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The aim of the present study was to determine whether training-related alterations in muscle mechanoreflex activation affect
cardiac vagal withdrawal at the onset of exercise. Eighteen male volunteers divided into 9 controls (26 ± 1.9 years) and 9 racket
players (25 ± 1.9 years) performed 10 s of voluntary and passive movement characterized by the wrist flexion of their dominant
and non-dominant limbs. The respiratory cycle was divided into four phases and the phase 4 R-R interval was measured before
and immediately following the initiation of either voluntary or passive movement. At the onset of voluntary exercise, the decrease
in R-R interval was similar between dominant and non-dominant forearms in both controls (166 ± 20 vs 180 ± 34 ms, respectively;
P > 0.05) and racket players (202 ± 29 vs 201 ± 31 ms, respectively; P > 0.05). Following passive movement, the non-dominant
forearm of racket players elicited greater changes than the dominant forearm (129 ± 30 vs 77 ± 17 ms; P < 0.05), as well as both
the dominant (54 ± 20 ms; P < 0.05) and non-dominant (59 ± 14 ms; P < 0.05) forearms of control subjects. In contrast, changes
in R-R interval elicited by the racket players’ dominant forearm were similar to that observed in the control group, indicating that
changes in R-R interval at the onset of passive exercise were not attenuated in the dominant forearm of racket players. In
summary, cardiac vagal withdrawal induced by muscle mechanoreflex stimulation is well-maintained, despite long-term
exposure to training.
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Introduction

At the onset of exercise, there is an immediate and
rapid decrease in R-R interval mediated purely by the
abrupt withdrawal of cardiac vagal activity (1-3). This in-
stantaneous decrease in cardiac vagal activity is induced
by central signals from the higher brain (central command)
and by neural feedback arising from mechanically sensi-
tive skeletal muscle receptors (the muscle mechanoreflex)
(4-6). Moreover, al-Ani et al. (7) demonstrated that the
initial changes in R-R interval in response to muscle con-

traction are greater after training than before training.
However, the underlying neural cardiovascular mechan-
isms of training-related alterations in R-R interval responses
at the onset of exercise are not understood. Thus, previous
studies have addressed this issue considering the possi-
bility of neural changes in the relative role of the muscle
mechanoreflex and its inhibitory effect on cardiac vagal
activity (8-12). Additionally, passive movement is widely
employed to estimate the effect of the muscle mechano-
reflex in humans (10,13-15), because the effect of central
command can be removed.
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Human studies examining the influence of exercise
training on the heart rate response at the onset of passive
movement have used a cross-sectional design (11,12),
making comparisons between trained and untrained sub-
jects. These investigators noted that the heart rate in-
crease throughout 20 s of passive movement is attenuated
in endurance runners (11) and sprinters (12) compared to
untrained subjects. Of note, a potential problem in trying to
evaluate the relative importance of these mechanoreflex
adaptations has been the inability to completely dissociate
them from central adaptations. Nevertheless, the heart
rate response at the onset of passive movement seems to
be similar for dominant and non-dominant limbs (10), al-
though the dominant limb may be more trained compared
with the non-dominant limb as a result of daily activity.
However, the low-level daily activity may possibly mask a
training-induced peripheral neural adaptation in dominant
limbs. Taken together, these authors suggested that the
decreased response in heart rate may be due to desensi-
tization of muscle mechanoreceptors. Although this sug-
gests training-related changes in muscle mechanoreflex, a
potential caveat is that these studies did not carefully
isolate the muscle mechanoreflex component of the neural
feedback from the working muscle, since 20 s of exercise
is enough time to activate chemically sensitive skeletal
muscle receptors (the muscle metaboreflex) (5,16). In
addition, these studies did not aim to isolate the vagally
mediated R-R interval response, since the R-R interval is
also modulated by sympathetic activity in exercise of this
duration (2,17,18).

On the basis of these considerations,     it is currently
unknown whether these training-related alterations in
muscle mechanoreflex activation are apparent in the car-
diac vagal withdrawal at the onset of exercise. Therefore,
the present study was designed to investigate R-R interval
changes at the onset of passive movement of dominant
and non-dominant limbs in racket players and control
subjects. In addition, in order to test the inhibitory influence
of muscle mechanoreflex stimulation solely on cardiac
vagal control, we assessed only the R-R interval immedi-
ately following passive movement over one respiratory
cycle (7,19,20). We hypothesized that the R-R interval
response at the onset of passive movement would be
attenuated in the dominant limb in racket sport players,
suggesting a decrease in muscle mechanoreflex sensitivity.

Subjects and Methods

Subjects
Nine normal volunteers and 9 racket players (8 tennis

and 1 squash players) participated in this study. The racket

players recruited in the present study reported playing for
at least 8 years, currently engaging in 15 h of play per
week. All control subjects had previously been involved in
various sports, although none consisting of racket sports
or unilateral activities. All subjects were right-handed and,
according to a previous study (21), we defined the upper
limb utilized to play racket sports as dominant. All subjects
were non-smokers, non-obese, normotensive and asymp-
tomatic for cardiovascular or respiratory disease and none
of them were taking any medication.

The study was approved by the University Ethics Com-
mittee and conformed to the Declaration of Helsinki. All
subjects gave written informed consent to participate.

Experimental protocol
Subjects were asked to refrain from consumption of

caffeinated beverages and exercise for at least 12 h before
the tests and not to eat in the 2 h preceding the tests. All
measurements were made in a room free from external
distractions in which only the researcher or a nurse assis-
tant and the subject were present. Prior to the experimen-
tal measurements, subjects were habituated with all appa-
ratuses and protocols. In one visit, subjects performed 4
trials, assigned in a counterbalanced order and separated
by at least 5 min, as follows: 1) Dominant voluntary exer-
cise; 2) Non-dominant voluntary exercise; 3) Dominant
passive movement; 4) Non-dominant passive movement.
The protocol included 2 min of rest followed by 10 s of
voluntary exercise or passive movement, characterized by
wrist flexion at 2 Hz following an audio signal. Subjects
were seated comfortably throughout the experiments with
their backs against an experimental chair and their fore-
arms supported on a table in front of them. During the brief
voluntary exercise, all subjects were instructed to hold a
dumbbell with an equivalent weight of ~4% of the subject’s
body mass in their hand, with the palm facing upward. The
start of voluntary exercise was signaled by the experi-
menter before the start of an inspiratory period. The onset
point, just before the start of the inspiratory period, was
determined by the respiratory movement curve monitored
on the oscilloscope. Passive movement was carried out by
the experimenter manually flexing the subject’s wrist to the
end of the comfortable range of motion without the dumb-
bell. All subjects were asked to relax and not to resist the
movement, with care being taken to keep the body as
stable as possible in order to avoid motion artifacts. To
ascertain whether muscles actually contracted during pas-
sive movement, bipolar electrodes were attached to the
wrist flexors to detect any electromyographic signals pro-
duced. Respiratory rate was controlled by asking the sub-
ject to breathe in time to a metronome set to maintain a
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respiratory rate that was comfortable for each individual.
This respiratory frequency was kept constant throughout
the experimental protocols.

Measured variables
The electrocardiogram (ECG) was obtained by one

lead with a standard CM5 configuration, comprising three
silver chloride monitoring electrodes placed on the chest.
The ECG was recorded at a sampling frequency of 1000
Hz (Powerlab 4/25T and software Chart 5, AD Instruments,
Australia). The respiratory movements and the phase of
the respiratory cycle were measured using a pneumotach-
ograph (MLT1000L, AD Instruments). The electromyo-
gram (EMG) was recorded from the wrist flexor muscles
throughout the experimental protocols and was detected
using bipolar golden surface electrodes. Prior to applica-
tion of the surface electrodes, the site was prepared by
removal of dead skin by abrasion and cleaning with alco-
hol. Conducting gel was applied to the electrodes before
they were placed on the central portion of the muscle belly
in a direction parallel to muscle fiber course. Movement
artifacts were minimized by taping the electrodes and
wires to the skin. For analysis, EMG signals were rectified
and sampled at a frequency of 1000 Hz using a bandpass
filter of 30 to 500 Hz. Maximal handgrip strength (22) of
dominant and non-dominant limbs was determined as the
higher value of two trials performed before the experiment
in the standing position with a specific dynamometer (Grip
Dynamometer, Takei Kiki Kogyo, Japan). Forearm girths
were measured at the largest position (23).

Data analysis
For analysis purposes, the respiratory cycle was divided

into four phases (1 to 4) of equal duration from the beginning
of inspiration to the end of expiration. Since the R-R interval
varies throughout the respiratory cycle, R-R interval values
were measured at identified phases of the cycle. Phases 1
and 2 relate to early and late inspiration and phases 3 and 4
relate to early and late expiration, respectively. For each
trial, mean values were calculated for the phase-4 R-R
interval for 30 s before each trial and the first phase-4 R-R
interval immediately following the initiation of either volun-
tary or passive movement (7,19,20). The difference in these
two R-R interval measurements was then calculated for
each trial to obtain the change in R-R interval upon voluntary
or passive movement expressed in milliseconds and as a
percentage. Phase 4 in the respiratory cycle was chosen
because the cardiac vagal activity is greatest at this time
(20), expressed by a longer R-R interval duration. The
morphological impact of the racket sport training was calcu-
lated by the effect size (24), using the differences in handgrip

strength and forearm girth between dominant and non-
dominant limbs. Various methods have been described to
estimate the magnitude of an effect size and Cohen’s d has
been shown to be the most common and appropriate meth-
od. Cohen’s d represents the difference between two means,
divided by the variability amongst the sample. Also, forearm
training stimulus was calculated by the relative side-to-side
difference = (dominant – non-dominant) / non-dominant)*100.

Statistical analysis
Data are reported as mean ± SEM. Statistical compari-

sons of physiological variables were made by three-way
analysis of variance (ANOVA) for repeated measures, in
which group (controls and players), dominance (dominant
and non-dominant limbs) and exercise paradigm (volun-
tary and passive) were the main factors, followed by the
Fisher least significant difference test for post hoc pairwise
comparisons. The results for control and player subjects
concerning physical characteristics were compared by the
paired and unpaired Student t-tests. Adequate sample
size was calculated for ANOVA with 4 groups (within
factors), applying a desired power of 0.80 and an α error of
5%. Using the effect size of 0.75, the minimum sample size
was determined to be 9 subjects in each group (i.e., control
+ players = 18 subjects). Statistical significance was set at
P ≤ 0.05. All analyses were conducted using the Statistical
Package for the Social Sciences, version 13 (SPSS, USA).

Results

Subject characteristics
The physical characteristics of the subjects are sum-

marized in Table 1. The dominant forearms of the control
group had a greater girth than the non-dominant forearms
(P < 0.05). This represents only a 0.3-cm difference be-
tween the two forearms. However, in the racket player
group, the difference in forearm girth was significantly
greater (P < 0.05), corresponding to a 1.8-cm difference in
girth between dominant and non-dominant forearms. As
expected, the relative side-to-side difference in the racket
player group was greater than in the control group (Table
1). Maximal handgrip strength was greater in the dominant
forearms of both the control and racket player groups.
However, both groups had dissimilar relative side-to-side
difference between dominant and non-dominant forearms
(P < 0.05). In this respect, the effect size clearly shows the
influence of racket sport training on the differences be-
tween dominant and non-dominant forearms.

R-R interval responses at the onset of exercise
At rest, there were no significant differences in phase-
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4 R-R interval within trials (P > 0.05; Table 2). Figure 1
shows the R-R interval changes (∆ values) during volun-
tary and passive movements in both the dominant and
non-dominant forearms of controls and racket players. In
all trials, the R-R interval was significantly decreased, i.e.,
heart rate increased with exercise (P < 0.05; Figure 1). This
decrease in the R-R interval was similar between dominant
and non-dominant forearms in both controls (18 ± 2.2 vs 19
± 3.4%, respectively; P > 0.05) and racket players (22 ± 3.1
vs 21 ± 3.0%, respectively; P > 0.05) at the onset of
voluntary exercise. Also, no differences were found in this
response between groups. Following passive movement,
the non-dominant forearm of racket players elicited a sig-
nificantly larger change in R-R interval than the dominant
forearm (13 ± 2.5 vs 8 ± 1.5%; P < 0.05). In addition, this
response was larger than that elicited by both dominant (6 ±
2.2%; P < 0.05) and non-dominant (6 ± 1.5%; P < 0.05)
forearms in controls during passive movements. Unexpect-
edly, the R-R interval change elicited by the dominant fore-
arm of the racket players was similar to that observed in

controls in both dominant and non-dominant forearms. These
results were also observed when absolute changes of the R-
R interval were calculated from rest values (Figure 1).

Discussion

In this study, we attempted to elucidate whether train-
ing-related changes in muscle mechanoreflex sensitivity
are apparent in the cardiac vagal withdrawal at the onset of
passive movement. To our knowledge, this is the first study
to use the approach of passive movement in racket players
to test the hypothesis that long-term training is critical to
the sensitization of muscle mechanoreceptor control of
cardiac vagal withdrawal at the onset of exercise. This was
accomplished by assessing R-R interval changes in re-
sponse to forearm muscle stimulation via passive move-
ment of the wrist performed for 10 s because only the R-R
interval changes in the first respiratory cycle after exercise
onset were considered for the present study. The major
new finding of the present study is that, despite greater

decreases in R-R interval at the onset of passive
movement in the non-dominant forearm in racket
players, no differences in R-R interval were ob-
served between the dominant forearm of racket
players and controls. Of note, similar results were
obtained in both absolute and relative analyses of
R-R interval changes. We had hypothesized that
the R-R interval response at the onset of passive
movement would be attenuated in the dominant
limb of racket players, suggesting a decrease in
muscle mechanoreflex sensitivity due to cumula-
tive training exposure. However, despite greater
differences in girths and handgrip strength be-
tween dominant and non-dominant forearms in
racket players, the present result clearly negates
this hypothesis.

Training studies have provided some insight
into the mechanisms that might be related to a
reduced chronotropic response due to an attenu-
ated muscle mechanoreflex (11,12,25,26), al-
though our results clearly reject this hypothesis.
Fisher and White (27) suggested that in muscles
that are regularly exposed to the products of
anaerobic exercise, such as the forearm muscles
of racket players, the muscle mechanoreflex may
become desensitized. In other words, chronic
exposure to muscle acidosis induced by racket
sport training could attenuate the muscle mecha-
noreflex-induced changes in R-R interval in re-
sponse to a dominant forearm exercise. Sinoway
et al. (26) reported that the repeated infusion of

Table 2.Table 2.Table 2.Table 2.Table 2. Baseline values of phase-4 R-R interval.

Voluntary Passive

Dominant Non-dominant Dominant Non-dominant

Control 948 ± 28 937 ± 23 943 ± 16 977 ± 22
Racket players 910 ± 51 918 ± 45 958 ± 60 956 ± 69

Data are reported as means ± SEM in ms.

Table 1.Table 1.Table 1.Table 1.Table 1. Characteristics of the subjects studied.

Racket players Control subjects
(N = 9) (N = 9)

Age (years) 25 ± 1.9 26 ± 1.9
Height (cm) 180.2 ± 2.2 179.8 ± 1.8
Weight (kg) 77.2 ± 3.3 78.9 ± 1.5
Forearm girth (cm)

Dominant arm 28.5 ± 0.4 28.1 ± 0.5
Non-dominant arm 26.7 ± 0.3* 27.8 ± 0.5*
Side-to-side difference (%) 6.7 ± 0.6 1.1 ± 0.3+

Effect size 1.38 0.20
Handgrip strength (kg)

Dominant arm 53.4 ± 2.1 50.1 ± 1.6
Non-dominant arm 45.7 ± 1.6* 47.1 ± 1.6*
Side-to-side difference (%) 17.4 ± 3.5 9.1 ± 1.6+

Effect size 1.63 0.61

Data are reported as means ± SEM. The effect size quantified the differ-
ence between two groups.
*P < 0.05 compared to the dominant arm (paired Student t-test); +P < 0.05
compared to racket players (unpaired Student t-test).
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lactic acid into cats leads to a progressive decline in the
discharge frequency of mechanically sensitive group III
muscle afferents. In addition, two previous studies by a
Japanese research group (11,12) showed attenuated heart
rate responses at the onset of dynamic exercise in endur-
ance runners and sprinters compared to untrained sub-
jects. In contrast, although sprint training involves both
high-intensity interval and strength training, Carrington et
al. (8) did not observe differences in chronotropic re-
sponse between sprinters and untrained subjects during 2
min of involuntary isometric muscle contraction. Given a
possible greater disturbance in muscle mechanoreflex
sensitivity in trained muscle, we supposed that cardiac
vagal withdrawal (i.e., R-R interval changes) would be
attenuated in the dominant forearm in racket sport players
at the onset of passive exercise, suggesting a decrease in
muscle mechanoreflex sensitivity. This idea was not sup-
ported by the present finding.

The other important but unexpected finding of the
present study was the marked change in R-R interval
noted exclusively in the non-dominant forearm of the racket
player during passive movement. This response was sig-
nificantly greater than in the dominant forearm of racket
players or in either forearm of controls. However, it is
difficult to determine which mechanism is responsible for
this response. One reasonable possibility is that muscle
mechanoreflex sensitivity is increased in the non-domi-
nant forearm of racket players. In agreement with previous
studies (25,28,29), the forearm girth and handgrip strength
were greatest in the dominant forearm of racket players,
followed by the dominant forearm of controls, the non-
dominant forearm of controls, and finally the non-dominant
forearm of racket players, which seemed to be “the weak-
est of all”. One explanation for this may be that among all
four forearms, the racket players’ non-dominant limb was
the least used, and thus the weakest, as can be seen from
the mean values of maximal handgrip strength (Table 1).
Interestingly, this phenomenon was seen only in “young
starters” (28,29). It is thus possible that during the rapid
phase of growth, the less used non-dominant limb of the
racket players is left somewhat behind developmentally.
Given this idea, this explanation could be related to the
interesting finding that muscle mechanoreceptor sensitiv-
ity is increased in heart failure patients (13) who are
restricted in daily life activities compared with normal sub-
jects. In addition, Hayashi et al. (30) provided the first
demonstration of the effects of disuse atrophy on the
muscle mechanoreflex in animal models. These investiga-
tors demonstrated that the atrophied muscle increases the
pressor response to muscle stretch in rats, due to sensiti-
zation of the muscle mechanoreflex (30). However, the

mechanisms underlying changes in muscle mechanore-
flex sensitivity are still unclear. It is currently unknown
whether these muscle mechanoreflex adaptations are ap-
parent in the non-dominant forearm of racket players and
we agree that further studies are needed to address this
issue in relation to our results.

Another finding of our investigation is that during volun-
tary exercise there were no differences in R-R interval
changes between dominant and non-dominant limbs within
and between groups. Previous studies (8,12,21) have
reported a similarly chronotropic response between trained
and untrained subjects during voluntary exercise. This
could be explained by the redundancy in the cardiovascu-
lar control system (14,31,32), which may allow central
command to mask any changes in muscle mechanoreflex
sensitivity in the target muscle. During passive movement,
the influence of central command on the R-R changes is

Figure 1.Figure 1.Figure 1.Figure 1.Figure 1. Absolute changes from rest of R-R interval during
voluntary and passive movement in racket players (A) and con-
trol subjects (B). Filled columns: dominant; open columns: non-
dominant. *P ≤ 0.05 compared to voluntary exercise; +P ≤ 0.05
compared to racket players’ dominant limb and both forearms of
control subjects     (Fisher least significant difference test for post
hoc pairwise comparisons).



830

Braz J Med Biol Res 41(9) 2008

L.C. Vianna et al.

www.bjournal.com.br

removed and a clearer picture of the role of the muscle
mechanoreflex input to the heart is revealed. In the present
study, although R-R interval responsiveness differed be-
tween dominant and non-dominant forearms in racket
players during passive exercise, R-R interval changes
were equally maintained in both the dominant and non-
dominant limbs in control subjects. Hotta et al. (10) have
also reported a similar heart rate response between domi-
nant and non-dominant limbs during either voluntary or
passive movement in non-racket players, although these
investigators expected an attenuated peripheral neural
reflex to the heart.

Previous studies have also used racket players as a
model to investigate peripheral adaptations to training.
Sinoway et al. (33) reported that the reactive hyperemic
blood flow coupled with 1 min of exercise was 42% higher
in the dominant than the non-dominant forearm of racket
players. Saito et al. (21) determined whether exercise-
induced muscle sympathetic nerve activation might be
altered by training, by comparing dominant and non-domi-
nant forearms of tennis players. In addition, the advantage
of this model (i.e., comparing dominant and non-dominant
forearms within subjects) was to exclude the effect of inter-
individual differences related to central adaptations to
training, especially under resting conditions, which was
not the case in previous studies (8,11,12). In the present
study, the similar resting conditions between trials was
important for our hypothesis, since R-R interval responses
at the onset seem to be dependent upon the level of
cardiac vagal activity (1,34). Studies in animals (1) and in
humans (34) have reported that the R-R interval responses
during the first seconds of exercise are directly associated
with vagal activity (i.e., when vagal activity is high, the
magnitude of the response is increased). However, this
concern might not apply to the present study, which was
carried out with “trained” and “untrained” skeletal muscle in
the same subjects, thus circumventing this potential prob-
lem.

Limitations
Several limitations of the design and interpretation of

the present investigation should be considered. First, al-
though dynamic passive movement is widely employed to
isolate the muscle mechanoreflex from central command
and muscle metaboreflex activation in humans, it was not
possible to quantify the amount of muscle mechanoreflex
stimulation generated in the target muscle throughout the

passive movement, or mimic the exact patterns of motor
activation evoked during voluntary exercise. Indeed, this is
the potential weakness of this model, even though it has
been used by our research group (14,15) and others
(13,35). In addition, it is probable that our results were not
representative of sustained muscle stretch (36), muscle
compression (37) or electrical stimulation (9). Second, the
present results were unlikely to be influenced by muscle
metaboreflex and/or sympathetic outflow because only the
R-R interval changes in the first respiratory cycle after
exercise onset (<5 s) were considered. Both build-up of
metabolites within the working muscle (16) and increases
in cardiac sympathetic activity (7,20) may require several
seconds (>5 s) and would not influence R-R interval
changes during the very short duration of the exercise
performed in the present study. Third, another important
physiological concern is that heart rate may be selectively
modulated by hemisphere laterality. Saito (38) demon-
strated that heart rate during the first minute of static
handgrip exercise was lower in the right than in the left arm.
In contrast, heart rate was not different when the compar-
ison was made between dominant and non-dominant ex-
ercises. This, however, might not apply to the present
study, which was performed with dynamic voluntary and
passive movement stimulation during the transition from
rest to exercise. Additionally, Williamson et al. (35) found in
humans that voluntary cycling exercise selectively acti-
vated the left-insular cortex, whereas passive cycling did
not, suggesting that the left insular cortex may serve as a
site for cortical regulation of cardiac vagal activity.

The results of the present study indicate that changes
in R-R interval at the onset of passive exercise were not
attenuated in the dominant forearm of racket players.
These results indicate that cardiac vagal withdrawal in-
duced by muscle mechanoreflex stimulation is well-main-
tained despite the long-term exposure to training. Finally, if
there is any effect of racket sport training on the muscle
mechanoreflex, it could be related to the increase in mecha-
noreceptor sensitivity in the non-dominant forearm due to
“muscle disuse”.
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