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Comparison of forearm blood flow responses to
incremental handgrip and cycle ergometer exercise:
relative contribution of nitric oxide
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The contribution of endothelium-derived nitric oxide (NO) to exercise hyperaemia remains
controversial. Disparate findings may, in part, be explained by different shear stress stimuli as
a result of different types of exercise. We have directly compared forearm blood flow (FBF)
responses to incremental handgrip and cycle ergometer exercise in 14 subjects (age ± S.E.M.)
using a novel software system which calculates conduit artery blood flow continuously
across the cardiac cycle by synchronising automated edge-detection and wall tracking of
high resolution B-mode arterial ultrasound images and Doppler waveform envelope analysis.
Monomethyl arginine (L-NMMA) was infused during repeat bouts of each incremental exercise
test to assess the contribution of NO to hyperaemic responses. During handgrip, mean
FBF increased with workload (P < 0.01) whereas FBF decreased at lower cycle workloads
(P < 0.05), before increasing at 120 W (P < 0.001). Differences in these patterns of mean
FBF response to different exercise modalities were due to the influence of retrograde diastolic
flow during cycling, which had a relatively larger impact on mean flows at lower workloads.
Retrograde diastolic flow was negligible during handgrip. Although mean FBF was lower
in response to cycling than handgrip exercise, the impact of L–NMMA was significant
during the cycle modality only (P < 0.05), possibly reflecting the importance of an
oscillatory antegrade/retrograde flow pattern on shear stress-mediated release of NO from the
endothelium. In conclusion, different types of exercise present different haemodynamic stimuli
to the endothelium, which may result in differential effects of shear stress on the vasculature.
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We recently published details of a method for assessment
of blood flow across the cardiac cycle in real time using
simultaneous assessment of arterial cross-sectional area
and flow velocity with high temporal resolution (30 Hz)
(Green et al. 2002b). Using this approach we observed
that, during lower limb cycle ergometry, blood flow
through the brachial artery of the resting upper limbs
undergoes an oscillatory pattern of antegrade flow
during systole, followed by substantial retrograde diastolic
flow. We also demonstrated a significant contribution
of endothelium-derived nitric oxide (NO) to forearm
hyperaemia in the resting upper limbs during lower limb
cycle exercise, suggesting that this form of exercise may
present a ‘systemic’ stimulus to increase NO bioactivity
(Green et al. 2002a). This finding may, in part, explain
the consistent observation of improved upper limb NO

function following predominantly lower limb exercise
training programmes (Kingwell et al. 1997; Maiorana et al.
2000; Linke et al. 2001; Maiorana et al. 2001; Walsh et al.
2003a; Walsh et al. 2003b).

In contrast to the findings above, studies which
have investigated the contribution of NO to forearm
blood flow (FBF) during localised handgrip exercise
have reported disparate results (Maiorana et al. 2003).
Several studies have reported a significant contribution
of NO to handgrip exercise hyperaemia (Gilligan et al.
1994; Dyke et al. 1995; Katz et al. 1996; Duffy et al.
1999b), while others report no greater contribution
than that evident at rest (Wilson & Kapoor, 1993; Endo
et al. 1994). Many of these studies utilised strain-gauge
plethysmography (Maiorana et al. 2003), which reliably
measures relative changes induced by pharmacological
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agents to a resting muscle bed (Joyner et al. 2001), but has
several compelling limitations for measurement of
exercise hyperaemia (Rowell, 1993); crucially,
plethysmography does not provide data with good
temporal resolution (Radegran, 1999). Those studies
which have previously utilised ultrasound/Doppler
modalities to measure FBF have relied upon estimated
arterial diameter based on relative diastolic and systolic
blood pressure phases, derived time-averaged mean blood
velocities to calculate and reconstruct post hoc weighted
composite flows, or determined velocity and diameter
independently and then reassembled and time-aligned
these measures post hoc to provide average beat-to-beat
flow (Radegran, 1997; Radegran & Saltin, 1998, 1999;
Hoetling et al. 2001). These approaches do not provide
continuous assessment of blood flow changes across
each cardiac cycle or have the resolution to assess the
possible contribution of systolic antegrade versus diastolic
retrograde flow components during exercise. To date, no
studies have directly compared patterns of FBF which
result from incremental localised handgrip exercise to
those resulting from incremental cycle ergometry.

Since shear stress on the vessel wall is the probable
physiological stimulus to endothelial NO production
(Pohl et al. 1986; Rubanyi et al. 1986), we hypothesised
that the pattern of blood flow through the vessel may
have a bearing on NO bioactivity. We therefore also
assessed, via intrabrachial infusion of a competitive NO
antagonist (l-NMMA), the contribution of this substance
to the hyperaemia observed following each exercise
modality.

Methods

Subjects

Fourteen subjects (11 male, 3 female) aged 53 ± 3 years
were recruited via public advertisement. Females were
postmenopausal and not taking cyclical hormone
therapy. Subjects were excluded if they were current
smokers, diabetic, asthmatic, hypertensive (resting blood
pressure (BP) > 160/90 mmHg) or being treated for
hypertension, or if they displayed evidence of coronary
or valvular heart disease from history, examination
and exercise electrocardiography. On average, subjects
had total cholesterol somewhat above the normal
range (7.0 ± 0.2 mmol l−1; low density lipoprotein
(LDL)–cholesterol 4.6 ± 0.2 mmol l−1), and for this reason
they were included in a subsequent study of the effect
of lipid-lowering drugs on vascular responses, data from
which are being prepared for submission elsewhere
(J. H. Walsh, W. Bilsborough, J. Wright, M. J.
Joyner, G. O’Driscoll, R. R. Taylor & D. J. Green,
unpublished observations). However, no subject was
taking any medication or vitamin supplement. Baseline
subject characteristics are shown in Table 1. All subjects

Table 1. Subject characteristics

Age (years) 53 ± 3

Sex (male/female) 11/3
Body mass (kg) 82.1 ± 2.5
Height (cm) 1.73 ± 0.02
Waist:hip ratio 0.93 ± 0.03
V̇O2peak (ml kg−1 min−1) 30.40 ± 1.78
Resting SBP (mmHg) 117 ± 3
Resting DBP (mmHg) 75 ± 2

Values are mean ± S.E.M.

provided informed consent according to the requirements
of the Ethics Committee of Royal Perth Hospital, and
all experiments were carried out in accordance with the
Declaration of Helsinki.

Study design

Following screening and baseline assessment of peak
oxygen uptake (V̇O2peak), all subjects underwent vascular
function assessments during incremental handgrip and
cycle ergometer exercise.

Assessment of vascular function
and forearm blood flow

Subjects rested supine while, under local anaesthesia
with <2 ml of 1% lignocaine, a 20-gauge cannula (Arrow,
Reading, PA, USA) was inserted into the brachial artery of
the non-dominant arm. The cannula allowed infusion of
sterile saline or l-NMMA, and blood sampling. Following
cannulation, subjects were moved to a comfortable
chair where they rested for approximately 20 min to allow
blood flow to return to normal prior to vascular function
testing.

For all blood flow assessments, a 5 MHz multi-
frequency linear array probe attached to a high-resolution
ultrasound machine (Aspen, Acuson; Mountain View,
California) was used to image the brachial artery in
the distal third of the upper arm, proximal to the
infusion site. Ultrasound parameters were set to optimise
longitudinal, B-mode images of the lumen/arterial wall
interface (Fig. 1). Heart rate was continuously monitored
with a three-lead electrocardiograph, and blood pressure
was determined from the contralateral arm by the
manual, auscultatory method. Images were initially
recorded on a S-VHS videocassette recorder (SVO-9500
MDP, Sony; Tokyo, Japan) and transferred to DICOM.

Handgrip exercise protocol

Following an initial rest period of approximately
20 min, a handgrip device and custom-built adjustable
arm support was moved into position to maintain
a comfortable elbow position. The brachial artery
image was then optimised and the ultrasound probe
held in position by an experienced sonographer. A 1 min
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Figure 1. Screen captures of B-mode ultrasound
images at A, rest; B, during handgrip exercise and
C, during cycle ergometer exercise for one subject
Diameter and cross sectional area of the artery are
calculated for each B-mode frame (at 25–30 Hz) using a
rake algorithm which detects the edges of the near and
far walls within the selected arterial region of interest.
Then 200–400 individual measurements are taken and
angle corrected along these edges with the median value
being calculated as the final single composite diameter for
that frame. Velocity is calculated via grey-scale filtering
using an automatic thresholding algorithm with
subsequent binary interrogation of each pixel column to
detect the waveform envelope. The diameter and velocity
output data, at 30 Hz, are displayed for visual feedback
purposes (see Fig. 2). Note the appearance of substantial
negative (retrograde) velocity during cycle exercise (C), not
evident during handgrip (B).
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baseline was then recorded, following which subjects
were requested to start handgripping to a timed auditory
cue, at a rate of one isotonic contraction every 2 s. The
weight was initially set at 1.25 kg and increased 1.25 kg
every 3 min to a maximum of 3.75 kg for the final 3 min.
Subjects paused for approximately 10 s at the start of
each workload to allow the weight to be increased. The
workload was kept constant for all subjects and for
repeat assessments. Blood pressure was determined in the
contralateral arm in the final minute of each workload.
Ultrasound images for analysis were recorded during
steady-state handgripping in the final minute of each
workload (Fig. 1B).

Cycle protocol

Following the handgrip protocol, subjects were assisted
onto an upright cycle ergometer and the arm was again
positioned in the custom designed arm support, with
the elbow and hand in a similar position to that in the
handgrip protocol. The ultrasound probe was held
in position and 20 min following the cessation of
handgripping, another 1 min baseline was recorded. Sub-
jects then began cycling at 60 W. The load increased
every 3 min, initially to 80 W then 120 W. Workloads
were kept constant for all subjects and repeat assessments.
Blood pressure was determined in the contralateral arm
in the final minute of each workload. Ultrasound images
were recorded during cycling in the final minute of each
workload (Fig. 1C).

At the end of the final cycle, workload subjects
returned to the chair and rested for 30 min prior to
repeating both the handgrip and cycle protocols during
intrabrachial administration of l-NMMA. l-NMMA
was infused at a loading dose of 16 µmol min−1 for
5 min prior to each baseline measurement. The dose
was then reduced to 8 µmol min−1 for the duration
of the handgrip and cycle protocols. This method of
NO inhibition, particularly continuous blockade during
exercise, emulates that recently shown by Schrage et al. to
be optimal for the assessment of the impact of inhibitors
during hyperaemia (Schrage et al. 2004). Saline was
infused during the rest periods between the handgrip
and cycle protocols. The order of saline and l-NMMA
administration was not randomised due to the relatively
long half-life of l-NMMA.

Software used for assessment of blood flow

For post-test analysis, arterial diameter was stored
and displayed with synchronised Doppler velocity
assessment at a rate of 30 frames s−1. The analysis
used custom-designed edge-detection and wall-tracking
software which minimises investigator bias and has
been validated against flows through a perspex phantom
(Green et al. 2002b). Blood flow was calculated

continuously from synchronised diameter and velocity
measures using custom-designed software that has been
described in detail previously (Green et al. 2002b).
Briefly, B-mode images were viewed, and regions of
interest selected for diameter and velocity data acquisition
(Fig. 1A). Once acquired, diameter, velocity and flow
(calculated as cross-sectional area × velocity) were viewed
as continuous plots across the cardiac cycle (Fig. 2).
A stable section of at least 10–20 s of data from the
final minute of each workload was then demarcated
and ‘zoomed’ for analysis (Fig. 2A). Note that because
diameter and velocity data are continuously sampled
and analysed across the cardiac cycle, blood flow values
are calculated during both systole and diastole, so that
‘mean’ forearm blood flow may be influenced by the
magnitude of retrograde, diastolic flow (Green et al.
2002b). Antegrade and retrograde components of flow
were therefore also calculated as the area under all of
the positive and negative blood flow data points between
the cursors. This provides a measure of the volume
of antegrade and retrograde blood flow per minute.
We also calculated antegrade and retrograde vascular
conductance by dividing blood flow data by arterial
pressure. Here we followed the method of Tschakovsky
and Hughson who recently suggested that the use of
mean arterial pressure to assess forearm resistance vessel
tone is inappropriate under conditions where diastolic
retrograde flows are evident (Tschakovsky & Hughson,
2003). Antegrade vascular conductance was therefore
calculated by dividing antegrade flow by systolic blood
pressure, while retrograde conductance was derived from
retrograde flow and diastolic pressure.

Analysis of data

Results are expressed as means ± s.e.m. Differences in
baseline FBF responses pre and post l-NMMA infusion
were also compared using Student’s paired t test. To
determine the effect of exercise intensity and NO inhibition
on blood flow variables (mean blood flow, retrograde
and antegrade blood flows and conductance), a two-way
ANOVA with repeated measures was performed. P < 0.05
was considered significant.

Results

Haemodynamic responses

No differences in heart rate (HR), systolic blood pressure
(SBP), diastolic blood pressure (DBP) or pulse pressure
(PP) were evident in subjects between baseline and the
rest periods preceding handgrip or cycle exercise,
either before or after l-NMMA (Table 2). ANOVA
revealed significant main effects for exercise workload
on all haemodynamic variables, but not between saline
and l-NMMA That is, HR and BPs were higher at each
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Figure 2. Screen captures demonstrating
the ultrasound data ‘Display’ software with
continuous traces of brachial artery
diameter (upper), velocity (middle) and
flow (lower) against time for one subject
Frame A illustrates typical output at rest,
B during handgrip exercise, and C during cycle
ergometer exercise. Vertical ‘begin’ and ‘end’
cursors are placed to zoom in on selected data
and calculate mean forearm blood flow (FBF)
and the antegrade and retrograde areas under
the curve. Note the appearance of substantial
negative (retrograde) velocity and flow during
cycle exercise, not evident at rest or during
handgrip exercise.
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Table 2. Rest and exercise haemodynamic responses during saline and L-NMMA infusion

Heart Rate Systolic blood pressure Diastolic blood pressure Pulse pressure

Saline L-NMMA Saline L-NMMA Saline L-NMMA Saline L-NMMA

Baseline 66 ± 2 74 ± 2 117 ± 3 116 ± 3 75 ± 2 76 ± 2 42 ± 2 40 ± 2
Handgrip

Rest 66 ± 2 72 ± 2 122 ± 3 120 ± 3 78 ± 2 82 ± 2 43 ± 2 38 ± 1
1.25 kg 67 ± 2 71 ± 2 125 ± 4 123 ± 3 82 ± 2∗ 85 ± 2∗ 43 ± 3 38 ± 2
2.5 kg 70 ± 3∗ 73 ± 2 128 ± 4∗ 127 ± 3∗ 83 ± 2 84 ± 1 45 ± 3 43 ± 3
3.75 kg 71 ± 2 75 ± 2∗ 135 ± 4∗ 133 ± 4∗ 87 ± 2∗ 90 ± 2∗ 48 ± 3 44 ± 3

Cycle
Rest 71 ± 2 76 ± 2 125 ± 4 126 ± 3 84 ± 3 86 ± 2 40 ± 2 40 ± 2
60 W 108 ± 4∗ 110 ± 4∗ 156 ± 5∗ 159 ± 5∗ 83 ± 3 86 ± 3 73 ± 4∗ 73 ± 4∗

80 W 121 ± 5∗ 124 ± 5∗ 177 ± 6∗ 181 ± 6∗ 83 ± 3 87 ± 3 94 ± 5∗ 94 ± 5∗

120 W 138 ± 6∗ 138 ± 6∗ 196 ± 4∗ 201 ± 5∗ 81 ± 4 84 ± 4 123 ± 8∗ 117 ± 5∗

Values are mean ± S.E.M. Cycle exercise had a significantly greater effect on the magnitude of change in HR, SBP and PP than
handgrip exercise under both saline and L-NMMA conditions (all P < 0.001, ANOVA). ∗Significantly different from previous
workload (P < 0.05).

workload than during the preceding workload during
handgrip and cycle exercise, but differences were not
evident between saline and l-NMMA infusions within
each modality.

When haemodynamic responses were compared
between cycle and handgrip exercise under the saline
condition, ANOVA revealed significant main effects for
HR, SBP and PP (all P < 0.001), indicating a significantly
greater impact of cycle exercise on haemodynamics
than handgrip exercise. Similar results were evident for
comparisons under the l-NMMA infusion condition (all
P < 0.001).

Pattern of forearm blood flow response to handgrip
and cycle exercise protocols

Handgrip exercise. There was a significant main effect
for handgrip exercise intensity in mean blood flow during
infusion of saline (all P < 0.01, ANOVA; Fig. 3A). Post
hoc tests showed mean blood flow during saline infusion
was significantly greater at all workloads compared to
rest (P < 0.01). In addition, mean FBF was greater at
3.75 kg than 2.5 kg (P < 0.02; Fig. 3A). A similar main
effect for handgrip exercise intensity was observed during
l-NMMA infusion (P < 0.001, ANOVA; Fig. 3A) with post
hoc tests showing significantly greater mean blood flows
at each workload than at rest and previous workloads
(all P < 0.05). Hence, FBF increased incrementally in
response to increases in handgrip exercise intensity.

Cycle ergometer exercise. A significant relationship was
also observed between cycle exercise intensity and mean
blood flow (P < 0.01, ANOVA; Fig. 4A). Post hoc tests
showed mean blood flow during saline infusion was
significantly lower at 60 W than at rest (P < 0.02),
remained unchanged between 60 and 80 W (P = 0.80)

and significantly increased from 80 to 120 W (P < 0.03;
Fig. 4A). This biphasic upper-limb mean blood flow
response to cycle exercise is consistent with our previous
finding (Green et al. 2002b) and differs fundamentally
from that observed during handgrip exercise (Fig. 3A).
The explanation for this relates to the relative impact of
retrograde and antegrade flows in the different protocols
(see below).

Comparison of antegrade and retrograde flows
to handgrip and cycle exercise

Figures 3 and 4 illustrate the relative contributions of
antegrade and retrograde flows to mean FBF during
handgrip and cycle exercise, respectively. Consistent
with the mean blood flow data above, the magnitude
of antegrade flow during handgrip exercise increased
significantly with increasing exercise intensity under
both saline and l-NMMA conditions (all P < 0.001,
Fig. 3B). The magnitude of retrograde flow was modest
during handgrip exercise, but significantly increased
with workload (P < 0.05, Fig. 3C). The magnitude of
antegrade flow in response to cycle exercise also increased
significantly with each increase in exercise intensity under
both saline and l-NMMA conditions (all P < 0.01,
Fig. 4B). However, in contrast to handgrip responses,
retrograde flow increased substantially during cycle
exercise, being significantly greater than resting values at
all workloads under both saline and l-NMMA conditions
(all P < 0.001, Fig. 4C).

When handgrip and cycle exercise were directly
compared under either saline and l-NMMA conditions
(two-way ANOVA), no difference existed between
modalities in the magnitude of increase in antegrade flow,
whereas retrograde flow was significantly greater during
cycle exercise (P < 0.001). This significantly greater
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retrograde flow component during cycling explains the
biphasic mean FBF response to cycling (Fig. 3A) and also
represents the major difference in flow pattern between
the two exercise modalities.

Comparison of antegrade and retrograde
conductance to handgrip and cycle exercise

Figure 5 presents a comparison of antegrade and
retrograde conductance data under the saline infusion
condition between the exercise modalities as workload
increased. Antegrade conductance was significantly
greater during handgrip ergometer exercise at all
workloads (P < 0.01), but the magnitude of difference

Figure 3. Mean blood flow (A) and antegrade (B) and
retrograde (C) blood flows at rest and during handgrip exercise
during saline (S; open bars) and L-NMMA (L; filled bars) infusion
∗Significant difference (P < 0.05) in flows during saline and L-NMMA
infusions.

between the exercise modalities was even more striking
in terms of retrograde flows (all workloads P < 0.0001).

Effect of L-NMMA on forearm blood flow responses
to handgrip and cycle exercise

Paired t tests revealed that l-NMMA infusion significantly
attenuated baseline FBF responses (P < 0.05; Table 3),
confirming the well established role for NO in mediating
forearm blood flow at rest.

Analysis of variance revealed no significant effect of
l-NMMA on mean blood flow during handgrip exercise
(P < 0.2, Fig. 3A). In contrast, a significant main effect was
observed for NO inhibition on mean blood flow responses

Figure 4. Mean blood flow (A) and antegrade (B) and
retrograde (C) blood flows at rest and during bicycle exercise
during saline (S; open bars) and L-NMMA (L; filled bars) infusion
∗Significant difference (P < 0.05) in flows during saline and L-NMMA
infusions.
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during cycle exercise (P < 0.05 ANOVA, Fig. 4A). Post
hoc t tests revealed that compared to flows during saline
infusion, l-NMMA significantly reduced mean blood flow
at 60 and 80 W (both P < 0.05; Fig. 4A).

Discussion

The principal outcome of the present study is the
descriptive comparison between blood flow responses to
cycle and handgrip exercise. We utilised a novel software
analysis system to calculate blood flow across the cardiac
cycle with high temporal resolution, by synchronising
conduit artery diameter and blood velocity assessments of
B-mode ultrasound and Doppler images. This approach
has allowed us to observe, for the first time in vivo,
that although blood flow to the forearm changes as a
result of both localised handgrip and lower limb cycle
exercise, the nature of the hyperaemic response observed
fundamentally differs between these forms of exercise.
Furthermore, this difference in the pattern of hyperaemic
response may contribute to the second major finding; that
NO contributes significantly to blood flow responses in
the forearm during lower limb cycle exercise, but not to
the hyperaemia associated with handgrip exercise.

Figure 5. Antegrade (above) and retrograde (below) brachial
artery conductance at rest and during incremental handgrip
(filled bars) and bicycle ergometer (open bars) exercise
Handgrip workloads are denoted in italics. ∗ P < 0.01 and
†P < 0.0001 for significant difference in conductance between
exercise modalities.

The present study confirms our recent published
observation, in young healthy subjects, that mean FBF
responses in the resting upper limb exhibit a biphasic
response pattern during cycle ergometer exercise; an
initial decline relative to baseline flow, followed by a
significant increase at higher workloads (Green et al.
2002b). The explanation for this unusual pattern is that,
while systolic flow becomes progressively more positive
with increasing intensities of cycle exercise, negative
velocities indicative of retrograde blood flow through the
brachial artery are observed during all exercise intensities.
The impact of this retrograde diastolic flow is relatively
great at lower intensities of exercise, when positive flows
are modest, hence a biphasic mean FBF response is
observed. In contrast with this unusual flow pattern in
the resting upper limb during leg exercise, incremental
handgrip exercise was associated with progressive
increases in antegrade flow alone; retrograde flow was
minimal during handgrip exercise.

The explanation for the distinct patterns of flow
response observed in the present study must ultimately
relate to differences between exercise modalities in
pressure gradients, that is, differences in upstream arterial
driving pressure relative to downstream pressure in the
resistance vessels, the latter being dependent, in turn, upon
resistance vessel tone. Handgrip exercise was associated
with only small changes in central haemodynamics,
exemplified by the small increases in heart rate and
systolic pressure, relative to the cycle protocol. At the
same time, vasodilatation of the resistance vessels in
the forearm muscle clearly increased during handgrip
exercise as illustrated in the systolic conductance data
(Fig. 5), calculated according to the method of Tschakosky
& Hughson (2003). This vasodilatation probably occurs
as a result of increased concentrations of vasodilator
byproducts of the local metabolism (Laughlin et al. 1996).
In essence therefore, handgrip exercise was associated
with a small increase in the upstream driving force
for flow, and decreased downstream resistance in the
forearm, a combination which might be expected to
increase the pulsatile antegrade flow of blood into the
active vessel bed, as was indeed observed. In contrast,
cycle exercise was associated with a large change in central
haemodynamics, specifically systolic function exemplified
by increased HR and SBP. Simultaneously, sympathetic
vasoconstriction probably occurred in inactive vessel
beds, including the forearm (Rowell, 1993). In the
absence of local vasodilator metabolites to counteract
this sympathetic vasoconstriction in the resting forearm,
blood flow during cycle exercise obeys the observed
oscillatory pattern of systolic antegrade movement,
followed by retrograde flow during diastole when the
systolic driving force diminishes and resistance in the
forearm is elevated. The presence of greater sympathetic
constriction in the forearm during cycle exercise relative
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Table 3. Mean, antegrade and retrograde forearm blood flows during saline and L-NMMA infusion

Mean FBF Antegrade FBF Retrograde FBF

Saline L-NMMA Saline L-NMMA Saline L-NMMA

Handgrip
Rest 86 ± 11 61 ± 9† 93 ± 10 79 ± 9 −7 ± 3 −19 ± 4†
1.25 kg 155 ± 15∗ 114 ± 12∗ 159 ± 15∗ 142 ± 12∗ −5 ± 2 −6 ± 2∗

2.5 kg 163 ± 16 167 ± 13∗ 182 ± 12∗ 181 ± 14∗ −12 ± 4∗ − 14 ± 3∗

3.75 kg 207 ± 19∗ 198 ± 14∗ 225 ± 18∗ 219 ± 16∗ −18 ± 4 − 21 ± 4∗

Cycle
Rest 69 ± 7 42 ± 4† 78 ± 7 61 ± 5† −10 ± 3 −19 ± 3†
60 W 48 ± 12∗ 22 ± 5∗† 141 ± 11∗ 129 ± 6∗ −93 ± 8∗ −102 ± 8∗

80 W 52 ± 7 31 ± 4† 170 ± 10∗ 151 ± 9∗ −119 ± 7∗ −121 ± 9∗

120 W 90 ± 12∗ 78 ± 19∗ 232 ± 14∗ 229 ± 15∗ −143 ± 12∗ −152 ± 8∗

Values are mean ± S.E.M. There was a significant main effect for L-NMMA on mean blood flow during cycle
exercise (P < 0.05; ANOVA), but no such significant effect for handgrip exercise (P = 0.2; ANOVA). Exercise
intensity significantly increased mean, antegrade and retrograde blood flows during cycle and handgrip
exercise (all P < 0.01; ANOVA). No difference existed between bike and handgrip modalities in the increase
in antegrade flow, whereas retrograde flow was significantly greater during cycle exercise (P < 0.001).
∗Significantly different from previous workload (P < 0.05; paired t test). †Significantly different from saline
(P < 0.05; paired t test).

to handgrip exercise is exemplified in Fig. 5, which
indicates lower systolic antegrade conductance and
exaggerated retrograde conductance during diastole. In
addition, diastolic pressure did not substantially change
during incremental cycling, despite significant increases
in retrograde flow, suggesting that the large increase
in retrograde diastolic flow observed must be due to
increased downstream pressure due to resistance vessel
constriction. The precise reason for the actual retrograde
movement of blood in the upper limb during cycling,
rather than simply an exaggerated decrease in antegrade
movement or perhaps stasis, remains unknown.

Our observation of different blood flow responses in
the upper limb during local and systemic exercise is
not merely a novel descriptive finding; its significance
becomes apparent when the relative impact of these flow
patterns on the vessel wall is considered. Shear stress
on the endothelium is acknowledged as the principal
physiological stimulus for production of NO by the
constitutive NOS isoform, and increases in shear stress
induce vasodilatation in vivo (Neibauer & Cooke,
1996). Furthermore, shear stress may be a homeo-
statically regulated variable, with paracrine hormonal
vasodilatation counteracting localised changes in wall
stress (Kamiya & Togawa, 1980; Hutcheson & Griffith,
1991). In the present study we observed lower mean
FBF responses to incremental cycle exercise than those
evident during handgripping (Figs 3 and 4A), but the
contribution of NO to hyperaemia, presumably mediated
by resistance vessel vasodilatation secondary to increased
blood flow and endothelial shear stress, was significant
only in response to cycle exercise. This apparent paradox
– attenuated mean flows during cycling yet greater shear
stress-mediated NO bioactivity – may be explained by

differences in the relative pattern of flow between the
modes of exercise. That is, while mean flows were
greater during handgrip exercise, the magnitude of
antegrade systolic flow was similar in response to both
forms of exercise (Figs 3B and 4B), and retrograde flow
was significantly higher during cycling. We therefore
speculate that, in response to cycling, the repeated drawing
of flow across the surface of the endothelium as a
result of substantial antegrade/retrograde oscillation may
present a more potent stimulus to endothelial cell
membrane deformation and consequent signalling events
favouring NO production (Oleson et al. 1988; Cooke
et al. 1991; Dimmeler & Zeiher, 2003), than the stimulus
presented by handgrip exercise which might be
characterised as pulsatile increases in antegrade flow alone.

The above results suggest that, from the perspective
of the endothelial cell responsiveness to shear stress,
exercise is a complex stimulus. While handgrip exercise
theoretically represents a useful surrogate for the effects
of metabolic vasodilatation in a small exercising vessel
bed, it probably does not validly reflect the in vivo
effects, in either the active or inactive vasculature, of
large muscle group (particularly leg) exercise, which
generates a haemodynamic stimulus to hyperaemia in
addition to the metabolic component present in the
active tissue. This observation may resolve another
conundrum in the literature, that exercise training studies
involving localised handgrip training have not always
produced significant improvement in NO bioactivity
(Green et al. 1994, 1996; Franke et al. 1998), while studies
which have utilised typical ‘whole body’ exercise training
regimes, predominantly involving lower limb exercise
(cycling, running, etc.) have observed improvements in
NO-mediated vasodilator capacity, even in the untrained
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upper limbs (Kingwell et al. 1997; Clarkson et al. 1999;
Higashi et al. 1999; DeSouza et al. 2000; Goto et al.
2003). This is not surprising in the context of the
present study, since our data suggest that an acute bout
of cycle exercise may be a more potent stimulus to endo-
thelial NO production in the forearm vasculature that a
bout of localised handgrip exercise.

There are several limitations to the present study.
It is possible that the pattern of blood flow, and
associated shear stress we observed in the brachial
artery may not be representative of what is occurring
at the resistance vessel level, where NO bioavailability
was assessed. However, the principal locus of flow
control during exercise lies in the feed arteries and
arterioles upstream from the muscle interstitium (Segal,
1992; Lash, 1994; Segal, 2000), and we believe that,
given the magnitude of difference in retrograde flows
we observed between exercise modalities and the fact
that it is the passage through these resistance vessels
which is responsible for the conversion of pulsatile into
continuous low pressure flow into the microvasculature,
these vessels will be exposed to at least some differential
shear stimulus during cycle versus handgrip exercise. A
second potential limitation relates to the redundancy that
exists in control mechanisms during exercise hyperaemia;
other vasodilators may compensate for NO blockade
during exercise, masking the real magnitude of NO
contribution. However, Schrage et al. recently concluded
that NO blockade during exercise, as undertaken in the
present study, minimises this possibility and provides
a valid approach to test the importance of vasodilator
mechanisms (Schrage et al. 2004). Furthermore, the dose
of l-NMMA we used was comparable to that previously
used in exercise studies (Gilligan et al. 1994; Dyke et al.
1995; Duffy et al. 1999a, b) and 2–4 times higher than the
highest dose typically used at rest (Vallance et al. 1989).
We did not use a higher dose because we thought the
prolonged infusion time might cause accumulation
of l-NMMA and systemic overflow, leading to reflex
complications (Sheriff et al. 2000). Finally the subjects
we studied, though healthy with no evidence of
coronary or peripheral vascular disease, were middle-aged
and possessed mildly elevated plasma cholesterol
concentrations. This raises a valid concern regarding
impaired contribution of NO to hyperaemia, but the
major outcome of the study, the comparison of flow
patterns between modalities, was not predicated on the
l-NMMA data and is not likely to be substantially
affected by this limitation. Furthermore, since the study
involved within-subjects comparisons, findings related to
the magnitude of difference in NO contribution between
exercise modalities are not compromised. Finally, in our
previous study of young healthy subjects devoid of risk
factors (Green et al. 2002a), we observed similar brachial
antegrade and retrograde flows, and l-NMMA effects on

these, during cycle exercise as those observed in the present
subjects.

In summary, this study suggests that forearm handgrip
exercise should not be used as a surrogate for the effects
of whole body exercise on the vasculature, as the latter
constitutes both metabolic and haemodynamic stimuli to
active and inactive vessel bed hyperaemia. Furthermore
our data suggest that lower limb exercise may be a
more potent stimulus to forearm shear stress and NO
production than localised handgrip exercise, indicating
that an oscillatory pattern of antegrade/retrograde flow
may be a more potent stimulus to shear stress-mediated
endothelial NO production than a pulsatile, albeit larger,
though predominantly unidirectional, antegrade flow
stimulus.
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