greater transmural pressure-

mediated arteriolar distension below vs. above heart level . Therefore, to isolate active vasodilatation 

and assess whether it is greater when contraction is initiated below vs. above heart level, the 

vascular conductance response must be assessed under the same effective perfusion pressure 

gradient and transmural distension pressure conditions. We achieved this by having contractions 

initiated in each of the two forearm positions relative to heart level, while the arm is either 

maintained in the same position or moved to the opposite position during the 2 s muscle contraction 

so the post-contraction response can be assessed under the same FATP and FAPP (Figure 1). 

Above heart level, FATP and FAPP are lower (L). Below heart level FATP and FAPP are higher 

(H). The four experimental conditions illustrated in Figure 1 were designated LL, HL, LH, and HH, 

indicating the FATP and FAPP environment in which contraction was initiated and subsequently in 

which contraction was released. For example, LH represents a contraction initiated in the L 

environment and subsequently moved to the H environment during the contraction, such that 

quantification of the hyperaemic response to contraction occurred in H. 

To test the first hypothesis that a brief, submaximal, forearm contraction initiated in a below 

vs. above heart level position elicits greater active vasodilatation the relevant comparisons were 

between conditions with different starting but the same ending arm position (i.e. LL vs. HL and HH 
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vs. LH; Figure 1). To test the second hypothesis, that a greater mechanical arteriolar distention 

occurs in the higher arteriolar transmural pressure below vs. above heart level following contraction 

release the relevant comparisons were between conditions with the same starting position but 

different ending positions (LL vs. LH and HH vs. HL; Figure 2). Identical starting arm positions ensured 

that there was the same active vasodilatation stimulus, while different ending arm positions isolated 

distension effects of the higher vs. lower FATP on top of the existing active vasodilatation. This 

design, coupled with the use of forearm contractions at 60% MVC, ensured that only upon release of 

contraction did the vasculature immediately experienced a new FATP and FAPP in trials where the 

forearm was repositioned during the contraction.  

Preventing venous emptying mediated dilation differences between arm positions. 

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

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

local arteriolar vasodilatation in the human forearm (venous emptying mediated dilation) 

(Tschakovsky & Hughson, 2000). Therefore, to ensure that this venous emptying effect upon 

contraction did not differ between initial arm positions and thereby 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 (Tschakovsky & Hughson, 2000). Prior to each trial, the arm rested in the dependent 

position for one minute before cuff inflation, regardless of the fol lowing trial condition, 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 vasodilatation between arm positions 

(Tschakovsky et al., 2004).  

Experimental protocol. 

 For a schematic representation of the exercise protocol, see Figures 1 and 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 or until a stable brachial artery mean blood velocity (MBV) was 

established, exhibiting no sign of diastolic flow (Tschakovsky et al., 1996; Shoemaker et al., 1998). 

Before each trial the arm was lowered to the below heart level position and remained there for one 

minute to initiate filling of the forearm venous bed (Tschakovsky & Hughson, 2000). 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 
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the vasculature to the given status of local transmural and perfusion pressure. At the end of the 

third minute, the participant was prompted to perform a 2 s forearm contraction at 60% MVC and at 

the moment of initiation of contraction the venous congestion cuff was deflated. Depending on the 

experimental condition, the forearm position was either maintained or moved 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 (Critoph et al., 2013). 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 was calculated by combining Echo and Doppler ultrasound measurements. Mean blood 

velocity (MBV) was measured beat by beat in the brachial artery, ~5cm above the antecubital fossa 

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

Vernon, NY). Diameter of the brachial artery (d) was measured following completion of the 

experimental trials at the same location as the Doppler probe, with the arm at heart level, using a 

linear Echo ultrasound probe (Vivid i; GE Medical Systems, London, Ontario) operating at a 

frequency of 13 MHz in 2D mode. Tschakovsky et al. (2004) have shown previously that brachial 

artery diameter was not different between arm positions and did not change in response to a single 

muscle contraction.  

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 for each cardiac cycle upon release of 
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contraction for one minute. All three trials per condition were averaged to characterize the response 

of an individual.  

The “immediate” post-contraction response was quantified by the first cardiac cycle 

following contraction release. The peak post-contraction response was quantified using the cardiac 

cycle with the highest value.   

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 subtracted 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 could 

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

Corrected F    M   (h 0.  
mmHg

cm
) 

Brachial artery blood flow and vascular conductance.  

FBF was calculated with the equation: FBF MBV   
60s

min
, where A is the cross-sectional area 

of the artery, calculated by: A      (
1

2
 )

2

. This produced a quantitative measure of blood flow 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

F   
.  

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 differences in forearm contraction impulse. 

%impulse 
measured impulse

 g
s

(60% MVC  g 2s)
 100 
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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-way 

repeated measures  NOV ; Friedman’s  NOV .  ll pairwise comparisons for a signifi cant 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 analyses. 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). 

RESULTS 

 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). 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 (LL-LH, HL-HH).  

Subject Characteristics.  

Subject characteristics are presented below in Table 1.  

Table 1: Subject character istics.  

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

Age (years) 24.5 ± 2 

Heights (cm) 176 ± 10 

Weight (kg) 73.9 ± 9.3 

Brachial artery diameter at heart 

level (cm) 

0.35 ± 0.05 

MVC 74 ± 12 

Values are mean ± SD. 
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It should be noted that we performed pilot work in six individuals to confirm the consistent findings 

from previous work in our lab that arm position does not affect brachial artery diameter, such that a 

baseline diameter at heart level can be used for calculation of forearm blood f low during single 

contraction studies using the forearm model.  The results for those individuals showed no difference 

between arm above vs. at heart vs. below heart level (0.354 ± 0.06 vs. 0.361 ± 0.06 vs. 0.356 ± 0.07 

cm, P=0.76). 

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, Table 2).  

Was MAP different between conditions? 

 There was no difference in the group mean BSL MAP between conditions (see Table 2). 

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 was 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).  

Table 2: Baseline variables. 

Dependent Variable Condition 

 Starting Above (L)  Starting Below (H) 

 LL LH  HL HH 

Local Perfusion Pressure (mmHg) 82 ±9 83 ±9  116 ±9 115 ±10 

Impulse (%) 95 ±10 94 ±12  94 ±12 98 ±11 

MAP (mmHg) 99 ±8 100 ±9  101 ±8 101 ±9 

FBF (ml*min-1) 30 ±13 31 ±13  26 ±10* 27 ±11 

FVC (ml*min-1*100mmHg-1) 73 ±28 74 ±32  34 ±12* 36 ±15* 

Summary of baseline measures for each condition. Values are mean   SD. “ ”, significantly different 
from starting in the low pressure environment when measured in the same post-contraction 

pressure environment.  
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Were baseline values different between conditions? 

 For baseline values see Table 2. There was a significant main effect of condition on BSL FBF 

(P < 0.05). Post hoc analysis indicated 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) .  

Was post-contraction hyperaemia larger in a limb below the heart?  

 Post-contraction forearm blood flow was higher in the HH versus LL condition during both 

the first and peak post-contraction cardiac cycle following release of muscle contraction (both P < 

0.05; Figure 3).  

Hypothesis 1: Did a greater pre-contraction FATP result in greater post-contraction active 

vasodilatation? 

 Figures 4 and 5 summarize the FBF and FVC responses post-contraction with respect to the 

hypothesis that a higher starting arteriolar transmural pressure environment results in greater active 

vasodilatation in response to a brief skeletal muscle contraction. The relevant comparison for 

isolation of effects of starting transmural pressure on active vasodilatation are within the same post-

contraction transmural and perfusion pressure environment. In this regard, there was a main effect 

of condition on 1ccFBF, and 1ccFVC (all P<0.05). However, post-hoc analysis indicated that a higher 

starting transmural pressure (H) did not result in an increased 1ccFBF or 1ccFVC measured in the 

same post-contraction transmural and perfusion pressure condition, (LL vs. HL, P=1.00; LH vs. HH, 

P=1.00, Figure 4). This was also the case for PkFBF (LL vs. HL, P=1.00; LH vs. HH, P=1.00, Figure 5). 

There was not a significant main effect of condition on PkFVC (P=0.156, Figure 5), also indicating that 

a higher starting transmural pressure (H) did not result in increased PkFVC measured in the same 

post-contraction transmural and perfusion pressure condition.  

Hypothesis 2: Was there an effect of post-contraction local arterial pressure on FBF and FVC?   

 Figure 6 summarizes the FBF and FVC responses post-contraction with respect to the 

hypothesis that a higher local arteriolar transmural pressure results in greater mechanical distension 

of vasodilating resistance vessels, and therefore increased functional vascular conductance, 

following a brief skeletal muscle contraction. The relevant comparison for isolation of effects of post-

contraction transmural pressure on functional vascular conductance are within the same pre-

contraction transmural and perfusion pressure environment but different transmural and perfusion 

pressure environment upon contraction release. In this regard, there was a main effect of condition 

for the first cardiac cycle after contraction for FBF (1ccFBF, P < 0.05). Post-hoc analysis for 1ccFBF 
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indicated that for a given pre-contraction transmural and perfusion pressure environment, a higher 

post-contraction transmural and perfusion pressure (H) resulted in a greater 1ccFBF (P < 0.05). This 

was also the case for 1ccFVC and 1ccΔFVC (both  <0.0 ).  

Was there an effect of sex on main outcome variables? 

 There was no significant interaction effect of sex with any of the major outcome variables. 

Thus, regardless of sex, a higher pre-contraction transmural and perfusion pressure (H) did not result 

in a greater active vasodilatation or FBF measured in the same FATP and FAPP environment, while a 

higher post-contraction transmural and perfusion pressure (H) did result in greater FBF and 

mechanical distension-mediated functional FVC. There was a main effect of sex on ∆FBF (  > 0.0 ) 

such that the magnitude of the post-contraction FBF response was less in females vs. males 

regardless of experimental condition.  

DISCUSSION 

The basis for a greater skeletal muscle hyperaemia following a single contraction in a higher 

vs. lower local vascular transmural pressure environment, as is the case for a muscle below vs. above 

heart level, remains unclear. In this study, we tested the following potential explanations for this 

phenomenon. First, that skeletal muscle contraction initiated in a higher vs. lower local arteriolar 

transmural pressure environment evokes a greater active vasodilatation. Second, that either 

additionally or alternatively, a mechanical vascular distention effect of higher local arteriolar 

transmural pressure also contributes to the greater post-contraction hyperaemia by increasing 

vascular conductance for a given active vasodilatation. 

Our findings confirm previous work identifying a greater post-contraction hyperaemia in the 

below vs. above heart position (Bevegärd & Lodin, 1962; Tschakovsky et al., 1996; Shoemaker et al., 

1998; Nådland et al., 2009). However, they do not support the hypothesis that a greater pre-

contraction arteriolar transmural pressure environment below vs. above heart level results in a 

greater active vasodilatation. We conclude this because contraction initiated in below vs. above 

heart did not result in a greater post-contraction forearm vascular conductance response when 

assessed in the same forearm arterial perfusion and transmural pressure environment. In contrast, 

our findings do support a key role for a greater mechanical arteriolar distension in below vs. above 

heart level, resulting in an increased vascular conductance for the same active vasodilatation. This 

was evidenced by an immediate post-contraction hyperaemia following forearm contraction 

initiated in a given arm position that was greater when release occurred below vs. above heart level. 

The magnitude by which the hyperemia was greater could not be accounted for by the hydrostatic 
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effect on forearm arterial perfusion pressure, thus calculated forearm vascular conductance 

immediately following contraction release was higher below vs. above heart level.   

Isolating Active Myogenic Vasodilatation 

The first hypothesis tested in the present study was based on the findings of Jasperse et al. 

(2015). These investigators observed that isolated rat soleus feed arteries had a greater diameter 

increase in response to reduction of transmural pressure to zero, when the initial transmural 

pressure of the vessel was greater. Jasperse et al. (2015) also performed a human in vivo equivalent 

experiment in which forearm occlusion was used to reduce arteriolar transmural pressure with the 

forearm below vs. above heart level. Release of occlusion resulted in a greater hyperaemia and 

calculated forearm vascular conductance below vs. above heart level. An important limitation of 

their study was that vasodilatation was assessed in different transmural pressure conditions.  

Therefore, it was not possible to separate greater passive mechanical distension of arterioles under 

higher transmural pressure conditions from greater active vasodilatation.   

Compression-evoked rapid onset vasodilation is an established mechanism contributing to 

the immediate hyperaemia following a brief contraction (Clifford & Tschakovsky, 2008).  Whether 

this is myogenic in the classic sense of studies that have altered intraluminal pressure of resistance 

vessels and observed vascular responsiveness, or whether it is related to some other aspect of 

smooth muscle distortion has not been determined.  Nevertheless, the word “myogenic” means 

“originating in muscle” and compression-induced rapid onset vasodilation due to arteriolar smooth 

muscle relaxation can therefore be viewed as myogenic (Mohrman & Sparks, 1974).  The myogenic 

response of the smooth muscle can be rapid enough to play a role in rapid onset vasodilation 

following contraction, as evidenced by vasodilatory responses to reduced intraluminal pressure from 

in vitro animal studies (Borgström et al., 1981; Morff & Granger, 1982; Schwartz et al., 1982),  in vivo 

human studies in resting (Lott et al., 2002;Trinity et al., 2011), and exercising skeletal muscle (Walker 

et al., 2007), and to vascular bed or isolated vessel compression (Bayliss, 1901; Clifford et al., 2006; 

Kirby et al., 2007; Jasperse et al., 2015). Thus Jasperse et al.’s (2015) proposal was certainly 

plausible.  However, our findings do not support the hypothesis that contraction initiated in a higher 

transmural pressure environment evokes a greater rapid onset vasodilatation.   

A key characteristic of our experimental approach, which allowed us to isolate active 

vasodilatation from mechanical distension of arterioles, was the movement of the forearm from one 

arm position to the other such that contractions initiated in different transmural pressure conditions 

could have the hyperaemic response assessed under the same local arterial driving pressure and 

arteriolar transmural pressure conditions. Thus, the relevant experimental condition comparisons 

were LL vs. HL and, separately, LH vs. HH. As an example, when comparing LL vs. HL, initiation of 
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contraction in H with repositioning of the forearm to L during the contraction meant that the effect 

of initial transmural pressure environment could be compared under the same arterial perfusion and 

arteriolar transmural distension pressure, thus isolating active vasodilatation. 

Another issue with being able to isolate an active rapid onset vasodilatation 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 has been 

clearly demonstrated previously (Tschakovsky & Hughson, 2000), 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 in contractions initiated above vs. 

below heart level. Thus, any differences that were observed in vasodilatation magnitude between 

contractions initiated above vs. below heart level could not be due to differences in venous 

emptying-mediated dilation. This allowed for the isolation of arteriolar transmural pressure effects 

on vasodilatation.  

In the present study, when contraction was initiated in below vs. above heart level but post -

contraction responses were assessed in the same arm position, there were no differences in either 

the hyperaemic or the calculated forearm vascular conductance responses. Thus we conclude that a 

greater active rapid onset vasodilatation does not occur in response to removal of a higher initial 

transmural pressure by a single skeletal muscle contraction. 

Isolating Perfusion Pressure and Arteriolar Mechanical Distension 

If greater rapid onset vasodilatation was not responsible for the greater below vs. above 

heart level post-contraction hyperemia, what was? Two other candidates exist to explain greater 

post-contraction hyperaemia 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 vasodilating arterioles to a greater extent, increasing 

functional vascular conductance. To assess contributions of these two candidates, it was important 

to ensure the same active vasodilatation 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 hyperaemia in above 

vs. below forearm positions is that below the heart forearm veins refill as post contraction 

hyperaemia progresses, while gravity maintains empty veins above heart.  Thus, the effective 

pressure gradient for calculating FVC may change below vs. above heart but this cannot be 

accounted for.  Therefore, only data obtained during the first cardiac cycle after release of muscle 
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contraction, where venous volume and pressure were comparable between arm positions, was 

compared.  

As demonstrated by Walker et al. (2007) during steady state forearm exercise, where 

vasodilatation 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 cardiac cycle following release of 

muscle contraction, we were maximizing the estimate of effective perfusion pressure differences 

above vs. below heart. If this perfusion pressure was solely responsible for greater hyperaemia 

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 between above vs. below 

heart conditions in the first cardiac cycle post-contraction hyperemia (Figure 7). Consequently, 

calculated forearm vascular conductance was greater below vs. above the heart (Figure 6). As all 

contractions were performed for the same duration (2 s), at the same relative intensity (60% MVC) 

and relevant comparisons were made within the same pre-contraction transmural pressure 

conditions, the greater conductance during the first cardiac cycle following muscle contraction 

observed below the heart must have been the result of increased distension of the local resistance 

vessels, not additional active vasodilatation. Therefore, we conclude that greater post-contraction 

hyperaemia commonly observed below vs. above the heart is due to a combination of both 

transmural pressure-mediated arteriolar distension and local effective perfusion pressure gradient 

(Figure 7).  

Implication of Findings for Muscle Pump Contribution to Exercise Hyperaemia 

As stated in the introduction, the traditional explanation for a greater exercise hyperemia 

below heart has been the muscle pump, whereby contraction-induced venous emptying increases 

the pressure gradient for blood flow.  As veins are empty above heart level, this can only occur in a 

limb below heart level where there is a venous volume and pressure to remove.  We have previously 

identified the immediate effect of an increase in local arterial pressure on exercising muscle blood 

flow (Walker et al., 2007).  In that study, we moved the exercising forearm from above to below 

heart level during a contraction in steady state rhythmic forearm exercise and observed an 

immediate increase in forearm blood flow that could only be the result of an increased effective 

perfusion pressure gradient.  However, whether that gradient was forearm arterial pressure – 
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forearm critical closing pressure vs. – forearm venous pressure could not be determined.  The same 

is true for the current study. Therefore, our study neither supports nor refutes the existence of a 

muscle pump mechanism in exercise.  But it does confirm that heart level arterial blood pressure is 

not the correct high pressure for the effective perfusion pressure gradient in skeletal muscle 

exercising above or below heart level.   

Methodological Considerations 

 In the present study, only one contraction intensity was evaluated. We chose 60% MVC to 

create a substantial vasodilatory, and therefore hyperaemic, response in order to more readily 

detect an effect. Furthermore, 60% MVC effects on interstitial pressure would be expected to 

overcome arteriolar transmural pressure, achieving a reduction to zero. However, it remains 

possible that the myogenic vasodilatation response sensitivity to initial transmural pressure plays a 

role at other muscle contraction intensities.  

 Another consideration is that the study was designed to avoid potential confounding 

differences in venous emptying-mediated dilation responses that could occur between arm 

positions. Thus, it is still possible that a below heart active vasodilatory response to a single 

contraction is greater than above the heart because of differences in venous emptying-mediated 

vasodilatation that would normally exist. However, this study was designed to isolate effects of 

arteriolar transmural pressure on myogenic vasodilatation, and therefore required controlling for 

venous emptying-mediated dilation. Contributions of venous emptying-mediated dilation to the 

elevated below vs. above heart hyperaemia post-contraction remain to be investigated. 

Conclusions 

 To conclude, the mechanism(s) responsible for the phenomenon of a greater post-

contraction hyperaemia when contraction is performed in a limb below vs. above heart level remain 

unclear.  With our experimental approach of selectively moving the forearm between arm positions 

during contraction, our study was able to separate active vasodilatation from mechanical arteriolar 

distension. Our findings are the first to demonstrate that the greater initial arteriolar transmural 

pressure below vs. above heart level does not result in greater post-contraction vasodilatation of 

local arterioles.  Our findings are also the first to definitively identify a substantive role for local 

transmural pressure-mediated mechanical distension of arterioles in determining the increase in 

functional vascular conductance achieved for a given active vasodilatation. These conclusions can be 

drawn for both males and females in our study. 

This mechanical distension effect is of particular importance, as it does not constitute part of 

the current understanding of factors determining local vascular conductance  changes in response to 
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muscle contraction.  In the future, interpretation of differences in calculated vascular conductance 

under different transmural pressure condition require consideration of mechanical distension 

contributions.  It may be that reductions in arteriolar distension can explain some or all of the 

compromise to exercise hyperaemia in certain diseases or aging, but this remains to be determined.  
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TRANSLATIONAL PERSPECTIVE 

Exercising muscle that is positioned below heart level (eg. legs while running) experiences greater 

blood flow than when positioned above heart level (eg. arms in rowing).  The greater blood flow 

improves the muscle’s ability to sustain exercise.  Identifying the mechan isms responsible for the 

improved blood flow below heart level can inform approaches to improving an individual’s exercise 

tolerance, and therefore exercise behaviour.  This study tested the hypothesis that the greater 

exercising muscle blood flow below heart level is the result of a greater active vasodilatation and/or 

a greater mechanical arteriolar distention effect of higher blood pressure in the dilating arterioles.  



 

 

 

 

This article is protected by copyright. All rights reserved. 
 

Specifically, we investigated the blood flow response to a single contraction in the forearm.  We 

demonstrate that the greater increase in forearm muscle blood flow below compared to above heart 

level is not due to a greater active vasodilatation.  Instead, our findings revealed that vasodilating 

arterioles are widened to a greater extent below heart level by the greater blood pressure inside the 

vessels due to the effect of gravity.  These findings have two important implications.  First, 

considering/accounting for this local distension effect has not occurred in the past, but clearly is 

necessary in future investigations into exercising muscle blood flow.  Second, they prompt 

investigation into whether this distension effect is reduced in diseases or aging, and thereby may 

contribute to compromised exercising muscle blood flow and subsequent exercise tolerance.       
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FIGURE LEGENDS 

 

 

 

Figure 1. Schematic of the protocol for testing whether a higher pre-contraction transmural pressure 

evokes a greater active vasodilatation. Relevant comparisons for answering this question are 

identified in the legend, where different pre-contraction positions were measured in the same post-

contraction environment. Venous congestion was always initiated in the below heart position, via a 

blood pressure cuff inflated to 40mmHg, before the arm was moved into “Starting position”. The 

arm was then moved to the “Ending position” during the 2 s contraction.  
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Figure 2. Schematic of the protocol for testing whether increased post-contraction transmural 

pressure causes an increase in distension of the local arterioles. This was tested by comparing 

post-contraction responses in different arm positions to contraction initiated in the same arm 

position. 

 

 

Figure 3. Panel A: Forearm blood flow of the first cardiac cycle post-contraction (1ccFBF). 
Panel B: Peak forearm blood flow cardiac cycle post-contraction (PkFBF). Values are group 
means   SD.  , significant difference between LL and HH. Both   < 0.0 . “●”, male participant; “●”, 
female participant.  
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Figure 4. Panel A and B: The effect of pre-contraction transmural pressure on the first cardiac cycle 

post-contraction FBF (1ccFBF) within each of the two post-contraction transmural and perfusion 

pressure conditions. Panel C and D: The same effect assessed for the first cardiac cycle post-

contraction FVC (1ccFVC). Light bars indicate conditions measured above the heart post-contraction 

(“L”), dar  bars indicate conditions measured below the heart post-contraction (“H”).   ll   1.00. 

“●”, male participant; “●”, female participant. 
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Figure 5. The effect of pre-contraction transmural pressure on FBF (panels A and B) and FVC (panels 

C and D) during the peak response following the release of muscle contraction. Light bars indicate 

conditions measured above the heart post-contraction (“L”), dar  bars indicate conditions measured 

below the heart post-contraction (“H”). There are no significant comparisons (P = 1.00 for all 

comparisons). “●”, male participant; “●”, female participant.  

 



 

 

 

 

This article is protected by copyright. All rights reserved. 
 

 

Figure 6. The effect of post-contraction perfusion pressure on first cardiac cycle FBF (1ccFBF; Panel A 
and B), first cardiac cycle FVC (1ccFVC; Panel C and D) and the change from baseline to first cardiac 
cycle FVC (1ccΔFVC);  anel E and F). NOTE: 1ccFBF and 1ccFVC data were originally represented in 
Figure 4, but are re-arranged here specific to hypothesis 2 for ease of interpretation. Light coloured 
bars still represent conditions where the arm was above the heart pre-contraction, dark bars still 
represent conditions where the arm was below the heart pre-contraction. *, significant difference, P 
< 0.0 . “●”, male participant; “●”, female participant.  
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Figure 7. The contribution of greater local arterial perfusion pressure and greater transmural 

pressure-mediated resistance vessel distension to the first cardiac cycle forearm blood flow 

(1ccFBF) response in the H vs. L post-contraction condition when starting in the same pre-

contraction condition. 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 (“ erfusion  ressure”). 

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).  
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