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Effect of muscle metaboreflex activation on spontaneous
cardiac baroreflex sensitivity during exercise in humans

Doreen Hartwich, William E. Dear, Jessica L. Waterfall and James P. Fisher

School of Sport and Exercise Sciences, College of Life and Environmental Sciences, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK

Non-technical summary The ‘arterial baroreflex’ plays an important role in the moment-
to-moment regulation of blood pressure. It does this partly by eliciting changes in heart rate,
but its ability to do this (i.e. sensitivity) during exercise is reduced from rest. During exercise,
chemicals accumulate in the muscles (i.e. metabolites) that stimulate sensory nerves within the
muscle (i.e. muscle metaboreflex). We show for the first time in humans that the stimulation
of metabolically sensitive nerves within the muscles during leg cycling exercise decreases arterial
baroreflex sensitivity. This new knowledge increases our understanding of the control of the
human heart during exercise.

Abstract We sought to determine whether the activation of metabolically sensitive skeletal
muscle afferents (muscle metaboreflex) is a potential mechanism for the decrease in spontaneous
cardiac baroreflex sensitivity (cBRS) during exercise in humans. In protocol 1, 15 male subjects
(22 ± 1 years) performed steady-state leg cycling at low (26 ± 4 W) and moderate workloads
(105 ± 7 W), under free-flow conditions and with partial flow restriction (bilateral thigh cuff
inflation at 100 mmHg) to evoke muscle metaboreflex activation during exercise. In protocol
2, rhythmic handgrip exercise at 35% maximum voluntary contraction was performed with
progressive upper arm cuff inflation (0, 80, 100 and 120 mmHg) to elicit graded metaboreflex
activation. Both protocols were followed by post-exercise ischaemia (PEI) to isolate the muscle
metaboreflex. Leg cycling-induced increases in HR and mean BP were augmented by partial flow
restriction (P < 0.05 vs. free flow), while HR and mean BP both remained elevated during PEI
(P < 0.05 vs. rest). Leg cycling evoked an intensity-dependent decrease in cBRS (16 ± 2, 7 ± 1
and 2 ± 0.2 ms mmHg−1 at rest, low and moderate workloads, respectively; P < 0.05), which was
further reduced with partial flow restriction (by –2.6 ± 0.8 and –0.4 ± 0.1 ms mmHg−1 at low and
moderate workloads). cBRS remained suppressed during PEI following leg cycling with partial
flow restriction (4 ± 1 ms mmHg−1; P < 0.05 vs. rest). cBRS was unchanged during handgrip
under free-flow conditions, handgrip with partial flow restriction and PEI following handgrip
(P > 0.05 vs. rest). These data indicate that the activation of metabolically sensitive skeletal
muscle afferents (muscle metaboreflex) decreases cardiac baroreflex responsiveness during leg
cycling exercise in humans.
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80/100/120 mmHg; FBF, forearm blood flow; FBV, forearm blood velocity; HR, heart rate; HR-cBRS, spontaneous
cardiac baroreflex sensitivity calculated using heart rate; FF, free flow; MVC, maximum voluntary contraction; PEI,
post-exercise ischaemia; PFR, partial flow restriction; RMSSD, square root of the mean of successive differences in R-R
interval; RPE, rating of perceived exertion; RRI, R-R interval; RRI-cBRS, spontaneous cardiac baroreflex sensitivity
calculated using R-R interval.
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Introduction

The arterial baroreflex plays a key role in maintaining
short-term arterial blood pressure (BP) homeostasis by
adjusting efferent autonomic outflow to the heart and
the peripheral vasculature. During dynamic exercise the
arterial baroreflex is reset and remains operative around
the prevailing BP and heart rate (HR) (Bevegard &
Shepherd, 1966; Coote & Dodds, 1976; Potts et al. 1993;
Papelier et al. 1994). This resetting is attributable to the
actions and interactions of neural signals arising from
higher brain centres (central command) (Iellamo et al.
1997; Gallagher et al. 2001b; McIlveen et al. 2001; Ogoh
et al. 2002) and feedback from group III and IV sensory
afferents in response to metabolic and mechanical stimuli
within exercising skeletal muscles (muscle metaboreflex
and mechanoreflex) (Iellamo et al. 1997; Gallagher et al.
2001c; McIlveen et al. 2001; Smith et al. 2003).

Concomitant with the resetting of the arterial baroreflex
during dynamic exercise, cardiac baroreflex sensitivity
(cBRS) appears to be reduced when estimated from
the relationship between spontaneous fluctuations in
BP and HR (Iellamo et al. 1999b; Ogoh et al. 2005;
Sala-Mercado et al. 2007, 2010). Such measures of cBRS
are associated with the operating point (i.e. point at which
HR is regulated) of the full baroreflex stimulus–response
curve, and during dynamic exercise the gain or sensitivity
at the operating point is reduced (Ogoh et al. 2005;
Fisher et al. 2007, 2009). This is because during dynamic
exercise the operating point is relocated away from the
point of maximal baroreflex sensitivity at the centre
of the baroreflex function curve (i.e. centring point)
and towards the reflex threshold to a locus of lesser
gain (Ogoh et al. 2005). This phenomenon has been
attributed to an exercise-induced reduction in cardiac
parasympathetic tone (Ogoh et al. 2005); however,
the precise mechanism(s) underlying the reduction in
spontaneous cBRS reported during dynamic exercise is
unclear. Notably, the effect of the muscle metaboreflex on
spontaneous cBRS remains particularly controversial and
incompletely understood.

Humans studies have reported that cBRS is unchanged
during isolated activation of the muscle metaboreflex
during a period of post-exercise ischaemia (PEI) following
static handgrip (Spaak et al. 1998; Iellamo et al. 1999b; Cui
et al. 2001; Ichinose et al. 2002; Fisher et al. 2008, 2010),
calf plantar flexion (Drew et al. 2008) or single leg extensor
exercise (Iellamo et al. 1999a). This technique involves
the inflation of a suprasystolic pressure cuff proximal to
the exercising muscles to arrest the circulation just prior
to exercise cessation, thus trapping exercise metabolites
within the muscle and sustaining the activation of
metabolically sensitive muscle afferents (Alam & Smirk,
1937). In canines, muscle metaboreflex activation has
been evoked by hypoperfusion of the exercising skeletal

muscle, via inflation of a pneumatic occluder placed
around the terminal aorta (Sala-Mercado et al. 2007,
2010). In contrast to studies in humans, activation of
the muscle metaboreflex by hypoperfusion of the active
skeletal muscles of dogs during treadmill running evokes a
reduction in spontaneous cBRS (Sala-Mercado et al. 2007).
Although species-related differences in cardiac autonomic
control may contribute to such discrepant findings, an
alternative explanation for these contrasting observations
relates to methodological differences employed to activate
the muscle metaboreflex and/or the exercise modality
utilised.

Cardiac autonomic activity may be profoundly different
when the muscle metaboreflex is isolated during PEI
compared to when it is activated by flow restriction during
exercise. Augmented muscle metaboreflex activation
during dynamic exercise, at a time when central command
and muscle mechanoreflex are also active, causes an
elevation in HR due to an increase in cardiac sympathetic
activity and/or reduction in cardiac parasympathetic
activity (Bonde-Petersen et al. 1978; Wyss et al. 1983;
Sundberg & Kaijser, 1992; O’Leary, 1993; Sun et al.
1993; Sala-Mercado et al. 2007, 2010). In contrast, HR
has been shown to remain at baseline levels during iso-
lated muscle metaboreflex activation with PEI following
handgrip, single calf plantar flexion or single leg extensor
exercise (no central command or muscle mechanoreflex)
(Spaak et al. 1998; Iellamo et al. 1999a,b; Cui et al. 2001;
Ichinose et al. 2002; Fisher et al. 2008, 2010; Drew et al.
2008). A potential explanation for this is that the robust
reactivation of cardiac parasympathetic tone during PEI
masks the potential tachycardic effect of an elevation in
cardiac sympathetic activity (O’Leary, 1993; Fisher et al.
2010). Such differences in cardiac autonomic activity may
mean that the mode of muscle metaboreflex activation (i.e.
post vs. during exercise) differentially affects spontaneous
cBRS, and the elevated cardiac parasympathetic tone
during PEI may obscure the inhibitory actions of muscle
metaboreflex activation on cBRS. Furthermore, the semi-
nal work of Alam & Smirk (1938) identified that when PEI
was used following dynamic calf plantar flexion of both
legs, HR remained elevated, unlike following handgrip
exercise where no change in HR from baseline was noted
(Alam & Smirk, 1938). Such apparent specificity in the
metaboreflex control of HR, indicates that the question
of whether muscle metaboreflex activation reduces cBRS
during dynamic exercise of a large muscle mass (e.g. leg
cycling) cannot be accurately addressed by studies using
small muscle mass exercise (e.g. handgrip).

To the authors’ knowledge it is presently unknown
whether activation of the muscle metaboreflex by
restricting skeletal muscle perfusion during exercise evokes
a decrease in spontaneous cBRS in humans, as pre-
viously reported in canines. To address this, we used the
sequence technique to calculate spontaneous cBRS during
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low and moderate leg cycling under conditions of both
free flow and partial flow restriction, and during PEI.
cBRS was also examined during rhythmic handgrip with
free flow and partial flow restriction, and followed by
PEI. We hypothesised that spontaneous cBRS would be
decreased by metaboreflex activation during leg cycling
with partially restricted flow and during PEI, but such
muscle metaboreflex-mediated changes in cBRS would not
be evident during handgrip.

Methods

Subjects

Fifteen male subjects volunteered to participate in the
present study. Their mean age, weight and height
(mean ± SD) was 22 ± 4 years, 78 ± 9 kg and 181 ± 5 cm,
respectively. Smokers and subjects with a history or
symptoms of cardiovascular, respiratory, metabolic or
neurological disease were excluded from participation.
None of the participants took any prescribed or
over-the-counter medications and all were recreationally
active, typically engaging in low- to moderate-intensity
aerobic exercise activities 1–2 times per week. All
experimental procedures were performed in accordance
with the Declaration of Helsinki and received approval
from the College of Life & Environmental Sciences ethical
review committee at the University of Birmingham.
All participants provided written informed consent
for participation after receiving a detailed verbal and
written explanation of the experimental procedures
and measurements. Subjects refrained from caffeinated
beverages, alcohol and strenuous physical activity for at
least 12 h before each experimental session. Experiments
were conducted in a laboratory with an ambient

temperature of 22–24◦C and with external stimuli mini-
mized.

Experimental procedures

Protocol 1: Leg cycling exercise. Subjects performed
leg cycling exercise in a semi-recumbent position at
a constant rate of 60 revolutions per minute using a
customised electrically braked cycle ergometer (Angio,
Lode, Groeningen, the Netherlands). After a 3 min resting
baseline period, subjects performed 10.5 min of leg
cycling at a low-intensity workload (Ex90; target HR of
90 beats min−1; 26 ± 4 W), followed by 10.5 min of leg
cycling at a moderate-intensity workload (Ex120; target
HR of 120 beats min−1; 105 ± 7 W) (Fig. 1). The first
3.5 min of each workload were used to adjust the resistance
in order to reach the target HR, following which the
workload was kept constant for 7 min. Two trials were
conducted in a counterbalanced order and separated by
at least 30 min to ensure the baseline physiological status
was re-established. In one trial, bilateral thigh cuffs were
inflated to 100 mmHg (E20, Hokanson, Bellevue, WA,
USA) during the last 3.5 min of each exercise workload (at
low and moderate intensity) in order to partially restrict
the blood flow to the exercising muscles and engage the
muscle metaboreflex. The other trial served as a time
control, as the thigh cuffs were not inflated and exercise
was performed under free-flow conditions. Ratings of
perceived exertion (RPE) were obtained during leg cycling
using the standard 6–20 Borg scale (Borg, 1998). Ten
seconds before the end of exercise in both trials, thigh cuff
pressure was increased to 230 mmHg and a 3.5 min period
of PEI was undertaken to isolate muscle metaboreflex
activation. In a subset of eight subjects, two identical trials
of moderate-intensity leg cycling exercise were performed
in a counterbalanced order (3.5 min warm-up, followed

+100 mmHg

Leg Cycling Ex120Leg Cycling Ex90Rest

A Free-flow trial

B Partial flow-restriction trial

+100 mmHg

Leg Cycling Ex120Leg Cycling Ex90Rest

246.303 20.301713.30100

1 min

246.303 20.301713.30100

PEI

Recovery

27.30 min

27.30 min

+230 mmHg

PEI
+230 mmHg

Recovery

PEI
+230 mmHg

Figure 1. Schematic representation of experimental protocol 1, consisting of leg cycling exercise under
free-flow conditions (Trial A) and with partial flow restriction (Trial B)
Dashed lines indicate time of data acquisition.
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by 3.5 min at 139 ± 14 W). In one trial a period of PEI
followed exercise, while in the other trial recovery was
conducted under free-flow conditions.

Protocol 2: Rhythmic handgrip exercise. Sub-
jects performed rhythmic handgrip exercise in a
semi-recumbent position using a custom-built handgrip
dynamometer held in the right hand, while the arm was
supported on an adjustable bedside table. Maximum
voluntary contraction (MVC) was determined as the
highest force produced during three to five efforts,
each separated by 1 min. The force exerted by the
subject during the experimental protocol, expressed as a
percentage of maximum, was continuously recorded and
displayed on a computer screen positioned in front of
the subject at eye level. Following instrumentation and
assessment of MVC, subjects rested for 15 min. Rhythmic
handgrip exercise was performed at a duty cycle of 1 s
contraction–2 s relaxation (20 contractions per minute)
to allow blood velocity and diameter measurements
during exercise (Dinenno & Joyner, 2003; Hartwich et al.
2010). After a 3 min resting baseline period, subjects
performed 17.5 min of rhythmic handgrip exercise at
35% of MVC (Fig. 2). The first 3.5 min were used to
attain steady-state exercise conditions. Two trials were
conducted in a counterbalanced order and separated by
at least 20 min, to ensure the baseline physiological status
was re-established. In one trial, after 7 min of handgrip
exercise a pressure-cuff around the exercising upper arm
was rapidly inflated to 80 mmHg (E20, Hokanson). After
3.5 min arm cuff pressure was increased to 100 mmHg,
and after a further 3.5 min arm cuff pressure was increased
to 120 mmHg. This manoeuvre was performed in order
to restrict the blood flow to the exercising muscles and
engage the muscle metaboreflex. The other trial served as
a time control, as the pressure cuff was not inflated during
handgrip, and exercise was performed under free-flow

conditions. Ten seconds before the end of exercise, the
arm cuff pressure was increased to 230 mmHg and a
3.5 min period of PEI undertaken. An RPE was obtained
during handgrip exercise using the standard 6–20 Borg
scale (Borg, 1998).

Experimental measurements

HR was continuously monitored using a lead II electro-
cardiogram (Diascope DS 512, S&W Medioteknik AS,
Albertslund, Denmark). Beat-to-beat arterial BP was
obtained from the finger using photoplethysmography
(PortaPres Model-2, TNO Biomedical Instrumentation,
Amsterdam, the Netherlands) (Imholz, 1996). In addition,
brachial artery BP was measured using an automated
sphygmomanometer (SunTech Tango+, SunTech Medical,
Morrisville, USA) (Cameron et al. 2004). Mean BP was
calculated as: mean BP = diastolic BP + 1/3(systolic
BP – diastolic BP). During protocol 2 (rhythmic handgrip
exercise), forearm blood flow velocity (FBV) from the
brachial artery of the right arm was obtained by Doppler
ultrasound (Philips Envisor, Andover, MA, USA). With
an insonation angle of 60 deg maintained relative to the
skin, a linear array Doppler ultrasound probe was placed
on the medial aspect of the upper arm approximately
5–8 cm proximal to the antecubital fossa over the brachial
artery (Dinenno & Joyner, 2003). FBV was measured in
Duplex mode from the velocity waveform. Online tracing
of the waveform allowed for beat-to-beat recordings of
the time-averaged mean velocity, which were stored on
a videotape for offline analysis. Velocity measurements
were taken as an average over 10 cardiac cycles, and three
measures made at each experimental phase. The diameter
of the brachial artery was determined in 2-dimensional
B-Mode at the end of each experimental phase and was
recorded in loops over three cardiac cycles and stored on
the ultrasound device for offline analysis. The average of

A Free-flow trial

B Partial flow-restriction trial

1 min

Rest

24 min6.303 20.301713.30100

Handgrip

Rest

24 min6.303 20.301713.30100

Handgrip
+80 mmHg +100 mmHg +120 mmHg

Recovery

PEI
+230 mmHg

Recovery

PEI
+230 mmHg Figure 2. Schematic representation of

experimental protocol 2, consisting of
rhythmic handgrip exercise under
free-flow (Trial A) and partial flow
restriction (Trial B)
Dashed lines indicate time of data
acquisition.
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three measurements of arterial diameter, made at diastole,
was then taken as the diameter for that experimental
phase (Schrage et al. 2005; Hartwich et al. 2010). During
exercise, diastolic cross-sectional measurements were
obtained between contractions. Forearm blood flow (FBF;
ml min−1) was calculated using the formula: FBF = FBV ×
π × (diameter/2)2 × 60. FBF was normalized to the lean
forearm mass, assessed by measurements of forearm length
and circumferences corrected for skinfold thickness using
established formulae (Jones & Pearson, 1969; Donato et al.
2006).

Data analysis

Physiological data were digitised at 1 kHz (1401plus,
Cambridge Electronic Design, Cambridge, UK) and stored
on a personal computer. Customized Spike 2 script files
were used offline to determine beat-to-beat values for
systolic BP, diastolic BP, mean BP, HR and R-R inter-
val (RRI). Spontaneous cBRS was calculated using the
sequence technique (Iellamo et al. 1997; Fisher et al.
2009). In brief, a customized Spike 2 script file was
used to detect sequences of three or more consecutive
beats, where systolic BP and RRI changed in the same
direction, or systolic BP and HR changed in an opposite
direction (i.e. arterial baroreflex sequences). A linear
regression was applied to each individual sequence and
only those sequences in which r2 was >0.85 were accepted.
To estimate cardiac parasympathetic nerve activity, time
domain HR variability was performed using the square
root of the mean of successive differences in RRI (RMSSD)
(Task Force, 1996; Fisher et al. 2010). For each trial, cBRS
and cardiovascular data were averaged over a 3 min period
for each of the experimental phases (indicated with dashed
lines in Figs 1 and 2). Physiological data were statistically
analysed using two-way repeated measures analysis of
variance in which the main factors were trial (free flow or
partial flow restriction) and phase (protocol 1: Rest, Ex90,
Ex90 free flow or partially restricted flow, Ex120 and Ex120
free flow or partially restricted flow, PEI; protocol 2: Rest,
Ex, Ex free flow or partially restricted flow +80, Ex free
flow or partially restricted flow +100, and Ex free flow
or partially restricted flow +120). Post hoc analysis was
employed using Student’s t tests with Bonferoni correction
to investigate significant main effects and interactions.
The level of statistical significance was set at P < 0.05.
SPSS for Windows (IBM Corporation, Somers, NY, USA)
was used for all statistical analyses. Data are presented as
means ± SEM.

Results

Protocol 1: Leg cycling exercise

Resting HR, RRI, BP, RMSSD and cBRS were
similar in both the free-flow and restricted-flow trials

(Figs 3 and 4, Table 1). Dynamic leg cycling at a
low-intensity workload elicited a significant increase
in HR (+22 ± 2 beats min−1) and systolic BP, while
diastolic BP and mean BP remained unchanged
from rest (Fig. 3, Table 1). During moderate-intensity
leg cycling, HR (+55 ± 3 beats min−1), systolic BP
and mean BP (+12 ± 2 mmHg) were all significantly
elevated above resting levels, while diastolic BP
tended to fall. RRI was significantly decreased during
exercise in an intensity-dependent manner (Table 1).
cBRS was decreased from rest during low-intensity
exercise, and further decreased from rest during
moderate-intensity exercise (RRI-cBRS, 16 ± 2, 7 ± 1
and 2 ± 0.2 ms mmHg−1 at rest, low and moderate
leg cycling, respectively; P < 0.05; Fig. 4). RMSSD was
similarly reduced in an exercise intensity-dependent
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Figure 3. Mean arterial blood pressure (Mean BP, A) and heart
rate (HR, B) at rest and during dynamic leg cycling under
free-flow conditions (open bars) and with partial flow
restriction (filled bars)
FF, free flow; PFR, partial flow restriction; BP, blood pressure; RRI, R-R
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ischaemia. ∗P < 0.05 vs. rest of corresponding trial; †P < 0.05 vs.
Ex90 of corresponding trial; ‡P < 0.05 vs. Ex120 of corresponding
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manner (Table 1). RPE was significantly increased from
low- (8 ± 0.4 au) to moderate- (13 ± 0.5 au) intensity leg
cycling.

Muscle metaboreflex activation, with partial flow
restriction to the exercising skeletal muscles, evoked a
significant decrease in RRI and increase in HR during both
low- and moderate-intensity exercise (+6 ± 2 beats min−1

and +13 ± 2 beats min−1, P < 0.05 vs. free-flow trial;
Fig. 3). Muscle metaboreflex activation also increased
mean BP by +17 ± 1 mmHg and +17 ± 2 mmHg at
low and moderate exercise intensities (P < 0.05 vs.
free-flow trial; Fig. 4). cBRS was significantly attenuated
by muscle metaboreflex activation during low- and
moderate-intensity leg cycling (RRI-cBRS, –2.6 ± 0.8
and –0.4 ± 0.1 ms mmHg−1; P < 0.05 vs. free-flow trial;
Figs 4 and 5). Notably, the muscle metaboreflex-mediated
reduction in cBRS was more pronounced during
low-intensity leg cycling than during moderate-intensity
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leg cycling (Fig. 5). Muscle metaboreflex activation also
reduced RMSSD during low- but not moderate-intensity
leg cycling (Table 1). The relationship between RRI and
RRI-cBRS, and HR and HR-cBRS were non-linear (Fig. 6).
The effect of dynamic exercise with or without partial flow
restriction on cBRS were similar irrespective of whether
cBRS was analysed using either HR or RRI. Partial flow
restriction during exercise evoked a marked increase in
RPE at both low (11 ± 0.5 au) and moderate (16 ± 0.4 au)
exercise intensities (P < 0.05 vs. free-flow trial).

Isolated muscle metaboreflex activation during PEI
following leg cycling with partial flow restriction
maintained a pronounced elevation in mean BP
(+32 ± 2 mmHg) and HR (+44 ± 3 beats min−1) from
rest (P < 0.05), while cBRS remained suppressed
(P < 0.05 vs. rest) irrespective of whether cBRS was
analysed using HR or RRI. RMSSD also remained
suppressed during PEI following leg cycling with partial
flow restriction (Table 1). In the subset of subjects
who performed separate trials of leg cycling under
free-flow conditions followed either PEI or recovery
under free-flow conditions, cBRS and RMSSD were
significantly reduced during PEI (RRI-cBRS, 6 ± 2
and 15 ± 4 ms mmHg−1; RMSSD, 26 ± 12 vs. 54 ±
15 ms; P < 0.05 PEI vs. free-flow recovery). In contrast,
the increase from rest in mean BP and HR was
significantly greater during PEI compared to recovery
under free-flow conditions (+32 ± 2 vs. +3 ± 2 mmHg,
+29 ± 6 vs. +15 ± 3 beats min−1; P < 0.05 PEI vs.
free-flow recovery).

Protocol 2: Rhythmic handgrip exercise

Resting BP, HR, FBF, RRI, RMSSD and cBRS were
similar in both the free-flow and restricted-flow trials
(Figs 7 and 8, Table 2). Rhythmic handgrip exercise
elicited a significant increase in BP, HR and FBF
from rest, under free-flow conditions, while RRI was
reduced and cBRS remained unchanged (Figs 7 and 8,
Table 2). Arm cuff inflation during rhythmic handgrip
exercise evoked a graded reduction in FBF compared
to the free-flow trial, such that FBF during rhythmic
handgrip was reduced by –126 ± 24, –187 ± 21 and
–211 ± 19 ml min−1 kg−1 during the Ex+80, Ex+100
and Ex+120 conditions (P < 0.05; equivalent to a
reduction of –24 ± 4, –35 ± 2 and –38 ± 2%, from the
respective free-flow value, during the Ex+80, Ex+100
and Ex+120 conditions; Fig. 7). Muscle metaboreflex
activation, during incremental partial flow restriction to
the exercising skeletal muscles, evoked an increase in
mean BP and HR (P < 0.05 vs. free-flow trial; Fig. 7),
whereas cBRS was unchanged (P > 0.05 vs. free-flow
trial; Fig. 8). RPE was 10 ± 1 au during the early phase
of rhythmic handgrip under free-flow conditions and
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Table 1. Selected physiological variables at rest and low and moderate leg cycling during the
free-flow and partial flow restriction experimental trials

Rest Ex90 Ex90 FF/PFR Ex120 Ex120 FF/PFR PEI

Systolic BP (mmHg)
FF 121 ± 3 132 ± 3∗ 134 ± 3∗ 163 ± 5∗† 164 ± 5∗† 161 ± 5∗†
PFR 119 ± 2 132 ± 3∗ 148 ± 3∗†# 163 ± 5∗† 185 ± 4∗†‡# 170 ± 4∗†#

Diastolic BP (mmHg)
FF 60 ± 1 60 ± 2 59 ± 1 57 ± 2 57 ± 2 82 ± 2∗†‡
PFR 64 ± 2# 62 ± 3 77 ± 2∗†# 58 ± 2 74 ± 2‡# 86 ± 3∗†‡

RRI (ms)
FF 961 ± 37 701 ± 10∗ 693 ± 10∗ 504 ± 5∗† 492 ± 5∗†‡ 673 ± 20∗‡
PFR 965 ± 39 710 ± 12∗ 651 ± 15∗†# 508 ± 7∗† 444 ± 7∗†‡# 569 ± 20∗†‡#

RMSSD (ms)
FF 54 ± 5 25 ± 4∗ 24 ± 3∗ 6 ± 1∗† 5 ± 1∗† 26 ± 4∗‡
PFR 59 ± 6 26 ± 3∗ 17 ± 3∗†# 6 ± 1∗† 5 ± 2∗† 16 ± 3∗‡#

Values are mean ± SEM. FF, free flow; PFR, partial flow restriction; BP, blood pressure; RRI,
R-R interval; RMSSD, square root of the mean of the sum of successive differences in R-R
interval; Ex90, leg cycling at target HR of 90 beats min−1; Ex120, leg cycling at target HR of
120 beats min−1; PEI, post-exercise ischaemia. ∗P < 0.05 vs. rest of corresponding trial; †P < 0.05
vs. Ex90 of corresponding trial; ‡P < 0.05 vs. Ex120 of corresponding trial; #P < 0.05 vs. FF trial at
corresponding time point.
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increased progressively to 12 ± 1, 13 ± 1 and 15 ± 0.5 au,
during the Ex+80, Ex+100 and Ex+120 conditions,
respectively. Isolated muscle metaboreflex activation,
during PEI following rhythmic handgrip exercise, partially
maintained the exercise-induced increase in mean BP,
while HR returned to baseline (Fig. 7). cBRS and RMSSD
were unchanged from rest during PEI following rhythmic
handgrip exercise (Table 2, Fig. 8).

Discussion

The major novel findings of the present investigation
are twofold. First, activation of the muscle metaboreflex
during leg cycling exercise by partial restriction of blood
flow to the active skeletal muscles evoked a decrease
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Triangles represent group average data during the partial flow
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in cardiac baroreflex responsiveness (cBRS). Second,
while pronounced reductions in cBRS were observed
during isolated activation of the muscle metaboreflex
with PEI following leg cycling exercise, cBRS was
unchanged during PEI following rhythmic handgrip
exercise. Collectively these data indicate that activation
of metabolically sensitive muscle afferents contributes to
the exercise-induced decrease in cBRS during leg cycling
exercise in humans, and reveal that the effect of muscle
metaboreflex activation on cBRS is specific to the exercise
modality studied.

An exercise intensity-dependent decrease in cBRS was
observed during dynamic leg cycling in support of pre-
vious work in dogs (Sala-Mercado et al. 2007, 2010) and
humans (Ogoh et al. 2005; Iellamo et al. 1998). Such
a reduction in cBRS is potentially attributable to the
activation of central command, the muscle mechano-
reflex and the muscle metaboreflex, which are powerful
modulators of cardiac autonomic activity and baroreflex
function, both independently and interactively. The aim of
the present study was to investigate whether the activation
of the muscle metaboreflex is a potential mechanism for
the exercise-mediated reduction in spontaneous cBRS
during dynamic exercise of a large muscle mass (i.e.
leg cycling). Previous work in humans from our group
(Fisher et al. 2008, 2010) and others (Spaak et al. 1998;
Iellamo et al. 1999b; Cui et al. 2001; Ichinose et al. 2002)
have demonstrated that cBRS is unchanged from base-
line during isolated muscle metaboreflex during a period
of PEI following handgrip exercise. This is seemingly in
contrast to the findings of the present study and those
undertaken in exercising canines (Sala-Mercado et al.
2007, 2010), where augmented activation of the muscle
metaboreflex elicited by partial restriction of blood flow
to the active skeletal muscles has been shown to reduce
cBRS. Thus, it appears that methodological differences in
the mode of muscle metaboreflex activation (post-exercise
vs. during exercise) or indeed exercise modality can
differentially affect spontaneous cBRS.

It is well established that activation of metabolically
sensitive afferents elicits an increase in sympathetic nerve
activity to the heart and peripheral vasculature (Mark
et al. 1985; O’Leary, 1993; Fisher et al. 2010). These
autonomic adjustments cause pronounced increases in
HR and BP when the muscle metaboreflex is engaged
by hypoperfusion of the dynamically exercising muscles
using partial terminal aortic occlusion in dogs (Wyss
et al. 1983; O’Leary, 1993; Sala-Mercado et al. 2007,
2010), or using lower body positive pressure in cycling
humans (Bonde-Petersen et al. 1978; Sundberg & Kaijser,
1992; Sun et al. 1993). However, during isolated muscle
metaboreflex activation with PEI following handgrip
exercise, BP remains elevated while HR returns to resting
levels (Mark et al. 1985; Fisher et al. 2008, 2010). Our
group (Fisher et al. 2010) and another (O’Leary, 1993)
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have provided evidence to suggest that the restoration of
HR from end-exercise levels under such circumstances
is related to the loss of the inhibitory actions of central
command and/or the muscle mechanoreflex on cardiac
parasympathetic activity, at the end of exercise. In
addition, the elevation of BP during PEI may facilitate
the robust reactivation of cardiac parasympathetic tone
via the arterial baroreflex, thus masking the potential
tachycardic effects of an elevation in cardiac sympathetic
activity. Thus, it is possible that during PEI the elevated
cardiac parasympathetic tone obscures the inhibitory
actions of muscle metaboreflex activation on cBRS. In
the present study we replicated previous observations
that cBRS was unchanged during PEI following handgrip
exercise (Spaak et al. 1998; Iellamo et al. 1999b; Cui et al.
2001; Ichinose et al. 2002; Fisher et al. 2008, 2010), and
further document that cBRS is not altered by augmented
muscle metaboreflex activation during handgrip exercise
(partial flow restriction). However, in contrast, we found
that cBRS was attenuated by both muscle metaboreflex
activation during leg cycling (partial flow restriction) and
PEI following leg cycling. Our observations are congruent
with the ground-breaking work of Alam & Smirk (1938),
who demonstrated that HR remained elevated during PEI
following dynamic calf plantar flexion of both legs, but
not during PEI following handgrip (Alam & Smirk, 1938),
and Blonde-Petersen et al. (1978) who demonstrated
that HR also remained elevated during PEI following
leg cycling exercise (Bonde-Petersen et al. 1978). Taken
together, these findings indicate that when examining the
interaction between the muscle metaboreflex and cBRS,
the exercise modality employed may be more important

than the means by which muscle metaboreflex activation
is achieved. As such, one cannot accurately elucidate
the effect of muscle metaboreflex activation on cBRS
during dynamic exercise of a large muscle mass (e.g. leg
cycling) using studies using small muscle mass exercise
(e.g. handgrip). Of note, Iellamo et al. (2006) reported a
maintained cBRS during PEI after leg cycling (Iellamo et al.
2006). However, these observations should be interpreted
with care since the study sample comprised a unique
cohort of four astronauts. As the authors acknowledge,
possibly due to the timing of the experiments (e.g. close
to launch) and the age of the participants (45 years
compared with 22 years in the present study), resting
cBRS was remarkably low (∼4 ms mmHg−1 compared
with ∼16 ms mmHg−1 in the present study). This may
have reduced the chances of detecting a reduction in
cBRS with metaboreflex activation, and means that direct
comparisons with the present study are difficult.

We used the sequence technique to provide an
estimate of the integrated cBRS (i.e. carotid and aortic
baroreceptors). This method uses the natural and
spontaneous beat-to-beat fluctuations in BP, and the
corresponding short-term, baroreflex-mediated change
in HR (identified according to established criteria).
There is strong evidence to suggest that spontaneous
measures of cBRS predominantly represent alterations in
cardiac parasympathetic efferent activity (Parlow et al.
1995; Ogoh et al. 2005; Fisher et al. 2010). Indeed,
cBRS estimated using the sequence technique is virtually
abolished by administration of an anti-cholinergic drug
(e.g. atropine or glycopyrrolate) (Parlow et al. 1995;
Fisher et al. 2010). Importantly, reductions in cBRS
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Figure 7. Mean arterial blood pressure (Mean BP, A), heart rate (HR, B) and forearm blood flow (FBF, C)
at rest, during rhythmic handgrip exercise under free-flow conditions (open bars) and with partial flow
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FF, free flow; PFR, partial flow restriction; BP, blood pressure; RRI, R-R interval; Ex, rhythmic handgrip exercise at
35% of maximum voluntary contraction; Ex FF/+80, Ex FF/+100 and Ex FF/+120, handgrip exercise without or
with upper arm cuff inflation to 80, 100 and 120 mmHg, respectively; PEI, post-exercise ischaemia. ∗P < 0.05 vs.
rest of corresponding trial; †P < 0.05 vs. Ex of corresponding trial; ‡P < 0.05 vs. Ex FF/+80 of corresponding trial;
$P < 0.05 vs. Ex FF/+100 of corresponding trial; §P < 0.05 vs. Ex FF/+120 of corresponding trial; #P < 0.05 vs.
FF trial at corresponding time point.
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during dynamic exercise are also linked to cardiac
parasympathetic withdrawal (Ogoh et al. 2005). Thus,
it is tempting to speculate that activation of the muscle
metaboreflex during leg cycling and PEI following
leg cycling attenuates cBRS via a direct reduction in
cardiac parasympathetic tone. O’Leary (1993) reported
that hypoperfusion of the hind limbs of dogs running
on a treadmill increased HR despite pharmacological
blockade of β-adrenoreceptors, supporting the notion that
muscle metaboreflex activation during leg cycling reduces
cardiac parasympathetic activity, thus increasing HR and
potentially decreasing cBRS (O’Leary, 1993; Sun et al.
1993). In the present study we observed that decreases in
spontaneous cBRS and RMSSD with muscle metaboreflex
activation were more marked at low-intensity exercise (HR
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Figure 8. Spontaneous cardiac baroreflex sensitivity (cBRS) at
rest, during handgrip exercise under free-flow conditions
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Spontaneous cBRS calculated using either R-R interval (RRI-cBRS, A)
or heart rate (HR-cBRS, B). FF, free flow; PFR, partial flow restriction;
RRI, R-R interval; Ex, rhythmic handgrip exercise at 35% of maximum
voluntary contraction; Ex FF/+80, Ex FF/+100 and Ex FF/+120,
handgrip exercise without or with upper arm cuff inflation to 80,
100 and 120 mmHg, respectively; PEI, post-exercise ischaemia.
Statistical analysis using 2 × 6 repeated measures ANOVA indicated
no significant main effects of phase (P = 0.486 and P = 0.246 for
RRI-cBRS and HR-cBRS, respectively) and trial (P = 0.113 and
P = 0.159 for RRI-cBRS and HR-cBRS, respectively) and no significant
interactions (P = 0.183 and P = 0.664 for RRI-cBRS and HR-cBRS,
respectively).

∼90 beats min−1) than during moderate-intensity exercise
(HR ∼120 beats min−1). This possibly reflects the greater
cardiac parasympathetic activity available to be inhibited
at lower exercise intensities by the muscle metaboreflex
(Robinson et al. 1966). Furthermore, both cBRS and
RMSSD were also reduced during isolated activation
of the muscle metaboreflex during PEI. Skeletal muscle
afferents have been reported to converge on barosensitive
cells within the nucleus tractus solitarii and cardiac vagal
motoneurons within the brainstem, and can act to decrease
cardiac baroreflex responsiveness (Iwamoto & Kaufman,
1987; McWilliam & Yang, 1991; Potts & Mitchell, 1998;
Potts, 2006). However, the available evidence in humans
indicates that those skeletal muscle afferents evoking
alterations in cardiac parasympathetic activity and cBRS
are mechanosensitive rather than metabolically sensitive
(Gladwell & Coote, 2002; Gladwell et al. 2005). Thus,
whether the muscle metaboreflex alters cBRS during leg
cycling via a direct effect remains incompletely under-
stood.

An alternative mechanism by which the bilateral thigh
cuff inflation manoeuvre, used to evoke a hypoperfusion
of the exercising muscle during leg cycling, may indirectly
modulate cBRS is via an increase in intramuscular
pressure and consequent stimulation of mechanically
sensitive muscle afferents (Kaufman & Rybicki, 1987). Iso-
lated activation of the muscle mechanoreflex by passive
stretch of the calf muscles has been reported to cause a
reduction in spontaneous cBRS (Drew et al. 2008) and an
increase in HR (+5 ± 3 beats min−1) due to a reduction
in cardiac parasympathetic nerve activity (Gladwell &
Coote, 2002; Gladwell et al. 2005). However, an increase
in HR with passive stretch was not evident when
cardiac parasympathetic tone was reduced with either
glycopyrrolate administration, mild rhythmic handgrip
exercise or carotid baroreceptor unloading (Gladwell
et al. 2005). Therefore, it is unlikely that mechanoreflex
activation could wholly account for the reduction in
cBRS observed in the present study when blood flow
was obstructed to the exercising muscles during low and
moderate leg cycling (target HR of 90 and 120 beats min−1,
respectively), as cardiac parasympathetic tone would be
expected to be significantly withdrawn at these workloads
(Robinson et al. 1966). Furthermore, it has been suggested
that stretch-sensitive group III and IV muscle afferents are
a distinct population from those activated by muscular
contraction (Hayes et al. 2005). Muscle mechanoreflex
activation has also been experimentally elicited by external
calf muscle compression (Bell & White, 2005): however,
the cuff inflation pressure previously used was much
greater than in the present study (300 vs. 100 mmHg) and
did not cause any HR increase. Muscle afferent responses
to mechanical stimuli are also suggested to be augmented
by concomitant accumulation of metabolites in the inter-
stitium (Kaufman & Rybicki, 1987). Thus, augmenting
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Table 2. Selected physiological variables at rest, handgrip exercise and post-exercise ischaemia during
the free-flow and graded partial flow restriction experimental trials

Rest Ex Ex FF/+80 Ex FF/+100 Ex FF/+120 PEI

Systolic BP (mmHg)
FF 127 ± 4 145 ± 4∗ 146 ± 4∗ 148 ± 5∗ 152 ± 5∗$ 140 ± 4∗§
PFR 126 ± 4 145 ± 5∗ 149 ± 5∗ 153 ± 5∗†‡ 162 ± 6∗†‡$# 152 ± 5∗#

Diastolic BP (mmHg)
FF 63 ± 2 72 ± 2∗ 72 ± 2∗ 73 ± 2∗ 75 ± 2∗ 68 ± 2∗†‡$§
PFR 60 ± 2# 69 ± 2∗# 71 ± 2∗† 74 ± 2∗†‡ 79 ± 3∗†‡$# 72 ± 3∗#

RRI (ms)
FF 1024 ± 44 927 ± 48∗ 920 ± 47∗ 916 ± 48∗ 903 ± 48∗ 1034 ± 49†‡$§
PFR 1016 ± 40 906 ± 39# 888 ± 36∗† 858 ± 36∗† 831 ± 37∗†‡$ 1009 ± 54∗†‡$#

RMSSD (ms)
FF 59 ± 6 60 ± 8 62 ± 9 67 ± 9 67 ± 9 61 ± 7
PFR 56 ± 6 58 ± 8 58 ± 9 56 ± 8 57 ± 9 63 ± 8

Values are mean ± SEM. FF, free flow; PFR, partial flow restriction; BP, blood pressure; RRI, R-R interval;
RMSSD, square root of the mean of the sum of successive differences in R-R interval; Ex, rhythmic
handgrip exercise at 35% of maximum voluntary contraction; Ex FF/+80, Ex FF/+100 and Ex FF/+120,
handgrip exercise with or without upper arm cuff inflation to 80, 100 and 120 mmHg, respectively; PEI,
post-exercise ischaemia. ∗P < 0.05 vs. rest of corresponding trial; †P < 0.05 vs. Ex of corresponding trial;
‡P < 0.05 vs. Ex FF/+80 of corresponding trial; $P < 0.05 vs. Ex FF/+100 of corresponding trial; §P < 0.05
vs. Ex FF/+120 of corresponding trial; #P < 0.05 vs. FF trial at corresponding time point.

metabolite accumulation within the exercising muscle may
increase the firing of mechanosensitive muscle afferents.
In the present study, we observed HR and BP increases
with bilateral thigh cuff inflation during leg cycling,
in excess of the modest cardiovascular responses pre-
viously observed in response to experimental sensitization
of muscle mechanoreflex (Middlekauff & Chiu, 2004;
Bell & White, 2005; Fisher et al. 2005; Cui et al. 2008;
Drew et al. 2008). Furthermore, we observed that cBRS
was attenuated during PEI following leg cycling, when
the exercise-induced activation of mechanically sensitive
muscle afferents was presumably absent. In light of
these collective findings we suggest that the activation
of mechanically sensitive muscle afferents is unlikely to
explain the decrease in cBRS with partial restriction of
blood flow to the active skeletal muscles during leg cycling
observed in the present study; nevertheless, we cannot
definitively rule out their possible contribution.

An alternative explanation for the reduction in cardiac
baroreflex responsiveness elicited by hypoperfusion of the
active skeletal muscles during leg cycling is an increase
in central command. It is possible that bilateral thigh
cuff inflation during leg cycling may decrease mechanical
efficiency, thus altering motor unit recruitment strategies
and augmenting central command. Moreover, skeletal
muscle afferent feedback may exert an inhibitory influence
to spinal and supraspinal areas of the central nervous
system (Gandevia, 2001). Activation of metabolically
sensitive muscle afferents during exercise may inhibit
alpha motor neurons innervating the skeletal muscle,
reducing their excitability and meaning that additional

central drive is required to maintain the requisite exercise
intensity (Amann et al. 2009). In support of this,
we observed that RPE, a measure of the participants’
sense of effort, historically related to central command
(Mitchell, 1990), was significantly increased by bilateral
thigh cuff inflation during leg cycling. Central command
predominantly alters HR in humans via withdrawal of
parasympathetic tone (Mitchell et al. 1989), and evokes a
movement of the operating point towards the threshold
of the carotid baroreflex function curve (i.e. a point
of reduced sensitivity) (Gallagher et al. 2001b; Ogoh
et al. 2002). As such, a muscle afferent-induced increase
in central command provides a plausible explanation
for the further reduction in parasympathetic tone and
spontaneous cBRS observed during partial flow restriction
during leg cycling in the present study. However, it should
be noted that in exercising dogs, muscle afferent blockade
abolishes the cardiovascular response to unilateral iliac
arterial occlusion during exercise (Pomeroy et al. 1986;
Kozelka et al. 1987). Whether such observations can
be translated to humans remains unclear. Thus, on
the basis of the available evidence, it is possible that
muscle metaboreflex activation may indirectly reduce
spontaneous cBRS during leg cycling in humans via an
increase in central neural drive.

It is possible that muscle metaboreflex-mediated
elevations in plasma noradrenaline may attenuate
parasympathetic control of HR and consequently reduce
cBRS (Miyamoto et al. 2003). Miyamoto et al. (2003)
demonstrated that spontaneous cBRS was attenuated by
noradrenaline infusion during vagus nerve stimulation
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in anaesthetized rabbits. Although a directly comparable
study has not been performed in humans, Taylor et al.
(2001) reported that administration of the β-adrenergic
receptor antagonist atenolol augmented respiratory
sinus arrhythmia, indicating that cardiac sympathetic
nerve activity may oppose cardiac parasympathetic
nerve activity in resting humans. However, Ogoh
et al. (2005) demonstrated that β-adrenergic blockade
has a minimal affect on spontaneous cBRS during
dynamic exercise. As such, we feel that it is unlikely
that muscle metaboreflex-mediated sympathoexcitation
reduced cBRS in the present study.

Since the sequence technique involves analysis of
spontaneous fluctuations in BP and HR (or RRI), we
have been unable to evaluate the full arterial baroreflex
stimulus–response curve. For this reason, we cannot
conclude whether the maximal sensitivity of the baroreflex
has been manipulated by our intervention, or whether the
operating point of the reflex has shifted to a non-linear
region of the baroreflex function curve. It has been
suggested that spontaneous measures of cBRS provide
the same data as the sensitivity of the baroreflex at the
operating point (Parati et al. 2000; Ogoh et al. 2005).
For this reason, our findings are important as they imply
that the physiologically active region of the baroreflex (i.e.
the operating point) operates with a reduced sensitivity
during dynamic exercise, possibly due to activation of
metabolically sensitive muscle afferents.

A reduction in blood flow to the exercising skeletal
muscles has been effectively shown to evoke increases in
HR and BP using either graded clamping of the terminal
aorta blood flow in treadmill running dogs (Sheriff et al.
1993; Sala-Mercado et al. 2007, 2010) or non-invasively
using lower body positive pressure in cycling humans
(Eiken et al. 1992; Sundberg & Kaijser, 1992; Sun et al. 1993;
Gallagher et al. 2001a). In the present study, a comparable
cardiovascular response was elicited by bilateral thigh
cuff inflation to 100 mmHg during dynamic leg cycling
exercise. Previous reports indicate that this manoeuvre
evokes a reduction in limb blood flow, a mismatch
between oxygen delivery and demand, an accumulation of
workload-related muscle metabolites and the activation of
metabolically sensitive skeletal muscle afferents (Eiken &
Bjurstedt, 1987; Eiken et al. 1992). Our measurements of
FBF during rhythmic handgrip confirmed that inflation
of a cuff proximal to the exercising muscles significantly
reduced their perfusion. As we did not have access to
a suitable methodology (e.g. femoral venous thermo-
dilution) we were unable to measure leg blood flow during
cycling exercise, and thus a limitation of the present
study is that we are not able to quantify or compare
the magnitude of the flow restriction during low and
moderate cycling workloads. In addition, we acknowledge
that restriction of venous outflow from the exercising
muscle via thigh cuff inflation to 100 mmHg is also likely to

evoke venous congestion, which may stimulate mechano-
sensitive afferents located in the walls of the vasculature
within the skeletal muscle (McClain et al. 1993; Haouzi
et al. 1999; Cui et al. 2009). Although stimulation of such
sensory afferents has been shown to evoke a cardiovascular
response (McClain et al. 1993; Haouzi et al. 1999; Cui et al.
2009), it is presently unclear if they modulate cBRS.

The present study examines the effect of muscle
metaboreflex activation on the arterial baroreflex;
however, it is recognised that this is a two-way inter-
action. Work by Waldrop & Mitchell (1985) and Sheriff
et al. (1990) indicated that the arterial baroreflex
attenuates the pressor response evoked by muscle afferent
activation (Waldrop & Mitchell, 1985; Sheriff et al.
1990). More recently, Kim et al. (2005) demonstrated
that following barodeinervation (in dogs) the muscle
metaboreflex-induced increase in cardiac output was
attenuated (due to a decrease in stroke volume), and
that the pressor response was greater, as compared to the
baro-intact condition (Kim et al. 2005). Further studies in
humans are required to examine the impact of the arterial
baroreflex on the strength and mechanisms by which the
muscle metaboreflex modulates BP during exercise (i.e.
cardiac output vs. total peripheral resistance).

In chronic disease conditions characterised by a hypo-
perfusion of the active skeletal muscles (e.g. peri-
pheral vascular disease, chronic heart failure) the
muscle metaboreflex is not activated in isolation from
central command and the muscle mechanoreflex. Thus,
experimental reductions in muscle blood flow to augment
the muscle metaboreflex during exercise may more
realistically mimic such clinical conditions. As such, in
light of the cardioprotective properties of parasympathetic
tone (Billman, 2006), the muscle metaboreflex-mediated
reduction in cBRS observed in the present study may
have clinical significance for patient populations in whom
increased muscle metaboreflex sensitivity (Piepoli et al.
1996; Scott et al. 2002) and decreased cBRS (Grassi et al.
1995) have been identified.

In summary, the findings of the present study indicate
that the activation of the muscle metaboreflex during
dynamic leg cycling exercise using partial restriction of
the blood flow to the active skeletal muscles, or during
PEI, elicits a decrease in cardiac baroreflex responsiveness.
Overall, the present findings suggest that the activation of
metabolically sensitive muscle afferents plays an important
role in the decrease in cBRS during dynamic exercise
involving a large muscle mass in humans.
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