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What is the main finding and its importance? 

Using the handgrip exercise model, we show that an increase in brachial artery shear rate led 

to a decrease in blood viscosity, despite concomitant haemoconcentration. This shear-

thinning behaviour of blood, secondary to increased erythrocyte deformability, blunted the 

expected increase in brachial artery shear stress based on shear rate prediction. Our data yield 

new insights into the magnitude and regulation of macrovascular blood viscosity and shear 

stress under physiological conditions of elevated metabolic demand and blood flow in 

humans. 

 

Abstract 

Blood viscosity is a well-known determinant of shear stress and vascular resistance; however, 

accurate quantitative assessments of shear rate-specific blood viscosity in the 

macrovasculature under conditions of elevated blood flow are inherently difficult, owing to 

the shear-thinning behaviour of blood. Herein, twelve men performed graded rhythmic 

handgrip exercise at 20%, 40%, 60% and 80% of their maximal workload. Brachial artery 

shear rate and diameter were measured via high resolution Duplex ultrasound. Blood was 

serially sampled from an intravenous cannula in the exercising arm for the assessment of 

blood viscosity (cone-plates viscometer). We measured ex vivo blood viscosity at ten discrete 

shear rates within the physiological range documented for the brachial artery under basal and 

exercise conditions. Subsequently, the blood viscosity data was “fitted” with a two-phase 

exponential decay, facilitating interpolation of blood viscosity values corresponding to the 

ultrasound-derived shear rate. Brachial artery shear rate and shear stress increased in a 

stepwise manner with increasing exercise-intensity, reaching peak values of 940±245 s
-1

 and 

3.68±0.92 Pa, respectively. Conversely, brachial artery shear rate-specific blood viscosity 

decreased with respect to baseline across all exercise-intensities by  6-11%, reaching a 

minimum value of 3.92±0.35 mPa∙s, despite concomitant haemoconcentration. This shear-

thinning behaviour of blood, secondary to increased erythrocyte deformability, blunted the 

expected increase in shear stress based on shear rate prediction. Consequently, the use of 

shear stress yielded a higher slope for the brachial artery stimulus versus dilation relationship 

than shear rate. Collectively, our data refute the use of shear rate to infer arterial shear stress-

mediated processes.  
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Introduction 

The regulation of tissue blood flow in the circulatory system is complex and multifactorial 

(Joyner & Casey, 2015). There are two basic determinants of peripheral blood flow: (i) the 

perfusion pressure gradient between the arterial and venous circulations; and (ii) resistance of 

the vasculature (Secomb, 2016). The latter variable is influenced by the geometry (i.e., radius 

and length) of blood vessels and the apparent viscosity of blood (Secomb, 2016). The fluidic 

nature of the medium is often ignored but contributes to the local regulation of tissue blood 

flow via two distinct physiological mechanisms. Firstly, blood viscosity is a determinant of 

shear stress – the tangential force exerted by fluid on the endothelial cells lining the arterial 

wall. There is evidence from animal preparations demonstrating that resistance and conduit 

vessels dilate in response to acute elevations in fluid and plasma/blood viscosity via an 

endothelium shear stress mechanism, independent of alterations in blood flow (de Wit, 

Schafer, von Bismarck, Bolz, & Pohl, 1997; Koller, Sun, & Kaley, 1993; Melkumyants & 

Balashov, 1990; Melkumyants, Balashov, & Khayutin, 1989). This shear stress-mediated 

arterial dilation response leads to a reduction in vascular and blood flow resistance (Baskurt, 

Yalcin, & Meiselman, 2004; Martini, Carpentier, Negrete, Frangos, & Intaglietta, 2005; Tsai 

et al., 2005). Secondly, based on Poiseuille’s law, blood viscosity directly contributes to the 

resistance of flow within blood vessels that display minimal autoregulatory control 

(Gustafsson, Appelgren, & Myrvold, 1980, 1981; Muizelaar, Wei, Kontos, & Becker, 1986; 

Yalcin, Ortiz, Williams, Johnson, & Cabrales, 2015). For instance, Gustafsson et al. (1980, 

1981) demonstrated that a supraphysiological increase in tissue apparent blood viscosity, 

achieved in canine models using infusion of high molecular weight dextran or packed 

erythrocytes, decreased basal skeletal muscle blood flow at a given perfusion pressure in 

pharmacologically-vasodilated hindlimbs. This apparent dichotomy in evidence raises the 

question of whether alterations in blood viscosity are beneficial or detrimental for tissue 

perfusion, at least in models with preserved vascular reactivity.  

Blood is a non-Newtonian fluid with shear-thinning properties – that is, its viscosity 

decreases with increased shear rate, and vice versa (Baskurt & Meiselman, 2003). This 

behaviour of blood is due to the aggregation and deformability of erythrocytes at low and 

high shear rates, respectively (Baskurt & Meiselman, 2003). Previous investigations have 

reported significant heterogeneity in the shear rate within human conduit arteries under basal 
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conditions (Dammers et al., 2003; Jazuli & Pyke, 2011; Wu et al., 2004). For instance, the 

mean shear rate in the common carotid artery is  3.9-fold higher than that in the brachial 

artery (Dammers et al., 2003). It follows that shear rate-specific blood viscosity is lower in 

the common carotid artery compared to brachial artery (Dammers et al., 2003). Our 

proposition is that the shear-thinning behaviour of blood is a fundamental physiological 

response to hyperaemia in the human macrovasculature in vivo. Beyond resting measures 

(Dammers et al., 2003; Jeong & Rosenson, 2013; Kornet, Hoeks, Lambregts, & Reneman, 

2000), however, quantitative values of shear rate-specific blood viscosity and, by extension, 

shear stress within the macrovasculature under physiological conditions of elevated blood 

flow are unknown. This uncertainty arises from the fact that researchers either ignore or 

assess blood viscosity in vitro at a single arbitrary shear rate that is different from that in the 

conduit artery (e.g., see Refs. [Gnasso et al., 2019; Gnasso et al., 2001; Joannides et al., 2002; 

Parkhurst et al., 2012; Slattery, Stuckless, King, & Pyke, 2016; Tremblay, Coombs, et al., 

2019; Tremblay, Hoiland, et al., 2019]). 

A popular human model that elicits an increase in local macrovascular blood flow-associated 

shear rate and dilation is handgrip exercise (Jazuli & Pyke, 2011; Tremblay & Pyke, 2018; 

Wray et al., 2011). Herein, we tested the hypothesis that the increase in shear rate that 

accompanies forearm exercise would cause a decrease in apparent blood viscosity (relative to 

rest), thereby explaining, in part, the reduction in brachial artery resistance – a vessel with 

modest metabolic and myogenic autoregulation (Atkinson et al., 2015). Further, we 

hypothesised that the shear-thinning behaviour of blood would blunt the expected exercise-

induced increase in brachial artery shear stress based on shear rate prediction. To this end, we 

utilised high resolution Duplex ultrasound and serial venous blood samples draining the 

forearm for the assessment of brachial artery shear rate and blood viscosity, respectively. We 

measured blood viscosity in vitro across ten discrete shear rates (75–1500 s
-1

) spanning the 

physiological range documented for the brachial artery under basal and exercise conditions 

(Nyberg, Berg, Helgerud, & Wang, 2017). Subsequently, we modelled the non-Newtonian 

behaviour of blood via a two-phase exponential decay to obtain a direct estimate of the 

viscosity corresponding to the ultrasound-derived brachial artery shear rate to evaluate the 

shear stress response. To interrogate the physiological mechanism explaining the shear-

thinning profile of blood, we assessed brachial artery shear stress-specific erythrocyte 

deformability.    
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Methods 

Ethical approval 

Twelve recreationally active men (age = 27 ± 4 yr, height = 179 ± 5 cm, body mass = 80 ± 10 

kg) volunteered to participate in the present study. All participants were non-smokers, 

normotensive, with no history or signs and symptoms of cardiovascular, respiratory, or 

metabolic disease, and were not taking any medications. After explanation of the 

experimental design and procedures, written and informed consent was obtained from all 

volunteers. The experimental protocols and design were approved by the Griffith University 

Human Research Ethics Committee (approval number: HREC/2018/101) and conformed to 

the principles outlined in the Declaration of Helsinki, except for registration in a database. 

Experimental design  

Participants reported to the laboratory on two separate occasions having abstained from 

strenuous exercise, and the consumption of alcohol and caffeine in the 24 h preceding each 

visit. Both visits entailed the performance of rhythmic forearm exercise using a custom-made, 

pulley handgrip device. Weights attached to the pulley were lifted  5 cm at a duty cycle of 

1.5-s contraction and 1.5-s relaxation (i.e., 20 contractions per min) using an audio 

metronome to ensure correct timing. The exercise tests were performed while supine, with 

the exercising arm maintained at the level of the heart and abducted to  80°. The two visits 

were separated by a minimum of 48 h, but no longer than 1 wk.  

During the first visit, each participant performed a standardised, continuous, rhythmic 

incremental handgrip exercise test to determine their maximal external work rate. The 

incremental handgrip test commenced with a workload corresponding to 1.2 kg. Thereafter, 

the weight was increased by 1 kg every 3 min until volitional fatigue, defined as the point at 

which the participant was unable to complete three full consecutive contractions and/or 

maintain the required contraction timing despite encouragement.  

In the second visit, participants performed rhythmic handgrip exercise at constant workloads 

equal to 20%, 40%, 60% and 80% of maximal work rate (i.e., four exercise stages), following 

a 2-min period of quiet rest (baseline). Each exercise workload was performed for 3.5 min to 
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elicit a physiological “steady-state” in central and peripheral haemodynamics. A passive rest 

period of 30 s was allotted between each exercise stage to minimise premature fatigue. 

Venous blood draining the forearm was sampled serially, and peripheral and central 

haemodynamics were measured continuously during baseline and exercise, as detailed below.  

Our rationale for the use of the handgrip exercise model in the present experiment was two-

fold. Firstly, exercise represents a relevant physiological stimulus to assess the peripheral 

haemodynamic and haemorheological variables of interest in a “dose-response” manner by 

elevating skeletal muscle metabolic demand and oxygen consumption. Secondly, ex vivo 

blood viscosity can be time-aligned with central and peripheral haemodynamics under a 

“steady-state” environment. The latter point is important given that blood viscosity is 

measured in vitro at “steady-state” shear rates in a rotational viscometer. Further, it is known 

that the determinants of blood viscosity – haematocrit, plasma viscosity, and erythrocyte 

aggregation and deformability (Baskurt & Meiselman, 2003) – are sensitive to alterations in 

peripheral and central haemodynamics, such as shear stress and mean arterial pressure 

(Ahmadizad et al., 2011; Connes, Simmonds, Brun, & Baskurt, 2013; Simmonds, Atac, 

Baskurt, Meiselman, & Yalcin, 2014; Simmonds, Connes, & Sabapathy, 2013).  

Peripheral haemodynamics 

Brachial artery diameter and blood velocity were measured using 2-dimensional ultrasound 

(Vivid E9, GE Healthcare, Milwaukee, WI, USA) with a 15-MHz linear array transducer by 

obtaining simultaneous recordings of the longitudinal section B-mode image and a spectral 

Doppler trace of blood velocity. All blood velocity measurements were obtained with a 

Doppler insonation angle of 60°. The sample volume was maximised according to vessel size 

and was centred within the vessel on the basis of real-time duplex ultrasound visualisation. 

Measurements were made on the distal half of the upper arm (proximal to the brachial artery 

bifurcation). Wall- and velocity-tracking software (Cardiovascular Suite UE v. 2.5, Quipu, 

Pisa, Italy) was used to capture the brachial arterial diameter and blood velocity. Specifically, 

a region of interest was placed around the highest quality portion of the B-mode longitudinal 

image of the artery. The software automatically and continuously tracked the walls of the 

vessel and velocity trace within the regions of interest at a frequency of 30 Hz. 
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Central haemodynamics 

Mean arterial blood pressure (MAP) and stroke volume (SV; Modelflow method) were 

measured beat-by-beat by photoplethysmography on the phalanx of the middle finger 

(Finometer; Finapres Medical Systems, Arnhem, The Netherlands) on the non-exercising 

hand positioned at heart level. The finger pulse waveform was calibrated to brachial artery 

blood pressure at rest before the experimental protocol. Heart rate (HR) was recorded using 

the Finometer system by means of a 3-lead electrocardiogram. Central haemodynamic data 

were sampled continuously at 200 Hz (Powerlab 16SP; AD Instruments Inc., Castle Hill, 

NSW, Australia) and stored on a personal computer for offline analyses. 

Venous blood sampling  

On the second visit, a 20-guage, 3-cm cannula was inserted into a prominent antecubital vein 

of the exercising arm for the collection of blood draining the forearm. Note that participants 

were given a 60-min passive rest period following cannula insertion before commencing the 

experimental protocol. At specific time-points,  4 mL of blood was sampled via a syringe 

and immediately transferred into collecting tubes containing ethylenediaminetetraacetic acid 

(EDTA, 1.8 mg∙mL
-1

) and stored at room temperature. The blood collection time-points 

included 30-min into the passive rest period, and in the final 30 s of baseline and each 

exercise workload to align with the acquisition of peripheral and central haemodynamic data 

(see below). The intravenous line was flushed at regular intervals during the experiment with 

saline solution to keep the line patent. Prior to each blood sample collection, a small volume 

of blood was drawn from the cannula and immediately discarded to ensure the line was free 

of saline.   

Blood viscosity 

To model the non-Newtonian, shear-thinning behaviour of blood in the brachial artery, we 

adopted a similar method to that outlined by Buono, Krippes, Kolkhorst, Williams, and 

Cabrales (2016). Specifically, ex vivo native whole blood viscosity (mPa∙s) was assessed for 

each sample in duplicate across ten discrete shear rates using a rotational cone-plate 

viscometer (0.5 DVII+ with CPE40 spindle, Brookfield Engineering Labs, Middleboro, MA) 

with temperature control. The viscometer was calibrated using known mineral oil standards. 

The specific shear rates used in the rotational viscometer were 75, 150, 225, 300, 450, 600, 
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750, 900, 1200 and 1500 s
-1

. The coefficient of variation (CV) for the blood viscosity 

duplicates were <4%; the CV values did not vary according to the specific shear rate. The 

shear rates selected are within the physiological range documented for the brachial artery in 

humans at rest and during rhythmic handgrip exercise, based on pilot testing in our laboratory 

and previous literature using a similar exercise protocol (Nyberg et al., 2017). All blood 

viscosity measurements were performed at a standardised temperature of 37°C with the use 

of circulating heating water bath. Blood viscosity measurements were performed at each 

shear rate for  20-30 s to ensure the attainment of a “steady-state” viscosity value, based on 

visual inspection. The data reported are the average of two replicate measurements. To 

estimate the viscosity of blood corresponding to the ultrasound-derived brachial artery shear 

rate, we “fitted” a two-phase exponential decay curve (Prism GraphPad Software Inc, Release 

8.0, USA) to the blood viscosity versus shear rate data and subsequently interpolated the data. 

This procedure yields a discrete blood viscosity value for each shear rate between 75–1500 

s
−1

. Beyond 1500 s
−1

, the viscosity of blood is assumed to be stable as an asymptotic value 

may be observed (Baskurt & Meiselman, 2003). Figure 1 displays a venous blood viscosity 

versus shear rate curve measured in the rotational viscometer at baseline for a representative 

participant. All blood viscosity measurements were completed within 4 hr of collection, as 

recommended (Baskurt, Boynard, et al., 2009).  

At a given shear rate and temperature, the determinants of whole blood viscosity are 

haematocrit, plasma viscosity, and erythrocyte aggregation and deformability (Baskurt & 

Meiselman, 2003). In the present experiment, we focused our analyses on haematocrit and 

erythrocyte deformability. Unpublished data (n = 8 men) from our laboratory revealed that 

the change in plasma viscosity from resting values in response to low- (40% of maximal 

work rate: 1.40 ± 0.05 vs. 1.41 ± 0.04 mPa∙s) and high-intensity (60% of maximal work rate: 

1.41 ± 0.04 vs. 1.42 ± 0.04 mPa∙s) rhythmic handgrip exercise were virtually identical (P > 

0.05). Further, we expected a negligible contribution from erythrocyte aggregation to the 

shear rate-specific blood viscosity response. This assumption is based on the rationale that the 

mean brachial artery shear rate under basal and hyperaemic conditions exceed the “threshold” 

required for the dispersion of erythrocyte aggregates (>75–100 s
-1

) (Baskurt & Meiselman, 

2003). 
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Haematocrit  

Venous haematocrit – a primary determinant of blood viscosity at a given shear rate (Baskurt 

& Meiselman, 2003) – was measured in duplicate via the microhaematocrit method. In brief, 

two 80-µL aliquots of whole blood were drawn from each EDTA vacutainer into glass 

capillary tubes and subsequently centrifuged at 10,000 g for 5 min. Venous haematocrit was 

estimated by calculating the ratio of packed erythrocytes to the total blood volume in the 

glass capillary tube using a metric ruler to the nearest 0.5 mm. The data reported are the 

average of two replicate measurements. The CV for the replicate haematocrit measurements 

were <1%.   

Erythrocyte deformability 

To mechanistically explain the shear-thinning behaviour of blood that accompanies forearm 

exercise, we assessed erythrocyte deformability using a laser diffraction ektacytometer 

system with temperature control (LORRCA MaxSis, Mechatronics, Hoorn, The Netherlands). 

This device consists of two concentric cylinders; the inner cylinder contains a laser that 

projects through the gap between the cylinders, and an outer cylinder that is rotated at 

discrete speeds to apply shear rate to the erythrocyte suspension; a known viscosity facilitates 

calculating the corresponding shear stresses. Whole blood (7 µL) from an EDTA tube was 

diluted in 700 µL of medium solution (5.5% Polyvinylpyrrolidone, mol weight = 360,000, 

dissolved in 1 mol∙L
−1

 PBS, osmolality = 300 mosmol∙kg
−1

). In the ektacytometer, blood 

samples were subjected to ten discrete shear stresses between 0.3–50 Pa. The specific shear 

stresses used in the ektacytometer were 0.3, 0.53, 0.94, 1.65, 2.91, 5.15, 9.09, 16.04, 28.32 

and 50 Pa. All deformability measurements were performed at a standardised temperature of 

37°C. The laser-diffraction pattern from the suspensions was captured by an integrated digital 

camera. The resultant images were analysed by fitting an ellipse to the diffraction pattern, and 

an erythrocyte elongation index (EI) calculated for the different shear stress applied using the 

following equation: EI = (A – B)/(A+B), where A is the length of the major axis of the ellipse, 

and B is the length of the minor axis of the ellipse. Note that the extent of erythrocyte 

deformability is dependent upon the applied shear stress (Figure 4A). Accordingly, to 

quantify brachial artery shear stress-specific erythrocyte deformability, we “fitted” a non-

linear version of the Lineweaver–Burk equation (Prism GraphPad Software Inc, Release 8.0, 

USA) to the resultant elongation index versus shear stress data and subsequently interpolated 

the data (Baskurt, Hardeman, et al., 2009). Figure 4A displays the erythrocyte elongation 
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index versus shear stress curve measured in the ektacytometer at baseline for a representative 

participant. 

 

Data analysis 

Central (HR, SV and MAP) and peripheral (brachial artery diameter and blood velocity) 

haemodynamic variables were calculated as the average obtained over the final 30 s of 

baseline and each discrete exercise bout. Cardiac output (CO) was calculated as HR × SV. 

With the use of brachial artery diameter (cm) and the time- and intensity-weighted mean 

blood (Doppler) velocity across the cardiac cycle (  mean; cm∙s
-1

), we calculated mean shear 

rate ([8 ×   mean] ÷ diameter) (Parker, Trehearn, & Meendering, 2009) and blood flow [  mean × 

π (vessel diameter ÷ 2)
2
 × 60]. Mean brachial artery shear stress (shear rate × blood viscosity; 

Pa) and forearm vascular conductance (brachial artery blood flow ÷ MAP) were subsequently 

calculated. Previous human experiments have demonstrated that the brachial artery dilates in 

response to the mean shear rate stimulus under elevated and sustained “steady-state” blood 

flow conditions (King, Slattery, & Pyke, 2013; Pyke, Poitras, & Tschakovsky, 2008). The 

magnitude of sustained shear stress-mediated brachial artery dilation was calculated as the 

absolute (mm) and relative (%) change from baseline to the “steady-state” diameter measured 

during the final 30 s of each exercise workload. We determined the slope of the relationship 

between the increase in brachial artery stimulus and diameter for the assessment of 

macrovascular (endothelial) function, as described by Wray et al. (2011). In this analysis, we 

used the ∆ fold-increase in shear rate and shear stress as the “stimulus.” We further calculated 

the haematocrit-to-blood viscosity ratio, an index of erythrocyte oxygen transport 

“effectiveness” (Crowell & Smith, 1967). In this equation, we used the shear rate-specific 

blood viscosity values measured at rest, baseline and each exercise workload.  

Statistical analyses 

The data were assessed for normality using the Shapiro–Wilk test. One-way repeated-

measures ANOVA were used to compare peripheral and central haemodynamic variables and 

haemorheology across each exercise workloads. Post hoc, pairwise comparisons were 

examined using the Bonferroni adjustment. In human cardiovascular research, shear rate is 

often used as a surrogate for shear stress. This assumption prompted us to assess the 
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measurement agreement between the fold-increase in shear rate and shear stress in the 

brachial artery across exercise workloads by evaluating Lin’s concordance correlation 

coefficient (CCC) (Leo, Sabapathy, Simmonds, & Cross, 2017). The CCC indicates the 

degree to which the relationship between variables approximates the line-of-identity (i.e., 

perfect agreement) (Lin, 1989). The CCC was interpreted using the following criterion 

ranges: almost perfect agreement = CCC > 0.99, substantial agreement = 0.95 > CCC < 0.99, 

moderate agreement = 0.90 > CCC < 0.95, and poor agreement = CCC < 0.90 (McBride, 

2005). We used linear regression analyses to compare the slopes for the ∆ increase in brachial 

artery shear rate/shear stress versus diameter relationship. Paired t-tests were used to compare 

the fold-increase in shear rate versus shear stress for each exercise-intensity and the brachial 

artery stimulus versus diameter slopes. To determine the inter-individual variability in resting 

and exercising venous blood viscosity measurements corresponding to the ultrasound-derived 

brachial artery shear rate, we calculated the CV. Data were analysed using Prism (GraphPad 

Software Inc, Release 8.0, USA) and considered significant if P < 0.05. Results are presented 

as means ± SD. 

 

Results 

Handgrip exercise 

The maximal external workload achieved for the incremental handgrip test was 11.0 ± 2.1 kg 

(range: 7.7–14.2 kg). The loads used for the graded handgrip test were 2.2 ± 0.4 kg, 4.4 ± 0.9 

kg, 6.5 ± 1.2 kg and 8.7 ± 1.6 kg, respectively. All participants successfully completed the 

full duration of each exercise-workload, with satisfactory ultrasound images. Venous blood 

samples were obtained from each participant, at all prescribed time-points. 

Central and peripheral haemodynamics 

Baseline and exercising central haemodynamic data are listed in Table 1. The central 

haemodynamic variables, HR, MAP and CO, increased by 14 ± 9 beat∙min
-1

, 23 ± 12 mmHg 

and 1.3 ± 0.6 L∙min
-1

 from baseline to the 80% exercise workload. As expected, brachial 

artery blood flow, vascular conductance, shear rate, and shear stress increased in a stepwise 

manner with graded handgrip exercise (Figure 2); values for all exercise workloads were 

significantly different from baseline (P < 0.05).  
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Shear stress-mediated arterial dilation 

Relative to baseline, brachial artery diameter increased (P < 0.05) by 0.15 ± 0.13 mm (3.6 ± 

3.0%) and 0.29 ± 0.13 mm (7.0 ± 3.1%) for the 60% and 80% exercise workloads, 

respectively (Figure 2D). The shear stresses required to elicit brachial artery dilation were 

3.12 ± 0.73 and 3.68 ± 0.92 Pa for the 60% and 80% exercise stages, respectively. The slopes 

for the brachial artery stimulus-response (i.e., Δ shear stress versus ∆ diameter) for the final 

three exercise stages (40%, 60% and 80%) were 0.196 ± 0.056 mm (Pa) and 4.72 ± 1.39% 

(Pa), respectively. The use of shear rate for the brachial artery stimulus-response relationship 

yielded a lower (P < 0.05) slope than shear stress (0.141 ± 0.057 a.u. vs. 0.161 ± 0.060 a.u.; 

Figure 6A). Similarly, shear stress-derived from a single blood viscosity value measured at 

225 s
-1

 resulted in a lower slope for the brachial artery stimulus-response relationship (0.163 

± 0.050 mm (Pa) vs. 0.196 ± 0.056 mm (Pa); Figure 6B). 

Haemorheology: haematocrit, blood viscosity, and erythrocyte deformability 

Relative to baseline, venous haematocrit increased (P < 0.05) for the 60% and 80%, but not 

the 20% and 40%, exercise-intensities (Figure 3A). The venous blood viscosity values 

corresponding to the ultrasound-derived brachial artery shear rate are presented in Figure 2B. 

Brachial artery shear rates at baseline and during all exercise loads were >75 s
-1

 and <1500 s
-

1
, for each participant. The two-phase exponential decay model adequately described the 

shear-thinning behaviour of blood within the measured range of shear rates (75–1500 s
-1

) for 

all measurement time-points, as evidenced by the excellent “goodness-of-fit” (R
2
 > 0.99). 

Shear rate-specific blood viscosity decreased (P < 0.05) relative to baseline during exercise at 

all intensities. The CV for the venous shear rate-specific blood viscosity at baseline was 

6.1%, and ranged between 6.0% – 9.0% for the exercise workloads. Such inherent variability 

refutes the assumption that shear rate-specific blood viscosity is constant among individuals. 

The blood viscosity versus shear rate curve progressively (P < 0.05) “upshifted” from 

baseline for the final three exercise stages, based on the pooled blood viscosity values for the 

ten measured shear rates (75–1500 s
-1

), by 2.1 ± 1.8%, 3.0 ± 1.2% and 4.4 ± 1.9%, 

respectively. To estimate the role of haemoconcentration on the shear rate-specific blood 

viscosity response to handgrip exercise, we compared the baseline versus serial venous blood 

samples. The baseline venous blood sample underestimated (P < 0.05) shear rate-specific 

blood viscosity for the final three exercise workloads by 0.06 ± 0.09 mPa∙s (40%), 0.08 ± 

0.09 mPa∙s (60%) and 0.14 ± 0.13 mPa∙s (80%). Therefore, it is apparent that the exercise-
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induced rise in haematocrit blunts the expected decrease in shear rate-specific blood 

viscosity. Brachial artery erythrocyte oxygen transport “effectiveness” (haematocrit-to-blood 

viscosity ratio; Figure 3B) increased (P < 0.05) relative to baseline across all exercise-

intensities from 9.8 ± 0.7 to 11.3 ± 0.5 a.u. at the 80% workload. Shear stress-specific 

erythrocyte deformability progressively increased (P < 0.05) relative to baseline for all 

exercise stages (Figure 4B). The “goodness-of-fit” of the non-linear Lineweaver–Burk model 

for the erythrocyte elongation index versus shear stress (0.3–50 Pa) data was excellent (R
2
 > 

0.99) for all measurement time-points. Note that brachial artery shear stress at baseline and 

for all exercise stages were >0.3 Pa and <50 Pa, for each participant.  

Measurement agreement between shear rate and shear stress   

Figure 5A displays the individual data points (n = 48) for the shear rate versus shear stress 

relationship across the four exercise workloads. The degree to which the relationship between 

the fold-increase in shear rate versus shear stress approximated the line-of-identity was poor 

for all exercise workloads, with the exception of the 20% workload. Specifically, the CCC ± 

95% confidence intervals for the 20%, 40%, 60% and 80% exercise workloads were 0.93 ± 

0.15, 0.83 ± 0.28, 0.75 ± 0.34 and 0.83 ± 0.30, respectively. Only the 20% exercise-intensity 

displayed acceptable measurement agreement (CCC ≥0.90) between brachial artery shear rate 

and shear stress. The results of the paired t-tests revealed that the fold-increases in shear rate 

were significantly higher (P < 0.05) than that for shear stress across all exercise-intensities. 

The assessment of shear stress derived from a single blood viscosity value (shear rate: 225 s
-

1
) marginally improved the CCC values: 0.97 ± 0.04 (20%), 0.90 ± 0.16 (40%), 0.84 ± 0.26 

(60%) and 0.85 ± 0.24 (80%) (Figure 5B). We determined whether a single baseline versus 

serial venous blood sampling yields similar quantitative brachial artery shear stress values. 

The baseline venous blood sample underestimated (P < 0.05) brachial artery shear stress for 

the final two exercise workloads by 0.08 ± 0.07 Pa (60%) and 0.15 ± 0.16 Pa (80%). 

 

Discussion 

We present evidence that the shear-thinning behaviour of blood is a fundamental 

physiological response to hyperaemia in the human brachial artery in vivo. Specifically, we 

demonstrate that a graded exercise-induced increase in brachial artery blood flow-associated 
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shear rate led to a decrease in apparent blood viscosity, despite a concomitant rise in 

haematocrit. This lowered shear rate-specific blood viscosity response to exercise 

hyperaemia, secondary to increased shear stress-specific erythrocyte deformability, blunted 

the expected rise in shear stress based on shear rate prediction. Consequently, the use of shear 

stress yielded a higher slope for the brachial artery stimulus versus dilation relationship than 

shear rate. Collectively, our data provide novel insights into the magnitude and regulation of 

macrovascular blood viscosity and shear stress under physiological conditions of elevated 

blood flow and metabolic demand (exercise) in humans.  

Exercise-induced brachial artery shear stress and dilation 

Elevated levels of mean (or antegrade) shear stress in the arterial vasculature, characteristic of 

exercise, is an important haemodynamic signal for the modulation of vessel calibre, gene and 

protein expression of endothelial cells, and the synthesis of the potent vasodilator and 

antiatherogenic molecule, nitric oxide (Green, Hopman, Padilla, Laughlin, & Thijssen, 2017; 

Laughlin, Newcomer, & Bender, 2008; Newcomer, Thijssen, & Green, 2011). However, 

beyond resting measures (Dammers et al., 2003; Jeong & Rosenson, 2013; Kornet et al., 

2000), there are no reports documenting the magnitude of mean shear stress experienced in 

peripheral conduit arteries during dynamic exercise in humans. Such information is of 

physiological significance given that shear stress appears to be the principal stimulus 

mediating the acute (functional) and chronic (structural) conduit artery adaptations in both 

active and non-active limbs in response to exercise training (Birk et al., 2012; Green et al., 

2017; Tinken et al., 2009; Tinken et al., 2010). Importantly, such vascular adaptations elicited 

by episodic increases in arterial shear stress are hypothesised to explain, in part, the 

cardioprotective effects associated with regular aerobic exercise training (Green et al., 2017; 

Joyner & Green, 2009). Herein, we report that mean brachial artery shear rate and shear stress 

increase in a stepwise manner with increasing exercise intensity, reaching peak values of 

 940 s
-1

 and  3.7 Pa (36.8 Dyne∙cm
-2

), respectively (Figure 2). This  4.6-fold increase in 

arterial shear stress associated with exercise hyperaemia represents a potent signal for the 

synthesis of endothelial-derived nitric oxide and subsequent conduit artery dilation in vivo 

(Carter et al., 2013; Casey, Ueda, Wegman-Points, & Pierce, 2017; Park et al., 2019; Wray et 

al., 2011). Of interest, shear rate, but not blood viscosity, explained the increase in brachial 

artery shear stress across all exercise workloads. In fact, blood viscosity (adjusted to the 

ultrasound-derived brachial artery shear rate) decreased relative to baseline across all exercise 
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intensities by  6-11% (Figure 2B), reaching a minimum value of 3.92 mPa∙s, despite a 

concomitant rise in haematocrit at the 60% and 80% workloads (Figure 3A). In other words, 

the exercise-induced increase in shear rate effectively “offset” the modest 

haemoconcentration. Therefore, our data is the first to demonstrate that brachial artery blood 

viscosity is not constant in response to acute elevations in blood flow-associated shear rate in 

humans. The shear-thinning profile of blood reflects dynamic changes in the behaviour and 

mechanical properties of erythrocytes (Baskurt & Meiselman, 2003). Specifically, the 

exceptional ability of erythrocytes to elongate under elevated levels of shear stress, termed 

deformability, facilitates their alignment with the direction of flow in blood vessels, resulting 

in decreased internal resistance to flow and, in turn, blood viscosity (Baskurt & Meiselman, 

2003). We observed a progressive increase in shear stress-specific erythrocyte elongation 

index, a measure of deformability, in the brachial artery across the exercise task (Figure 4B). 

This finding provides a physiological explanation for the reduced shear rate-specific blood 

viscosity response that accompanies progressive forearm exercise. In summary, our 

multiscale approach elucidates the micro- and macro-rheological interactions that determine 

the instantaneous brachial artery shear stress response to active hyperaemia in vivo.  

Despite the shear rate-mediated decrease in blood viscosity, we observed a modest brachial 

artery dilation response to graded forearm exercise (Figure 2D). Therefore, under elevated 

and sustained levels of “steady-state” shear stress, brachial artery dilation can occur 

independent of an increase in blood viscosity per se. This finding reinforces the idea that 

shear stress, the product of shear rate and blood viscosity, is the physiological stimulus 

eliciting arterial dilation in vivo (Koller et al., 1993; Melkumyants & Balashov, 1990; 

Melkumyants et al., 1989). Further, our data raise the intriguing possibility that the blunted 

rise in shear stress of  11%, secondary to the shear-thinning properties of blood, attenuated 

the magnitude of brachial artery dilation at the higher exercise stages in the handgrip model. 

There is evidence from animal models demonstrating that the magnitude of conduit artery 

dilation is attenuated in response to a haemodilution-mediated reduction in blood viscosity 

via an endothelium shear stress mechanism, independent of alterations of blood flow 

(Melkumyants & Balashov, 1990; Melkumyants et al., 1989). However, it is unclear whether 

a similar physiological response is evident in humans (Giannattasio, Piperno, Failla, Vergani, 

& Mancia, 2002; Gnasso et al., 2019; Nagy, Toth, Roth, & Tarjan, 1999; Tremblay, Hoiland, 

et al., 2019). For instance, using the conventional forearm reactive-hyperaemic test, Gnasso 

et al. (2019) demonstrated that brachial artery dilation was preserved following a modest 
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decrease in blood viscosity ( 7.7%), via standard blood donation, in middle-aged healthy 

men. This result may be explained by the higher shear rate stimulus observed during forearm 

reactive hyperaemia, thereby counteracting the reduction in blood viscosity (Gnasso et al., 

2019). Other invasive experimental interventions that acutely manipulate haematocrit – 

polycythaemia and isovolaemic haemodilution – in patient populations with haematology 

disorders have yielded equivocal results with respect to the role of blood viscosity on shear 

stress-mediated brachial and radial artery dilation (Giannattasio et al., 2002; Nagy et al., 

1999; Tremblay, Hoiland, et al., 2019). Given the link between vascular (endothelial) 

function and cardiovascular disease risk (Green, Jones, Thijssen, Cable, & Atkinson, 2011), it 

is clear that further research is warranted in humans to establish the independent and 

interactive roles of blood viscosity and shear rate on shear stress-mediated arterial dilation.  

Shear rate is not a valid surrogate for shear stress: implications for the assessment of 

vascular function 

Despite the absence of empirical evidence, it is common practice for cardiovascular 

researchers to ignore blood viscosity and use shear rate as a surrogate for shear stress. In the 

present experiment, we detected poor measurement agreement between brachial artery shear 

rate and shear stress across the majority of exercise-intensities, as evidenced by the low CCC 

(<0.90; Figure 5A). Further, the fold-increases in shear rate were significantly higher than 

that for shear stress across all exercise-intensities. Collectively, our data indicate that shear 

rate is not a valid surrogate for shear stress in the brachial artery across a wide range of blood 

flow values. The use of a single blood viscosity value acquired at 225 s
-1

, a popular shear rate 

utilised by several laboratories (e.g., see Refs. [Gnasso et al., 2001; Parkhurst et al., 2012; 

Slattery et al., 2016; Tremblay, Hoiland, et al., 2019]), only marginally improved the level of 

accuracy and measurement agreement for the determination of brachial artery shear stress 

across the exercise protocol (Figure 5B). These results clearly highlight the importance of 

acquiring shear rate-specific blood viscosity for the assessment of macrovascular shear 

stress. It is expected that the disagreement between shear rate and shear stress will persist for 

other vascular beds and hyperaemic protocols in the isolated limb, including arterial 

pharmacological infusion, forearm/hand heating, and reactive-hyperaemia (Mullen et al., 

2001). This point raises serious concerns over the validity of inferring shear stress-mediated 

processes, such as arterial dilation, based upon alterations in shear rate in the absence of 

measured blood viscosity. Indeed, our analyses revealed that the use of shear rate (and shear 
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stress-derived from a single blood viscosity value measured at 225 s
-1

) yielded a lower slope 

for the brachial artery stimulus versus dilation relationship than shear stress (Figure 6), a 

measure of macrovascular (endothelial) function (Wray et al., 2011). Therefore, we caution 

the use of shear rate as the physiological “stimulus” to inform the assessment and 

interpretation of macrovascular function, as recommended in the latest guidelines (Thijssen et 

al., 2019).  

Role of blood viscosity on vascular and blood flow resistance 

We demonstrated that the shear-thinning behaviour of blood, secondary to increased shear 

stress-specific deformability of erythrocytes, is a fundamental physiological response to 

exercise hyperaemia in the human macrovasculature in vivo. Based on the physical principles 

of fluid dynamics described by Poiseuille, the local vasodilation and shear rate-mediated 

decrease in blood viscosity that accompanied forearm exercise were expected to reduce in 

vivo vascular and blood flow resistance in the brachial artery  – a vessel that displays modest 

metabolic and myogenic autoregulation (Atkinson et al., 2015). There is a lack of direct in 

vivo evidence partitioning the respective roles of blood viscosity versus blood vessel 

geometry on vascular resistance under conditions of elevated blood flow and metabolic 

demand in the intact circulation. Such a question is inherently difficult to resolve given the 

dual, yet opposing, roles of blood viscosity on vascular resistance. That is, blood viscosity is 

a determinant of shear stress and flow resistance in blood vessels (Salazar Vazquez, Cabrales, 

Tsai, & Intaglietta, 2011). Recently, Yalcin et al. (2015) demonstrated that a graded reduction 

in perfusion pressure, via arterial occlusion, increased microvascular resistance and lowered 

volumetric blood flow and shear rates in rat cremaster muscle arterioles. In that experimental 

model, alterations in blood viscosity, but not arteriole diameter, explained the increase in 

microvascular resistance (Yalcin et al., 2015). Further, Gustafsson et al. (1981) demonstrated 

that the induction of a tissue “hyperviscosity state,” via infusion of high molecular weight 

dextran, decreased skeletal muscle blood flow at a given perfusion pressure in 

pharmacologically-vasodilated and electrically-stimulated hindlimbs. Whether our 

observations of blood viscosity in the “upstream” macrovasculature can be extrapolated to the 

“downstream” microvasculature – the principal site of vascular and blood flow resistance 

(Joyner & Casey, 2015) – is unknown. Given our understanding of the Fåhræus–Lindqvist 

effect (Fåhraeus & Lindqvist, 1931; Whittaker & Winton, 1933), however, rheological 

factors other than haematocrit and bulk viscosity, such as erythrocyte deformability and 
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plasma viscosity, become more important determinants of tissue erythrocyte flux with 

decreasing diameters (Cabrales, 2007; Gustafsson et al., 1981).  

The regulation of blood flow and oxygen transport in the circulatory system is intrinsically 

linked to the concentration and dynamic behaviour of erythrocytes (and blood) (Gonzalez-

Alonso, Mortensen, Dawson, Secher, & Damsgaard, 2006; Gustafsson et al., 1980). Herein, 

we demonstrate that the brachial artery haematocrit-to-blood viscosity ratio, an index of 

erythrocyte oxygen transport “effectiveness,” increased with respect to baseline for all 

exercise-intensities (Figure 3B). Conceptually, the haematocrit-to-blood viscosity ratio is 

based on the rationale that an increase in circulating erythrocytes is beneficial for arterial 

oxygen carrying capacity, but negatively increases blood viscosity (at a given shear rate) and, 

in turn, vascular and blood flow resistance (Poiseuille’s law) (Crowell & Smith, 1967). The 

haemoconcentration that accompanies an acute bout of cycling exercise, secondary to fluid 

shifts, has been observed to directly explain the hyperviscosity of blood (Simmonds et al., 

2013), while also increasing arterial oxygen content (i.e., haemoglobin concentration) 

(Ahmadizad et al., 2011). Note that in vivo, however, the haematocrit-blood viscosity 

interaction is far more complex given that tissue oxygen delivery, not blood flow, is the 

regulated variable in the circulatory system (Gonzalez-Alonso et al., 2006; Lindenfeld, Weil, 

Travis, & Horwitz, 2005). Indeed, using the chronically instrumented dog model, Lindenfeld 

et al. (2005) demonstrated that the polycythaemia-mediated reduction in cardiac output and 

increased systemic vascular resistance under exercise conditions were mechanistically linked 

to the regulation and maintenance of systemic oxygen delivery, rather than blood viscosity 

per se.  

Experimental considerations 

Blood sampling 

We collected blood from venous, rather than arterial, access sites in the antecubital region of 

the exercising limb for the purpose of haemorheological assessments. The majority of 

research supports that blood viscosity and its determinants at high shear rates (>100 s
-1

) – 

haematocrit, plasma viscosity, and erythrocyte deformability (Baskurt & Meiselman, 2003) – 

are analogous in the arterial and venous circulations, at least under basal conditions in healthy 

adults (Forconi et al., 1979; Gonzalez-Alonso, Olsen, & Saltin, 2002; Mokken, van der 

Waart, Henny, Goedhart, & Gelb, 1996; Simmonds, Baskurt, Meiselman, & Marshall-
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Gradisnik, 2011; Son et al., 2010). Further, haematocrit is similar in the femoral artery and 

femoral vein in response to graded single-leg knee extension exercise (Gonzalez-Alonso et 

al., 2002). Beyond haematocrit, however, there is a significant gap in the literature addressing 

the role of exercise on haemorheological parameters at the local arterial vs. venous level. 

Given the short arteriovenous transit times for erythrocyte flux in the arm, it is conceivable 

that brachial artery erythrocyte deformability – the physiological mechanism explaining the 

shear-thinning behaviour of blood in the present experiment – is equally unaltered in 

response to handgrip exercise. Indeed, we failed to detect any alterations in venous cellular 

deformability, at a given shear stress (0.3–50 Pa), across the graded exercise task. In light of 

prior work and our current observations, we are confident that the exercise-induced 

alterations in venous haemorheology sampled from the antecubital region of the arm are 

reflective of that in the brachial artery.  

Blood temperature 

We measured blood viscosity and erythrocyte deformability at a standardised temperature of 

37°C. It is known that both haemorheological variables, including plasma viscosity, are 

sensitive to elevations in blood temperature (Buono et al., 2016; Cinar, Senyol, & Duman, 

2001). It is stressed that an increase in forearm blood temperature (if present) would not alter 

the direction of the fundamental physiological response, but rather amplify the decrease in 

shear rate-specific blood viscosity across the exercise protocol (Buono et al., 2016). Given 

the small volume of muscle mass (<1 kg) recruited in the handgrip model (Joyner & Casey, 

2015), we expected a negligible increase in blood temperature in the exercising forearm. This 

assumption is supported by the unchanged or minor increase in subclavian venous blood 

temperature in response to incremental arm ergometry exercise (Gonzalez-Alonso et al., 

2015).  

Blood viscosity in close proximity to the brachial artery wall 

We acknowledge that the in vitro assessment and subsequent use of viscosity in the 

calculation of brachial artery shear stress assumes that in vivo blood viscosity is homogenous 

across the vessel lumen. Experimental data from animal models have demonstrated that blood 

flow in vivo is associated with the presence of an erythrocyte-poor layer near the arterial wall 

(Kim, Kong, Popel, Intaglietta, & Johnson, 2007), secondary to migration of erythrocytes to 

the centre of the vessel (i.e., axial migration) (Cokelet & Goldsmith, 1991). This 
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physiological phenomenon may lower the apparent viscosity of fluid near the endothelial wall 

and, in turn, shear stress-induced mechanotransduction. However, given that the thickness of 

the erythrocyte-poor layer is microns (Kim et al., 2007; Yalcin et al., 2015), we contend that 

the force tangential to the fluid column is largely determined by the bulk fluid viscosity.  

Ultrasound-derived brachial artery shear rate  

We calculated mean brachial artery shear rate via Poiseuille’s law, an equation that appears to 

violate several inherent assumptions of blood flow in vivo (Parker et al., 2009; Secomb, 2016; 

Stoner & Sabatier, 2012), including that: (i) blood vessels are rigid, straight and cylindrical; 

(ii) the flow and velocity profile of blood is steady, laminar and parabolic; and (iii) blood 

behaves in similar fashion to a Newtonian fluid. Although the use of Poiseuille’s law may 

lead to minor errors in the estimation of in vivo brachial artery shear rate (Aizawa et al., 

2018), it does not detract from the primary conclusion that an exercise-induced increase in 

blood flow-associated shear rate led to a decrease in macrovascular blood viscosity.  

Experimental population and model 

We recruited a homogenous group of young and apparently healthy men. Future research is 

required to establish the role of gender, age, and disease on the shear rate-specific blood 

viscosity and shear stress responses to exercise or other hyperaemic protocols (e.g., reactive-

hyperaemia, inter-arterial pharmacological infusion and local tissue heating). Further, our 

haemorheology and haemodynamic data are isolated to the brachial artery; given the 

fundamental role of shear stress in modulating the phenotype of endothelial cells and vascular 

health (Green et al., 2017; Laughlin et al., 2008; Newcomer et al., 2011), it will be interesting 

to explore the shear rate-specific blood viscosity responses in other arterial conduit vessels. 

 

Conclusions 

In summary, our data provide new insights on the magnitude and regulation of blood 

viscosity and shear stress in the brachial artery under physiological conditions of elevated 

metabolic demand and blood flow elicited by graded forearm exercise. Specifically, we report 

that the exercise-induced increase in brachial artery shear rate caused a decrease in apparent 

blood viscosity, despite a rise in haematocrit and local vasodilation. This shear-thinning 
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response of blood, secondary to increased shear stress-specific erythrocyte deformability, 

blunted the expected rise in brachial artery shear stress based on shear rate prediction. 

Collectively, our findings have significant implications for the assessment and interpretation 

of shear stress-mediated processes, such as arterial dilation, in humans.   
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Figure Legends 

Figure 1. A venous blood viscosity versus shear rate (75–1500 s
-1

) curve obtained from the 

rotational viscometer at baseline for a representative participant with a haematocrit of 45.2%. 

The circles denote measured data at the ten shear rates in the rotational viscometer. The 

intersection of the dashed lines represents the blood viscosity (4.52 mPa∙s) corresponding to 

the ultrasound-derived brachial artery shear rate (161 s
-1

), based on the two-phase exponential 

decay model (solid line). In this example, the mean brachial artery shear stress corresponded 

to 0.73 Pa. R
2
, coefficient of determination. 
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Figure 2. Brachial artery haemodynamic variables and blood viscosity at baseline and in 

response to rhythmic forearm exercise. Panels: A) shear rate; B) blood viscosity 

corresponding to ultrasound-derived brachial artery shear rate; C) shear stress; D) arterial 

diameter; E) blood flow; and F) vascular conductance. Data are presented as means ± SD. * 

Significantly different from baseline (P < 0.05).  
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Figure 3. Venous haematocrit (Panel A) and the brachial artery haematocrit-to-blood 

viscosity ratio (HVR; Panel B) at baseline and across the exercise protocol. Data are 

presented as means ± SD. * Significantly different from baseline (P < 0.05).  
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Figure 4. Panel A) Erythrocyte elongation index versus shear stress (0.3–50 Pa) curve 

obtained from ektacytometry at baseline for a representative participant. The circles denote 

measured data at ten shear stresses in the ektacytometer. The intersection of the dashed lines 

represents the elongation index (0.15 a.u.), a measure of erythrocyte deformability, 

corresponding to brachial artery shear stress (0.76 Pa), based on the non-linear Lineweaver–

Burk equation (solid line). R
2
, coefficient of determination. Panel B) Brachial artery shear 

stress-specific erythrocyte elongation index at baseline and across the handgrip exercise 

protocol (n = 10). Data are presented as means ± SD. * Significantly different from baseline 

(P < 0.05). 
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Figure 5. Individual data points (n = 48) for the relationship between brachial artery shear 

stress and its estimation from two popular methods across the four exercise workloads: (i) 

shear rate (Panel A); and (ii) a single blood viscosity (225 s
-1

; Panel B). Note that the level of 

disagreement is more pronounced at the higher blood flow values. The dashed lines denote 

the line-of-identity. CCC, concordance correlation coefficient.  

 

Figure 6. Mean slopes for brachial artery stimulus versus diameter relationship for the final 

three stages (40%, 60% and 80% of maximum) of handgrip exercise. Panel A) Brachial artery 

shear stress versus shear rate. Panel B) Brachial artery shear stress derived from shear rate-

specific blood viscosity versus a single blood viscosity value (225 s
-1

). Data are presented as 

means ± SD. * Significantly different (P < 0.05).  
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Table 1. Central haemodynamic variables at baseline and in response to graded rhythmic 

handgrip exercise.  

   Exercise Intensity 

 -30 min 

(Rest) 

Baseline 20% 40% 60% 80% 

Heart rate, 

beat∙min
-1

 

58 ± 7 57 ± 7 59 ± 9 62 ± 9 65 ± 10* 71 ± 13* 

Mean arterial 

pressure, 

mmHg 

94 ± 5 96 ± 5 100 ± 7* 102 ± 7* 107 ± 11* 120 ± 16* 

Cardiac output, 

L∙min
-1

 

6.1 ± 1.1 6.0 ± 1.0 6.2 ± 1.0 6.5 ± 1.1 6.9 ± 1.2* 7.3 ± 1.0* 

Values are reported as means ± SD. * Significantly different from baseline (P < 0.05).  
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