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Abstract
Purpose Leg cycling exercise acutely augments radial artery low-flow mediated constriction (L-FMC). Herein, we sought 
to determine whether this is associated with exercise-induced changes in arterial shear rate (SR).
Methods Ten healthy and recreationally active young men (23 ± 2 years) participated in 30 min of incremental leg cycling 
exercise (50, 100, 150 Watts). Trials were repeated with (Exercise + WC) and without (Exercise) the use of a wrist cuff 
(75 mmHg) placed distal to the radial artery to increase local retrograde SR while reducing mean and anterograde SR. Radial 
artery characteristics were measured throughout the trial, and L-FMC and flow mediated dilatation (FMD) were assessed 
before and acutely (~ 10 min) after leg cycling.
Results Exercise increased radial artery mean and anterograde SR, along with radial artery diameter, velocity, blood flow and 
conductance (P < 0.05). Exercise + WC attenuated the exercise-induced increase in mean and anterograde SR (P > 0.05) but 
also increased retrograde SR (P < 0.05). In addition, increases in radial artery blood flow and diameter were reduced during 
Exercise + WC (Exercise + WC vs. Exercise, P < 0.05). After Exercise, L-FMC was augmented (− 4.4 ± 1.4 vs. − 13.1 ± 1.6%, 
P < 0.05), compared to no change in L-FMC after Exercise + WC (− 5.2 ± 2.0 vs. − 3.0 ± 1.6%, P > 0.05). In contrast, no 
change in FMD was observed in either Exercise or Exercise + WC trials (P > 0.05).
Conclusions These findings indicate that increases in L-FMC following exercise are abolished by the prevention of increases 
radial artery diameter, mean and anterograde SR, and by elevation of retrograde SR, during exercise in young men.

Keywords Low-flow mediated constriction · Leg cycling · Shear rate · Vascular function

Abbreviations
BP  Blood pressure
ECG  Electrocardiograph
FMD  Flow mediated dilatation
HR  Heart rate
L-FMC  Low-flow mediated constriction

MAP  Mean arterial pressure
NO  Nitric oxide
SR  Shear rate
SRAUC   Shear rate area under the curve
TVR  Total vessel reactivity

Introduction

The endothelium plays an essential role in maintaining 
vascular homeostasis (Birk et al. 2012; Green et al. 2017), 
while endothelial dysfunction is an early manifestation of 
atherosclerotic disease, arterial atheroma as well as other 
major cardiovascular diseases (Hambrecht et al. 2003; Watts 
et al. 2004). Flow mediated dilatation (FMD) is a non-inva-
sive method widely used to assess endothelial function as 
it evokes an endothelial-dependent vasodilatory response 
to acute hyperemia (i.e., increased shear stress; mechanical 
interaction between the red blood cells and the blood ves-
sel wall) in a conduit artery (e.g., brachial, femoral, radial) 
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(Corretti et al. 2002). In contrast to FMD, acute reductions 
in conduit artery blood flow (e.g., decreased shear stress) 
induced by a period of distal ischemia, evokes a low-flow 
mediated constriction (L-FMC) (Gori et al. 2008; Hum-
phreys et al. 2014). Like FMD, L-FMC is impaired in indi-
viduals with cardiovascular disease risk factors and is sug-
gested to provide information that is complimentary to that 
provided by FMD (Gori et al. 2008, 2012). However, while 
the influence of acute environmental (e.g., heat, hypoxia) 
and physiological (e.g., exercise, mental stress) stimuli on 
FMD has been widely studied (Dawson et al. 2012; Vianna 
et al. 2014; Tremblay et al. 2019; Crandall and Wilson 
2011), limited work has investigated how such interventions 
effect L-FMC and the underlying mechanisms (Alali et al. 
2020).

Exercise training improves cardiovascular outcomes and 
more specifically enhances endothelial function (Watts et al. 
2004; Fletcher et al. 2013). Such beneficial effects on the 
endothelium may be a result of exercise-induced increases 
in anterograde shear stress (Laughlin et al. 2008; Tinken 
et al. 2010; Birk et al. 2013). We have previously observed 
that L-FMC is enhanced immediately (~ 10 min) following a 
bout of acute dynamic exercise (Elliott et al. 2018), but it is 
not known whether this is attributable to an acute enhance-
ment of endothelial function, secondary to changes in the 
pattern of shear stress (Dawson et al. 2012). Although we 
have previously observed that whole-body heating elevated 
radial artery shear rate, diameter, and blood flow but did 
not significantly change L-FMC (Alali et al. 2020). Notably, 
dynamic exercise with a large muscle mass acutely decreases 
the conduit artery FMD response for ~ 1 h, although this is 
not universally observed (Dawson et al. 2013; Elliott et al. 
2018). This post-exercise attenuation of the FMD response 
may be a consequence of increased sympathetic vasocon-
strictor tone (Atkinson et al. 2015; Thijssen et al. 2014; 
Padilla et al. 2010). Thus it is possible that enhanced L-FMC 
immediately (~ 10 min) following a bout of acute dynamic 
exercise (Elliott et al. 2018) is attributable to an increased 
sympathetic vasoconstrictor tone, rather than a change in the 
pattern of local blood flow.

Given this background, the aim of this investigation was 
to determine whether acute exercise-induced increases in 
L-FMC in young healthy individuals occurs because of a 
change in the pattern of blood flow that upregulates endothe-
lial function. To achieve this, the influence of a bout of 
dynamic leg cycling exercise on radial artery blood flow pat-
tern, FMD and L-FMC was investigated. Exercise trials were 
performed both with and without the experimental induc-
tion of a reduced mean SR and increase in retrograde SR in 
the radial artery by inflating a pneumatic cuff to 75 mmHg 
placed distal to the site of investigation (Carter et al. 2013; 
Thijssen et al. 2014, 2009). We hypothesized that wrist cuff 
inflation to reduce mean SR and augment retrograde SR 

during leg cycling exercise would attenuate radial artery 
L-FMC in young men. Investigations were focused on the 
post-exercise period because of its association with cardio-
vascular risk (e.g., coronary vasospasm/ischemia, cardiac 
arrhythmias) (Goodman et al. 2016; Akutsu et al. 2002; 
Albert et al. 2000).

Methods

Ethical approval

All study procedures were approved by the University of 
Birmingham, Science Technology Engineering and Math-
ematics Ethical Review Committee (approval number; 
ERN_18-0523). Written informed consent was obtained 
from all participants and studies conformed to the most 
recent revision of the Declaration of Helsinki, apart from 
registration in a database.

Participant characteristics

Eleven healthy young men (age 23 ± 2  years; height: 
175.5 ± 2.4 cm; weight; 71 ± 3 kg) were recruited to under-
take three separate experimental trials. The following 
inclusion criteria, as assessed by pre-participation general 
health and physical activity questionnaires, were used for 
the participants: (1) normotensive (e.g., resting blood pres-
sure < 140/90) and free from pulmonary, cardiovascular and 
metabolic disease; (2) engaging in regular exercise training 
(≥ 3 days per week) and no physical limitations; (3) non-
smokers and medication free. Prior to experimental trials 
participants were requested to abide to the following guid-
ance: no food or beverages ≥ 6 h, no alcohol or caffeine 
for ≥ 12 h, no polyphenol rich food/beverages for ≥ 18 h, 
no vigorous exercise for ≥ 48 h and no vitamin supplements 
for ≥ 72 h. Ten participants completed the experiment, and 
one participant withdrew from the study after the first trial 
for personal reasons.

Experimental measures

Heart rate (HR) was assessed using a standard lead II surface 
electrocardiogram, and an automated sphygmomanometer 
was used to obtain systolic and diastolic blood pressure (BP) 
from the left brachial artery (Tango + , SunTech Medical 
Instruments, Raleigh, NC, USA). The right forearm was 
supported at heart level, while radial artery diameter and 
blood velocity were obtained using duplex Doppler ultra-
sound (Terason uSmart 3300, Teratech Corporation, Burl-
ington, MA, USA). More specifically, the radial artery was 
imaged using a 4–15 MHz multi-frequency linear-array 
probe (Terason uSmart 15L4) that was held stable using 
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and an adjustable holder and positioned 10–15 cm distal 
to the medial epicondyle. B-mode imaging and pulse-wave 
mode were used to gather radial artery diameter and peak 
blood velocity, respectively. Measurements were taken in 
line with recent technical recommendations (Thijssen et al. 
2019). Automated edge detection and wall tracking algo-
rithms software was used to record and save radial artery 
images (Cardiovascular Suite Version 3.4.1, FMD Studio, 
Pisa, Italy).

Experimental protocol

Participants attended the laboratory on four separate occa-
sions: one familiarisation session and three experimental 
trials. At the familiarisation session the equipment and the 
experimental procedures were demonstrated. Each experi-
mental trial was carried out on a separate day with all three 
trials occurring within 14 days. All experimental trials were 
performed at the same time of day to avoid the potential 
confounding influences of diurnal variations in the meas-
ured variables (e.g., endothelial function) (Facer-Childs 
et al. 2019). Trials were conducted in temperature-controlled 
laboratory that was maintained at 23 °C. At each experimen-
tal session radial artery function (e.g., L-FMC and FMD) 
was assessed twice, both before and after either (1) 30 min 
of leg cycling exercise intervention (Exercise), (2) 30 min of 
leg cycling exercise intervention while a cuff placed around 
the right wrist was inflated to 75 mmHg to modify the blood 
flow and SR patterns of right radial artery (Exercise + WC), 
or (3) 30 min of quiet rest (Time Control). The order of the 
trials was randomised by the simple allocation concealment 
technique.

Each experimental trial commenced with the participants 
being seated on a repurposed car seat that was attached to 
a sturdy frame on which a cycle ergometer (Angio, Lode, 
Amsterdam, the Netherlands) was also mounted, and being 
instrumented for the measurement of HR, BP and radial 
artery hemodynamics. Participants remained in this upright 
seated position for the duration of each experimental trial. 
An inflatable cuff was placed around the right wrist and 
used for both the blood flow occlusion phase of the L-FMC 
and FMD assessment and to manipulate blood flow pattern 
during the Exercise + WC trial. Participants then rested 
for 20 min after which baseline measures of HR, BP and 
radial artery variables were obtained. Radial artery func-
tion (L-FMC, FMD) was then assessed. This consisted of 
baseline (1 min), wrist cuff inflation to ≥ 220 mmHg (5 min), 
and recovery/cuff deflation (3 min) periods. Following this, 
for the Exercise and Exercise + WC trial, participants then 
undertook a 30 min bout of leg cycling on a semi-recumbent 
cycle ergometer. The workload was initially set at 50 W and 
thereafter increased by 50 W every 10 min (50 W, 100 W 
and 150 W), during which cycling cadence was maintained 

at 60 rpm. Following this, participants recovered for 10 min 
and radial artery function was reassessed. During the Exer-
cise + WC trial, the wrist cuff was inflated to 75 mmHg 
immediately following baseline and remained inflated 
throughout trial. In Time Control trial, the leg cycling was 
replaced with a quiet seated rest period and radial artery 
function assessed pre- and post-intervention as for Exercise 
and Exercise + WC.

Data analysis

Mean arterial pressure (MAP) was calculated as: dias-
tolic BP (mmHg) + [0.33 + (HR × 0.0012)] × [systolic BP 
(mmHg) − diastolic BP (mmHg)] (Razminia et al. 2004). 
Blood flow (ml/min) was calculated from radial artery diam-
eter and mean blood velocity as: mean blood velocity (cm/s) 
× π × radius (cm)2 × 60. Vascular conductance was calcu-
lated as radial arterial blood flow (ml/min) divided by MAP 
(mmHg). Arterial wall shear rate (SR,  s−1) was estimated, 
without consideration of the blood viscosity, as: 4 × mean 
blood velocity (cm/s) divided by diameter (cm). Anterograde 
and retrograde SR were calculated using positive and nega-
tive blood velocities, respectively.

Steady-state measurements of HR, BP and radial artery 
variables were recorded at baseline and every 5 min through-
out the Exercise, Exercise + WC and Time Control trials. 
At each 5 min time point, the radial artery was assessed for 
60 s and the highest quality continuous 20 s section then 
analyzed. L-FMC was calculated as the change from aver-
age baseline (1 min) diameter to the average diameter of 
the last 30 s of cuff occlusion period (Gori et al. 2008). 
FMD was determined from the change in baseline diam-
eter to the maximal diameter observed in the post-occlusion 
period (Gori et al. 2008). Responses of L-FMC and FMD 
are presented as relative (%) and absolute (mm). Total ves-
sel reactivity (TVR, %) was calculated using the following 
equation (Alali et al. 2020):

The shear rate area under the curve  (SRauc) and time to 
peak diameter was calculated from cuff release up to the 
point of maximum artery dilation. A simple ratio normali-
zation of L-FMC against change in mean SR (difference 
between baseline SR and SR during L-FMC measurement 
period; L-FMC-to-∆mean SR ratio, au) and ratio of FMD 
against  SRauc (FMD-to-SRauc ratio, au) were calculated to 
evaluate role of shear stress in mediating constriction and 
dilation (Padilla et al. 2008; Alali et al. 2020).

Recent guidelines suggest taking into consideration 
whether allometric scaling is required when analyzing FMD 
(Atkinson et al. 2013). Need for accurate scaling can be 

FMD diameter (mm) − LFMC diameter(mm)

Baseline average diameter (mm)
× 100
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determined by obtaining the slope and the upper 95% confi-
dence intervals (CI) of the relationship between natural log-
transformed baseline and nadir/peak diameters (not to equal 
and less than a value of 1). Allometric scaling for baseline 
diameters was not conducted in current study as the slope of 
the relationship between log-transformed baseline and nadir/
peak diameters were not significantly different from 1 (all 
slopes 0.93–0.79 and all upper 95% CI 1.81–0.98).

The percentage of age-predicted maximal heart rate 
 (HRmax) reached during each exercise workload (50, 100, 
150 W) was calculated as; heart rate/HRmax × 100, where 
 HRmax was calculated as 208–0.7 × age (Tanaka et al. 2001).

Statistical analysis

Two-way repeated measures ANOVA were used to locate 
differences in hemodynamic responses, radial artery char-
acteristics and blood flow with respect to time (baseline, 5, 
10, 15, 20, 25, and 30 min), trial (Exercise, Exercise + WC, 
Time Control) and their interaction (time × trial). Two-way 
repeated measures ANOVA were also used to examine the 
main effects of time (Pre vs. Post), trial (Exercise, Exer-
cise + WC, Time Control) and their interaction (time × trial), 
for radial artery characteristics and functional responses 
(e.g., L-FMC and FMD). Analysis of covariance ANCOVA 
was used to investigate the FMD response for the corrected 
shear rate stimulus  (SRAUC -corrected-FMD%), using  SRAUC  
as a covariate (Thijssen et al. 2019). Significant main effects 
and interactions were investigated post hoc using Tukey’s 
tests. The level of significance for all tests at P < 0.05 was 

recognized as being statistically significant. All data are 
presented as mean (SD) unless stated otherwise. Repeated 
measures statistical analyses were performed using Graph-
Pad Prism 8 (GraphPad Software, San Diego, CA) and 
ANCOVA analysis was performed with SPSS v. 21 (SPSS, 
Chicago, IL).

Results

HR and BP

HR, systolic BP and MAP increased progressively (all, 
P < 0.05) and to a similar extent (all P < 0.05) from base-
line in both the Exercise and Exercise + WC trials but 
were unchanged (P > 0.99) during the Time Control trial 
(Fig. 1). Diastolic BP did not differ from baseline in any 
trial (P ≥ 0.26). The 50-, 100- and 150 Watt workloads cor-
responded to 56 ± 8, 66 ± 9 and 81 ± 11%HRmax for Exer-
cise trial and 54 ± 8, 65 ± 10 and 81 ± 10%HRmax for Exer-
cise + WC trial, respectively.

Radial artery characteristics

Baseline mean, anterograde and retrograde SR did not differ 
between trials (Fig. 2). Mean and anterograde SR progres-
sively increased during Exercise (P < 0.05). In contrast dur-
ing Exercise + WC, mean SR initially decreased (P < 0.05, 
baseline vs 5 min) before returning to baseline (P ≥ 0.90, 
baseline vs. 25 and 30 min), and anterograde SR slightly 

Fig. 1  Cardiovascular responses 
heart rate (HR), systolic blood 
pressure (systolic BP), diastolic 
blood pressure (Diastolic BP) 
and mean arterial pressure 
(MAP) responses to leg cycling 
exercise (Exercise), leg cycling 
exercise with wrist cuff (Exer-
cise + WC) and Time Control 
trials. Values are mean ± SE. 
*P < 0.05 vs. baseline (BL); 
†P < 0.05 vs. Exercise + WC; 
‡P < 0.05 vs. Time Control
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increased (P < 0.05 vs. Time Control at 30 min). During 
Exercise, retrograde SR transiently increased (P < 0.05, 
baseline vs. 5 min) before returning to baseline (P ≥ 0.45, 
baseline vs. 10 min onwards), whereas during Exercise + WC 
retrograde SR was markedly increased (P < 0.01, baseline vs. 
5 min onwards). In the Time Control trial, mean, anterograde 

and retrograde SR were unchanged (all, P ≥ 0.63) from 
baseline.

Radial artery diameter, blood flow, velocity and vascular 
conductance were not different between all trials at base-
line (all P ≥ 0.41, Fig. 3). During Exercise, radial artery 
diameter, blood flow, velocity and vascular conductance all 
progressively increased (all, P < 0.05 vs. Time Control at 
25 and 30 min). In contrast, diameter, blood flow, velocity, 
and vascular conductance were not significantly different 
from baseline during Exercise + WC and Time Control (all 
P ≥ 0.06).

Radial artery function responses

Radial artery characteristics before and after the Time 
Control, Exercise and Exercise + WC trials are presented 
in (Table 1). FMD, L-FMC and TVR % responses were 
not different between trials at baseline (P ≥ 0.53, Fig. 4). 
The L-FMC % response increased significantly follow-
ing Exercise (P < 0.05 vs Pre; P < 0.05 vs Exercise + WC; 
P < 0.05 vs Time Control). The time x Trial interaction for 
FMD (P = 0.074) and TVR (P = 0.053) failed to reach the 
threshold for statistical significance, however tendencies for 
a reduction in FMD and an increase in TVR was noted fol-
lowing the Exercise trial.

Discussion

The primary objective of the present study was to deter-
mine whether augmented radial artery L-FMC following 
acute dynamic leg exercise is attributable to a change in 
local SR. Accordingly, the application of a cuff placed distal 
to radial artery (Exercise + WC) and inflated to 75 mmHg 
during leg cycling exercise was observed to attenuate exer-
cise-induced increases in radial artery diameter, mean and 
anterograde SR, while significantly augmenting retrograde 
SR. In accordance with our hypothesis, this change in local 
SR prevented the exercise-induced increase in radial artery 
L-FMC in young men.

We have previously observed that leg cycling exercise 
acutely augments L-FMC in healthy adults (Elliott et al. 
2018). The endothelium is one of the proposed mechanisms 
responsible for this L-FMC response to exercise (Dawson 
et al. 2012). Although, L-FMC is reportedly not altered by 
infusing NO synthase inhibitor (Gori et al. 2008), the inhi-
bition of other endothelial derived vasodilatory substances 
(e.g., prostaglandins and endothelial-derived hyperpolar-
izing factors) does attenuate L-FMC, suggesting that it 
is partly endothelium mediated (Gori et al. 2008). Addi-
tional support for an endothelial contribution to radial 
artery L-FMC is provided by the observation that it is 
blunted by endothelial denudation induced by the radial 

Fig. 2  Radial artery blood flow pattern mean, anterograde and retro-
grade shear rate during leg cycling exercise (Exercise), leg cycling 
exercise with wrist cuff (Exercise + WC) and Time Control trials. 
Values are the mean ± SE. *P < 0.05 vs. baseline (BL); †P < 0.05 vs. 
Exercise + WC; ‡P < 0.05 vs. Time Control
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artery catheterization procedure (Dawson et al. 2012). As 
observed by Elliot et al. (2018), and several others prior to 
this (Birk et al. 2012; Tinken et al. 2010), leg cycling exer-
cise increases arm blood flow and anterograde SR, which is 
known to upregulate the release of endothelium-derived vas-
odilatory substances. This may explain the acutely increased 
radial L-FMC in the immediate post-exercise period (Elliott 
et al. 2018). Interestingly, acute whole-body heat stress was 
also observed to increase radial artery diameter, blood flow 
and anterograde SR during, however, no significant change 
in L-FMC was noted (Alali et al. 2020). However, there are 
important differences in the hemodynamic, thermoregula-
tory, and cellular signalling responses to acute exercise and 
whole-body heating (Cullen et al. 2020) that may explain the 
divergent L-FMC results.

To determine the endothelial contribution to the aug-
mented post-exercise L-FMC response, we examined the 
effect of radial artery SR manipulation during leg cycling 
exercise. As expected, the application of a cuff inflated to 
75 mmHg and placed distal to the radial artery prevented 
normal increases in mean and anterograde SR, whereas ret-
rograde SR was observed to be markedly augmented. This 
is a well-recognized approach to modify local SR patterns 
during experimental manipulations (Thijssen et al. 2009; 
Johnson et al. 2012; Tinken et al. 2009). In vivo and in vitro 
studies of endothelial function have shown that this type of 
oscillatory shear stress, characterized by a high level of ret-
rograde SR, causes endothelial dysfunction (e.g., increases 
proatherogenic genes, decreases FMD response) (Thijs-
sen et al. 2009; Ziegler et al. 1998). At a cellular level, an 
increase in retrograde SR markedly reduces endothelial NO 

synthase (Ziegler et al. 1998). Given this, the reduction in 
L-FMC caused by Exercise + WC might be explained by 
a reduction in endothelial function due to the attenuated 
anterograde and mean SR, and/or the increased retrograde 
SR. However, other factors, including secondary changes in 
the prevailing arterial diameter, should also be considered.

Notably in the Exercise trial, the post-Exercise radial 
artery diameter significantly increased from pre-Exer-
cise (pre 2.61 ± 0.18  mm vs. post: 2.80 ± 0.25  mm), 
while the reduction in shear rate during L-FMC assess-
ment was augmented (pre ∆185.32 ± 98.82   s−1 vs. post 
∆265.61 ± 113.32  s−1). Conversely, in the Exercise + WC 
trial radial artery diameter did not change pre—to—post 
exercise and in fact the change in mean shear rate was much 
lower post-exercise (∆43.53 ± 24.75  s−1) as compared to pre 
(∆136.01 ± 112.80  s−1). As such, the L-FMC-to-Δ mean 
SR ratio was not different among trials. This indicates that 
differences in the prevailing radial artery diameter at the 
time of L-FMC and the change in shear rate caused by the 
occlusion cuff inflation used in the assessment of L-FMC 
may also be important contributing factors to the responses 
observed.

The beneficial effects of exercise on FMD appear to 
be mediated by the associated periodic increases in con-
duit artery blood flow (Watts et al. 2004; Fletcher et al. 
2013) and more specifically the increase in anterograde 
SR that is known to upregulate endothelial NO synthase 
expression (Laughlin et al. 2008). Several studies have 
observed that FMD is acutely attenuated in the post-
Exercise period (Dawson et al. 2013; Hwang et al. 2012). 
Importantly, Atkinson et al. (Atkinson et al. 2015) showed 

Fig. 3  Radial artery character-
istics radial artery blood flow, 
diameter, velocity and vascular 
conductance during leg cycling 
exercise (Exercise), leg cycling 
exercise with wrist cuff (Exer-
cise + WC) and Time Control 
trials. Values are the mean ± SE. 
*P < 0.05 vs. baseline (BL); 
†P < 0.05 vs. Exercise + WC; 
‡P < 0.05 vs. Time Control
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that the attenuation of FMD following acute high-inten-
sity dynamic exercise was prevented by administration of 
an oral alpha-adrenergic antagonist. This suggests that 
increases in sympathetic nerve activity cause the acutely 
reduced FMD post-Exercise, a conclusion supported by 
earlier observations that other acute sympatho-excita-
tory manoeuvres are also associated with reduced FMD 
(Hijmering et al. 2002). In agreement with Elliot et al. 
(Elliott et al. 2018), who used the same incremental exer-
cise protocol as the present study, no significant reduc-
tion in FMD was noted following Exercise. However, 
there was a tendency for a significant interaction between 
time and trial (P = 0.071) and a numerically lower FMD 
post-Exercise (3.8 ± %) versus pre-Exercise (7.4 ± 4%, 
Fig. 4). Interestingly, FMD was not different following 
Exercise + WC despite the wrist cuff manipulation signifi-
cantly augmented retrograde SR. Thijssen et al. (Thijssen 
et al. 2009) previously reported that brachial artery FMD 

was attenuated by increased retrograde SR induced by cuff 
inflation (e.g., 25, 50, 75 mmHg), while anterograde SR 
was unchanged. In addition, Johnson et al. (Johnson et al. 
2012) reported that a wrist cuff (inflated to 60 mmHg) 
increased retrograde SR and attenuated brachial FMD 
following supine leg cycling exercise (90 W, 20 min). 
A potential explanation for the conflicting findings of 
these studies (Thijssen et al. 2009; Johnson et al. 2012) 
and those of the present study, may be that we observed 
a small but significant increase in anterograde SR during 
Exercise + WC (at 30 min time point) that may have coun-
teracted the negative effects of retrograde SR on endothe-
lial function. Nevertheless, the observed failure of Exer-
cise + WC to diminish FMD in our study does not support 
the view that the attenuated L-FMC response at this time 
is attributable to a reduction in endothelial function.

Table 1  Radial artery characteristics before [Pre] and after [Post] the Time Control, Exercise and Exercise + WC trials

Values are means [SD]. L-FMC, low-flow mediated constriction; FMD, flow mediated dilatation;  SRAUC , shear rate area under curve. P values 
represent 2-way repeated ANOVA results (Trial; Time Control, Exercise and Exercise + WC: Time; Pre and Post: Interaction, Trial x Time). P 
value for  SRAUC -corrected-FMD (%) represent ANCOVA results
*P < 0.05 vs. Pre; †P < 0.05 vs. Exercise + WC; ‡P < 0.05 vs. Time Control

Time Control Exercise Exercise + WC P values

Pre Post Pre Post Pre Post Trial Time Interaction

Baseline
 Diameter (mm) 2.63 (0.24) 2.57 (0.18) 2.61(0.18) 2.80(0.25)*‡ 2.55(0.12) 2.66(0.18) 0.341 0.004 0.002
 Velocity (cm/s) 14.25(7.95) 7.72(4.40)* 13.37 (6.40) 20.45(7.44)*†‡ 9.89(7.70) 4.21(1.87)  < 0.001 0.253 0.001
 Blood flow (ml/

min)
46.45(26.35) 24.01(13.39) 42.35(21.21) 75.91(28.68)*†‡ 31.20(25.75) 14.46(7.92)  < 0.001 0.733  < 0.001

 Mean shear rate 
 (s−1)

218.71(126.18) 121.55(70.84) 207.45(99.18) 295.16(115.24)†‡ 155.34(114.68) 62.72(25.26) * 0.002 0.122 0.002

L-FMC
 Nadir diameter 

(mm)
2.46(0.22) 2.44(0.16) 2.50(0.23) 2.44(0.29) 2.42(0.20) 2.57(0.17)* 0.894 0.389 0.012

 Δ Diameter (mm) − 0.17(0.06) − 0.13(0.07) − 0.11(0.12) − 0.36(0.13)*†‡ − 0.13(0.17) − 0.09(0.14) 0.012 0.072  < 0.001
 Mean shear rate 

 (s−1)
18.41(7.14) 20.40(10.15) 22.13(5.21) 29.54 (9.03)*†‡ 19.33(5.769) 19.20(6.913) 0.053 0.033 0.088

 Δ Mean shear rate 
 (s−1)

200.31(123.20) 101.15 (63.45) 185.32(98.82) 265.61(113.32)†‡ 136.01(112.80) 43.53(24.75)* 0.002 0.093 0.002

 L-FMC-to- Δ 
mean SR ratio 
(au)

− 0.043(0.032) − 0.067(0.050) − 0.009(0.052) − 0.066(0.064) − 0.050(0.113) − 0.061(0.215) 0.892 0.117 0.592

FMD
 Peak diameter 

(mm)
2.75 (0.23) 2.72 (0.20) 2.81(0.24) 2.91(0.28) 2.72 (0.18) 2.85(0.14)* 0.426 0.028 0.065

 Δ Diameter (mm) 0.12(0.09) 0.15(0.10) 0.20(0.10) 0.11(0.14) 0.17(0.10) 0.19(0.11) 0.595 0.549 0.085
 Time to peak 

diameter (s)
101.10(51.810) 82.60(31.22) 85.50(44.47) 108.90(35.38) 97.50(46.84) 73.50(47.24) 0.717 0.559 0.164

  SRAUC  (×  103  s−1) 26.39 (23.31) 27.10(13.48) 17.50 (6.66) 37.50 (35.66) 17.20 (8.43) 27.61(20.29) 0.733 0.044 0.291
 FMD-to-SRAUC  

ratio (au)
0.35(0.37) 0.29(0.25) 0.47(0.31) 0.24(0.35) 0.51 (0.39) 0.43 (0.41) 0.388 0.194 0.728

  SRAUC -corrected-
FMD (%)

4.92(4.06) 6.01(4.06) 7.09(4.12) 4.24(4.18) 6.19(4.12) 7.41(4.06) 0.543 0.868 0.215
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Methodological considerations

Our investigations were confined to an assessment of the 
radial artery and additional studies are needed to validate 
these results in other conduit arteries. We acknowledge that 
the brachial artery is frequently assessed in human studies 
of peripheral vascular function, although it is not uncom-
mon for the radial artery to be interrogated. Furthermore, 
the radial artery is used as a graft in coronary bypass surger-
ies (Song et al. 2012), where it may be susceptible to func-
tional vasospasm (He and Taggart 2016), further supporting 
the relevance of its study. Importantly, we observed radial 
artery blood flow, diameter and SR patterns during Exer-
cise that are comparable to those previously documented 
for the brachial artery (Padilla et al. 2011; Birk et al. 2013). 
The L-FMC response is reported to be more commonly 
observed in radial artery than brachial artery (Weissgerber 
et al. 2010). Additional mechanistic insights would have 
been provided had a measurement of sympathetic nervous 
system activation been included in the present study. We 
can only assume that it was equivalent in the Exercise and 
Exercise + WC conditions, but in support of this neither HR 
nor BP were not different between the Exercise and Exer-
cise + WC conditions. In the present study, only healthy 
young men were recruited which is a limitation. Both sex- 
and ovarian hormone concentrations can modify vascular 
function (Hashimoto et al. 1995). Regrettably, in the cur-
rent study we were not sufficiently resourced to study young 
women at a standard phase (e.g., early follicular stage) or 
multiple phases of their menstrual cycle for the three sep-
arate trials. The present results cannot be extrapolated to 
women and further studies are needed to examine whether 
the findings of the present study are applicable to women. 
The exercise mode employed was incremental dynamic exer-
cise (e.g., 50, 100, 150 Watts), which was well tolerated by 
participants and permitted the simultaneous acquisition of 
high-quality radial artery images. In addition, the leg cycling 
exercise modality and workloads employed are representa-
tive of those suggested for establishing and preserving car-
diorespiratory fitness.

Assessments of radial artery function (i.e., L-FMC) were 
made at rest and immediately (~ 10 min) following acute 
dynamic exercise. The broader significance of this time 
period is that it is associated with an increased cardiovascu-
lar risk (e.g., coronary vasospasm/ischemia, cardiac arrhyth-
mias) (Franklin et al. 2020; Thompson et al. 2007; Akutsu 
et al. 2002; Albert et al. 2000). There are known parallels 
between the vasodilatory responses of the peripheral conduit 
and coronary arteries (Anderson et al. 1995; Takase et al. 
1998). As such our findings from the radial artery support 
the concept (Carter et al. 2013; Thijssen et al. 2014, 2009) 
that in healthy individuals increases mean and anterograde 
SR facilitate local vasodilatation, hyperaemia and functional 

Fig. 4  Radial artery function adial artery flow mediated dilatation 
(FMD), low-flow mediated constriction (L-FMC), and total vascular 
range (TVR) during leg cycling exercise (Exercise), leg cycling exer-
cise with wrist cuff (Exercise + WC) and Time Control trials. Values 
are the mean ± SE. *P < 0.05 vs. baseline (BL); †P < 0.05 vs. Exer-
cise + WC; ‡P < 0.05 vs. Time Control
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capacity, thus making an important contribution to oxygen 
delivery via the coronary vasculature. Several studies have 
reported a temporal variation in FMD following exercise 
(Birk et al. 2013), but unfortunately only a single time point 
was assessed in this study and therefore further investiga-
tion are required to determine the time course of the L-FMC 
response post-exercise.

Conclusions

These findings confirm that dynamic leg cycling exercise 
acutely increases radial artery mean and anterograde SR, 
leading to radial artery vasodilatation and an augmented 
L-FMC in young men. The application of a cuff placed distal 
to the radial artery and inflated during leg cycling exercise 
attenuated exercise-induced increases in mean and antero-
grade SR, significantly augmented retrograde SR, and pre-
vented the vasodilatation of the radial artery during exercise. 
Importantly, these hemodynamic alterations acutely attenu-
ated L-FMC. Collectively, these observations suggest that 
SR modifications explain the radial artery responses to acute 
leg cycling and the ensuing augmentation of L-FMC. Such 
findings are consistent with the view that lower limb exer-
cise evokes a pattern of blood flow through the upper limb 
conduit arteries that modifies endothelial function such that 
local vasodilatation, hyperaemia and functional capacity (in 
terms of L-FMC) are acutely augmented.
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