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Muscular responses during motor imagery as a function of muscle
contraction types
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® Functional Neuroimaging Unit, University of Montreal Geriatric Institute, Department of Psychology, University of Montreal,
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This study was designed to gain more insight into the mechanisms underlying motor imagery (MI). While there is ample evidence that motor
performance and MI share common central neural mechanisms, the question whether MI is accompanied by subliminal electromyographic (EMG)
activity remained unsolved. Thirty right-handed volunteers were asked to lift or to imagine lifting a weighted dumbbell using different types of
muscle contraction, i.e. heavy concentric, light concentric, isometric and eccentric contractions. EMG activity from 9 muscles of the dominant arm
(agonist, antagonist, synergist and fixator muscles) was monitored. Autonomic nervous system responses were also recorded on the non-dominant
hand, thus attesting mental activity at the peripheral level. A significant increased pattern of EMG activity was recorded in all muscles during MI,
when compared to the rest condition, while the goniometric data did not reveal any movement. Although being subliminal, the magnitude of this
activation was found to be correlated to the mental effort required to lift a weight mentally, as more EMG activity was recorded during imaginary
lifting of heavy than light concentric contractions. When considering the different types of contraction, our results provided evidence of selective
changes in EMG activity. Especially, the imagined eccentric condition elicited a significant weaker muscular activity than all other conditions. In
addition, the changes in the EMG pattern mirrored those usually observed during physical movement. These findings support the hypotheses of a

selective effect of MI at the level of muscular activity and of incomplete inhibition of the motor command during MI.
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1. Introduction

Motor Imagery (MI) is defined as the mental simulation of a
specific action without any corresponding motor output, and
shares similar mechanisms underlying movement preparation
and execution (Jeannerod, 1994; Decety, 1996). While the
effects of MI to improve motor task performance are well-
established (Feltz and Landers, 1983; Driskell et al., 1994), only
a few body of research has been carried out to investigate the
effect of MI on strength tasks. Even though Herbert et al. (1998)
have challenged the hypothesis that mental training may
increase the isometric strength, strong positive effects of MI
on voluntary strength of both distal and proximal muscles have

* Corresponding author. Tel.: +33 4 72 43 16 25; fax: +33 4 72 43 28 46.
E-mail address: aymeric.guillot@univ-lyonl.fr (A. Guillot).

usually been reported (Cornwall et al., 1991; Yue and Cole,
1992; Smith et al., 2003; Zijdewind et al., 2003; Ranganathan
et al., 2004; Sidaway and Trzaska, 2005). These results provide
evidence of the neural origin of strength gain that occurs before
muscle hypertrophy, hence driving the motor units to a higher
intensity and/or leading to the recruitment of motor units that
remain otherwise inactive. As discussed in the recent paper by
Folland and Williams (2007), whilst further research is clearly
required, this evidence suggests that substantial increase in the
strength of major ambulatory muscle groups can be made
without physical activity and be independent of morphological
adaptations.

Among the theories supposed to explain such positive
effects, the psycho-neuromuscular theory postulates that an
electromyographic (EMG) activity of the same muscles occurs
during MI and actual movement, although remaining different.


mailto:aymeric.guillot@univ-lyon1.fr
http://dx.doi.org/10.1016/j.ijpsycho.2007.05.009

Such hypothesis has early been proposed by Washburn (1916),
who suggested that slight muscle movements were made during
MI, and later substantiated by several authors (Jacobson, 1931,
1932; Shaw, 1938), who have reported that this EMG activity
occurred only in the muscles that are involved in the movement.
In addition, the Golgi tendons organs may be stimulated, and
thereby generate neuromuscular feedback (Schmidt and Lee,
1999). This remains a fine hypothesis, as Jami (1992) has
demonstrated that the Golgi tendons organs are sensitive to a
single motor unit contraction, thus showing the high sensibility
of these sensitive structures. Such neuromuscular effects may
explain the motor performance improvement. Another hypoth-
esis stated by Jeannerod (1994) is that the residual EMG activity
might originate from an incomplete motor command inhibition,
MI being in this way considered a tiny muscular contraction
(Bonnet et al., 1997).

Therefore, several data have suggested that MI is accompa-
nied by EMG activity and even by specific selective muscle
activation (Bird, 1984; Jowdy and Harris, 1990; Gandevia et al.,
1997; Hashimoto and Rothwell, 1999). These authors system-
atically recorded a subliminal activity, the magnitude of the
activation being a fraction of that observed during actual per-
formance (for review, see Guillot and Collet, 2005a). The
content of the mental image has also been found to be reflected
in the magnitude and location of EMG pattern. Internal imagery
then results in significantly higher muscles excitation than ex-
ternal imagery (Harris and Robinson, 1986; Bakker et al.,
1996). Furthermore, Bakker et al. (1996) and Boschker (2001)
have reported that during MI of a movement involving one arm,
muscular activity was higher in the active than in the passive
arm, and that imagining lifting a heavy object resulted in more
EMG activity than that of a lighter object (9 kg vs. 4.5 kg).
These data therefore suggest that the physiological responses
reflect the spatial movement organization and the quantitative
characteristics of MI.

However, the question of recording EMG activity during MI
has received inconsistent responses, as muscular quiescence has
also been observed during MI (Yue and Cole, 1992; Lotze et al.,
1999; Mulder et al., 2004, 2005; Gentili et al., 2006), even when
using nuclear magnetic resonance spectroscopy (Decety et al.,
1993). Some researchers also required the absence of EMG
activity as a precondition to perform a specific MI task (Naito
etal., 2002; Jackson et al., 2003). They considered the absence of
a significant increase in EMG activity as a proof that the pattern of
cerebral activation observed during MI is not due to any move-
ment. Li et al. (2004) have recorded selective muscle activation
in the finger flexors in only four of nine subjects during MI, such
an observation being later confirmed by Dickstein et al. (2005),
during a tip-toe rising task. This latter finding was rather equiv-
ocal, as in their last experiment, increased pattern of EMG ac-
tivity was sometimes, but not systematically recorded during
ML, in both healthy subjects and poststroke hemiparetic patients.
Furthermore, the EMG activity was also equivocal across all
muscles involved during motor performance.

These inconsistent results may originate from methodolog-
ical problems mainly. First, using surface vs. intramuscular
EMG recordings might explain why EMG activity may be

recorded in some cases but not in the others, although most
experiments in this research area used surface EMG. Second,
the EMG signal and its properties can be affected by the
measurement technique and the experimental conditions, such
as electrode geometry, distance between active fibers and
electrodes, or location of the muscle (for review, see Kleissen
et al., 1998). Finally, differences in the literature may be ex-
plained by individual variation in motor command inhibition
and could also be related to the experimental conditions
(Jeannerod, 1994; Jeannerod and Frak, 1999). Furthermore, the
deep muscle fibers are known to fire during the movement
preparation mainly (Mellah et al., 1990), and may belong to
slow tonic group fibers, thus making their activity difficult to
detect by a specific configuration of surface electrodes.

Despite these inconsistent results, the detection of an EMG
activity during MI remains an acute field of research. The present
study is designed to explore muscular responses during actual
lifting a dumbbell and MI of the same movement. Our first aim is
to investigate EMG activity of muscles acting as prime movers
during actual movement, but also that of antagonist, synergist and
fixator muscles, which are simultaneously involved in holding the
weight. The second objective is to gain insight into EMG activity
characteristics recorded during MI, as a function of muscle
contraction types and load constraints (dumbbell weight). Despite
the wide range of factors that may affect the EMG signal and
inconsistent results described in the previous section, it was
expected to record a subliminal EMG activity during M1, in the
muscles usually involved during the physical execution of the
task. Taken into consideration the EMG activity recorded during
actual movement (e.g. Moritani et al., 1988; Fang et al., 2001;
McHugh et al., 2002), we further hypothesized that EMG
amplitude would differ as a function of the muscle contraction
type during M1, i.e. the highest amplitude being recorded during
concentric contraction, the lowest amplitude during eccentric
contraction, and the “intermediate” amplitude during isometric
contraction. In addition, the concentric contraction intensity was
also expected to be differentiated through EMG activity during
M], i.e. with a heavy vs. a light weight. Finally, among the various
techniques used to investigate MI, and according to the aim of the
experimental work, the combination of autonomic nervous
system (ANS) recording, mental chronometry and well-estab-
lished psychological tests was considered the most reliable
methodological approach to investigate MI directly in the field
(forreview, see Guillot and Collet, 2005a). Consequently, an ANS
response pattern should be recorded after each MI instruction,
thus attesting to mental work quality during each trial (Roure
et al., 1999; Guillot et al., 2004). Movement duration was
expected to be overestimated during MI (Guillot and Collet,
2005b), but MI duration should not be dependent upon muscle
contraction type.

2. Methods
2.1. Participants

Thirty right-handed sport students (15 men and 15 women,
aged from 18 to 25, mean=21.2+2.4) gave their informed



consent to take part in the experimental procedures, which
were approved by the local research ethics board. By self-report,
none had any neuromuscular disorder, and all were free of any
recent muscular injury. They were not made aware of the
purposes or hypotheses of the experiment until after test
completion.

2.2. Experimental procedures

During a preliminary session, planned 7 days before the
experiment, all participants performed an incremental test to
determine their maximum lifting performance (1RM) when
lifting a weighted dumbbell using a bending movement of the
forearm on the arm. The best mark resulting from one repetition
(concentric contraction) was considered the 1RM. The isometric
maximal voluntary force (IMVC) was also measured using a
strain gauge force transducer with the elbow joint positioned at
90°. Finally, participants completed the Revised version of the
Movement Imagery Questionnaire (MIQ-R, Hall and Martin,
1997) in a quiet room. The MIQ-R is made up of 8 items known
to evaluate individual differences in visual (4 items) and kines-
thetic (4 items) movement imagery. Completing each item re-
quires 4 steps. First, the starting position is described. Second,
a specific arm, leg or whole body movement is precisely de-
scribed and then, the participant is required to perform it. Third,
each individual is asked to reassume the starting position and to
imagine the movement, using visual or kinesthetic imagery
alternatively (no actual movement is made). Finally, a score is
assigned using a 7-point scale regarding the ease/difficulty as-
sociated with representing each movement mentally.

During the experimental procedure, participants were seated
comfortably in an experimental chair after a specific warm-up
including incremental dumbbell lifting exercises. To avoid any
compensatory movement, participants were fixed against the
chair (Fig. 1). The experimenter then attached the EMG and
ANS electrodes, on the active arm and the non-dominant hand
respectively. A goniometer (SG110, Biometrics) was also
strapped to the active arm and forearm, to control the initial
position and check that the elbow angle (90°) remained constant
during MI (Fig. 1), thus attesting that the participant did not
move. The participants were then asked to lift or to imagine

EMG
clectrodes
Goniometer

Skin Resistance
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Fig. 1. Measurement equipment and subject positioning. The part of the
goniometric system located in the forearm is not visible in this drawing.

lifting the weighted dumbbell. The four conditions were i)
heavy concentric contraction (80% of 1RM), light concentric
contraction (50% of 1RM), iii) isometric contraction (at least
95% of the maximal isometric strength) with the strain gauge
force transducer, and iv) eccentric contraction (120% of 1RM).
A total of 8 experimental conditions were therefore counter-
balanced for each contraction type. Four actual and 8 imagined
trials were performed for each experimental condition, i.e. a
total of 16 actual movements and 32 MI trials. As each trial was
preceded by a rest-period, EMG and ANS activities were also
recorded during a total of 32 rest-periods, to be compared with
those recorded during actual performance and MI.

During actual performance, participants were asked to lift the
dumbbell as fast as possible (concentric contractions), to “lower”
it as much as possible (eccentric condition), or to hold the
isometric contraction during a 5s-period. During MI, they were
instructed to imagine the movement as if they were actually
performing it, using an association of internal visual and kines-
thetic imagery. Specifically, this latter component appears
essential, as highlighted by Neuper et al. (2005). Each trial
was separated from the next by a rest period, which was never
less than 20s, thus allowing ANS variables to recover basal
levels and EMG recordings to keep stable baseline. Upon mental
initiation of the first body movement and at the end of the
sequence, athletes pressed a button with their non-dominant
hand, to start and stop the timer. A MI script was developed to
standardize the instructions. Each participant was read this script
and therefore received the following instructions before the first
Ml trial: “Try to imagine yourself doing the motor sequence with
your eyes closed by imagining the different movements, as if you
had a camera on your head, and perceiving the body sensations.
You see and feel only what you would if you actually performed
this particular skill. Start the timer with your non-dominant
hand, as soon as you have left the reference point (initial
position), which means at the beginning of the first imagined
movement. Imagine the entire sequence and stop the timer at the
end of the contraction. Make sure you use imagery in the way
that is most comfortable to you, but without moving your arm”.
To check that they performed exactly the correct type of imagery,
athletes were regularly asked to describe the nature of the images
after MI. During this debriefing, athletes were also instructed to
describe the difficulty they encountered to imagine the
movement and then, to rate a score of MI quality, using a 4-
points scale. This was set as follow: 1 =very easy to imagine/feel
and 4 =very difficult to imagine/feel (2 and 3 being intermediate
levels).

2.3. Mechanical recordings

Imagined and actual durations were recorded by the
experimenter, during each muscle contraction type, mean actual
duration being considered the reference. In the concentric and
eccentric muscle contraction conditions, the actual durations
were calculated from the signal recorded, while using a
goniometer (SG110, Biometrics) strapped to the active arm
and forearm. In the isometric contraction condition, the subjects
were asked to maintain over 90% of their IMVC (recorded



during the preliminary session) during 5 s with the elbow
joint positioned at 90°. The angle of the elbow joint and
the magnitude of the force applied were controlled using
the goniometer and the strain gauge force transducer, respec-
tively. In the imagined contraction conditions, the goniometer
was used to attest the absence of any elbow movement during
ML

2.4. Electrical recordings

Before placing the EMG surface electrodes, the skin was
shaved, abraded and cleaned with alcohol swabs to improve the
contact between the skin and the electrodes but also to reduce
skin impedance. Raw EMG signals were simultaneously
recorded with the Flex-comp Infinity system (Thought
technology, Montreal, Canada), from the long head of the
biceps brachii (LBB), short head of the biceps brachii (SBB),
brachioradialis (BR), triceps brachii (TB), flexor carpi ulnaris
(FCU), flexor carpi radialis (FCR), anterior deltoid (DEL),
superior trapezius (TRA) and major pectoralis (PEC) muscles.
Raw EMG signals were sampled at 2048 Hz on a computer
before being further processed. Then the root mean squared
value of the EMG signals (EMGrms) was calculated using a
time averaging period of 25 ms. The mean EMGrms values of
the nine muscles were calculated over the imagined and actual
durations of the different contraction types.

Autonomic nervous system recordings were aimed at
evaluating MI quality through more objective data than self-
evaluation (Roure et al., 1999). High brain functioning may be
studied through ANS effector activity at a peripheral level
(Hugdahl, 1996) which anticipate and accompany behavior,
thus representing non-conscious physiological mechanisms of
central mental processes. Cutaneous autonomic effectors, e.g.
sweat glands are innervated by sympathetic endings only, their
activation eliciting sweat release and, consequently, a decrease
in skin resistance. Several experiment demonstrated that MI
quality may be estimated by ANS responses, especially through
skin resistance (Roure et al., 1999; Guillot et al., 2004; Guillot
and Collet, 2005a). Instrumentation was designed by the
Biomedical Microsensors and Microsystems Laboratory of the
French National Institute of Applied Sciences (Dittmar et al.,
1995). Signal sampling was carried out at a frequency of 10 Hz.
Skin resistance was recorded using two 30 mm? unpolarizable
Ag/AgCl electrodes (Clark Electromedical Instruments, Ref.
E243) placed on the second phalanx of the second and third
digits of the non-dominant hand, and held by adhesive tape
(Fowles et al., 1981). Skin resistance was measured with 15 pA
current (current density=0.5 pA/mm?), and an isotonic
conductive paste (TECA ref: 822-201210) was used to improve
skin/electrode contact As response amplitude depends on the
pre-stimulation value (Furedy and Scher, 1989), a more reliable
index was defined without referring to the initial value (tonic
level). The Ohmic Perturbation Duration (OPD) is measured at
the beginning of the sudden drop elicited by MI, and ends
when the slope, while recovering basal level, shows no more
fluctuations, and when the slope is similar to that observed
before the stimulation (Vernet-Maury et al., 1995).

2.5. Data analysis

The first step of statistical EMG analysis was to test whether
a difference may be observed between males and females by
using a Multivariate analysis of variance (MANOVA). As the
male/female comparisons did not reach the 5% threshold, male
and female data were pooled and the variable related to sex was
no more taken into account. A standard MANOVA test was thus
performed for the 8 variables (2 movement conditions, i.e.
actual performance and MI and 4 types of muscles contraction
as previously described). All statistical computations were made
by using a transformation (1/y) to fit the usual normal dis-
tribution assumptions. To explore the structure of the variables,
these were re-expressed using a contrast H matrix in terms of
derived variables leading to better distinguish the main single
effects (movement conditions and types of contraction) from
their interaction (conditions * types of contraction). A suitable
H matrix produced a first derived variable (not of interest here)
giving the overall level of the responses. A second derived
variable summarized the main effect of conditions, while 3
derived variables (3, 4 and 5) measured the main effect of the
types of contraction, the 3 last ones (6, 7 and 8) summarizing the
interaction effect (incidentally, this H matrix was exactly the
design and analysis of the example 2.2 in the chapter about
MANOVA of Hand et al., 1996). The nullity of the interaction
was first tested by using the Hotelling’s T2-test on the 3 last
derived variables. Then, we examined the main effect of types
of contraction by the same multivariate Hotelling’s test applied
to the derived variables 3, 4 and 5. In a first part, only the long
biceps was considered as this is the main muscle involved in
the elbow flexion. In a second part, the other muscles are
considered, using the same analysis.

MIQ-R scores, ANS responses (OPD), and both physical
execution and MI durations comparisons were made using
Student’s paired t-tests. The results are presented as mean
(standard deviation values), the alpha level being set at
p<0.05.

3. Results
3.1. Behavioral results

The mean MIQ-R score was 43.97 (5.9). No difference was
found between males and females (¢=0.641, p>0.05, NS),
mean scores being 43.27 (5.91) and 44.67 (6.04) respectively.
When considering the visual and kinaesthetic subscales, the
mean scores were 23.94 (3.5) and 19.87 (3.8), respectively.
During the debriefing following the MI sessions, participants
reported that they used the MI outlined in the script, without any
switch between external and internal MI. None reported
changing the imagery script to suit individual needs, but
rehearsed the motor sequence as they were requested to do. The
evaluation of self-reported MI accuracy did not show any
difference among the experimental conditions (F=2.92,
p>0.05, NS). Similarly, these scores did not change across
trials. Mean values (SD) for the 4-points scale for heavy
concentric, light concentric, isometric and eccentric contraction



conditions were 2.6 (0.7), 2.5 (0.7), 2.9 (0.7) and 2.8 (0.8),
respectively.

The average time difference between the actual and the
imagined trials was compared for each type of muscle
contraction. Mean durations of actual concentric contractions
were 1.21 5 (0.2) and 0.78 s (1.1) for the heavy and light weights
respectively. Imagined concentric contraction times were longer
than actual times (2.38 s (0.1) and 1.62 s (1.1) respectively). The
comparisons between imagined and physical times reached
significance (r=—15.5, p<0.001 and r=—3.96, p<0.001).
Under the 5 s isometric condition, actual and MI times did
not differ (=0.3, p>0.05, NS), mean MI duration being 4.89 s
(2). Similarly, in the eccentric condition, MI times did not differ
from physical execution times (¢=0.5, p>0.05, NS), mean
durations being 4.25 s (2.2) and 4.02 s (1.9) respectively.
Interestingly, there was no significant gender difference,
whatever the muscle contraction condition.

The goniometer measured the elbow angles during both the
rest and the MI conditions with the aim to check whether during
ML, subjects were able to keep the precise angular position that
they were requested to (elbow angle of 90°), and thus to prevent
any movement during imagined contractions. No significant
difference was found (z=1.39, p>0.05, NS), average values
being 0.52° (0.2) and 0.55° (0.2) during the MI and rest
conditions respectively.

3.2. EMG activity during MI

All statistical computations were made by using normalized
data, i.e. 1/y. When considering the EMG activity of the long
head of the biceps brachii, the main muscle involved in the
elbow flexion, the gender comparison did not reach the
significant threshold (7 (8, 28)=2.11, [Pillai=0.45], p>0.05).
Hence, males and females data were pooled. Similarly, none of
the EMG activity provided differences between males and
females for the 8 other muscles. All p-values were upper than the
significant threshold. The forthcoming statistical test then used
the Hotelling T2. The aim was to create derivate variables to
separate interactions from simple effects (2 movement condi-

Mean EMG (1/y)

Heavy Concentric Light Concentric Isometric Eccentric

Fig. 2. EMG activity of the long head of the biceps brachii (1/y) as a function of
the type of muscle contraction. The eccentric contraction elicited the weakest
EMG activity whereas the heavy concentric contraction elicited the highest.
Further, there was a significant difference between the MI of the heavy
concentric muscular contraction compared with the light concentric muscular

contraction.

Table 1
Mean EMG activity recorded during the rest and motor imagery conditions

Mean rest EMG Mean MI EMG P-value
activity (1/y) activity (1/y)
Biceps brachii 0.82 0.69 <0.001
(long head)
Biceps brachii 0.79 0.66 <0.0001
(short head)
Anterior deltoidus 0.66 0.59 <0.0001
Superior trapezius 0.28 0.26 <0.01
Triceps brachii 0.86 0.78 <0.01
Brachioradialis 0.68 0.51 <0.01
Flexor carpi ulnaris 0.83 0.73 <0.02
Flexor carpi 0.73 0.65 <0.01
radialis
Major pectoralis 0.35 0.32 <0.002

Results clearly indicated higher, although subliminal, muscular activity during
MI than during rest.

tions [MI and rest condition] * 4 types of muscle contractions).
The matrix of transformations H yielded to 8 derivate variables
from the 8 first variables. The 3 last variables were aimed to test
interaction. With reference to the matrix, it was verified whether
the 3 variables showed a mean different from (0, 0, 0): T2=8.1,
p=0.08. As the critical probability was 8%, we considered that
no interaction occurred among the 3 variables. Thus, the effect of
movement conditions on the one hand, and type of muscle
contraction on the other, were tested as separate variables.

The Hotelling T2 test showed a marginally effect of the
muscle contraction type condition for the long head of the
biceps brachii, as shown by Fig. 2 (T2=8.23, p=0.07). How-
ever, the light concentric contraction condition elicited less
muscular activity than the heavy concentric contraction. In
addition, the eccentric condition elicited the significant weakest
muscular activity (Fig. 2).

When considering EMG recordings of the 8 remaining
muscles, none of the 8 p-values reached the significant threshold,
although few of them indicated a marginally significant p-value
(flexor carpi ulnaris, p=0.09 and major pectoralis, p=0.06).
Consequently, the effect of each condition was investigated. A
significant effect of the contraction type was found in the anterior
deltoidus (p=0.03), brachioradialis (p=0.01), flexor carpi
ulnaris (p=0.002), and flexor carpi radialis levels (p<0.001).
In addition, the Hotteling T2 test provided a marginally significant
difference in the major pectoralis (»p=0.08). The weakest muscle
activity was provided during eccentric MI of lifting the weight.
There was also a strong difference between the two concentric
conditions, heavy concentric contraction eliciting higher muscu-
lar activity than light concentric contraction. At last, no clear
difference emerged from the comparison of heavy concentric and
isometric contractions.

3.3. EMG activity during MI vs. rest

Again, all statistical computations were made by using nor-
malized data, i.e. 1/y. The statistical analysis revealed a greater
EMG activity recorded during MI than during the rest condition.
Such difference was also observed in the other 8 muscles, as



shown by Table 1. To emphasize data reliability, it was checked
whether participants remained motionless during the MI se-
quences (at least that they did not show more muscular activity
than during the rest control condition). Thus, goniometric data
were compared to check that there was no significant difference
between the rest and the MI conditions.

Greater EMG activity were recorded in the long head of the
biceps brachii during MI than during the rest condition, average
normalized values being 0.82 mV (0.4) and 0.69 mV (0.4)
respectively. It is noticeable that the 4 MI conditions were
considered in this comparison. Similar results were obtained in
each muscle recording (Fig. 3). When analyzing each type of
muscle contraction in a separate way, similar results were
observed. The EMG activity of the long head of the biceps was
significantly greater during MI than during the rest condition the
heavy concentric (t=2.8, p<0.01), the light concentric (=2.4,
p<0.02), the isometric (#=2.5, p=0.016) and the eccentric
conditions (¢=2.6, p=0.014). These statistical differences were
also obtained when analyzing the data of all muscles, with the
exception of the short head of the biceps brachii and triceps
brachii during the eccentric condition, the flexor carpi radialis
during the isometric condition, and the trapezius, flexor carpi
ulnaris and radialis during the heavy concentric condition.

3.4. EMG activity during physical execution

A significant difference was found between males and fe-
males EMG in the long head of the biceps brachii (Pillai=0.565,
F(4,18)=5.85, p<0.01). Mean males EMG values were
1001 mV, 832 mV, 862 mV, and 696 mV in the isometric,
heavy concentric, eccentric and light concentric conditions re-
spectively. Weaker EMG values were recorded in women
(479 mV, 478 mV, 421 mV, and 332 mV, respectively). Com-
paring each type of contraction to each other provided evidence of
a systematic effect of the type of contraction, showing that the
EMG activity recorded during the light concentric contraction
was weaker than those recorded during other types of contraction
(Table 2). Further, in women, a tendency was also observed when
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Table 2
Comparison of the EMG activity as a function of muscle contraction type

Men
Heavy concentric Light concentric Isometric Eccentric
. 1=2.492 1=1.558 1=0.589
Klesvy copcoumic p=0032 p>005 p>005
t=5.506 1=3.237 t=3.474
Light concentric  p <0.001 p=0.009 p=0.006
t=0.009 1=2.995 t=1.327
Isometric p>005 p=0012 p>005
1=2.019 t=2.66 t=1216
Eccentric p=0.07 p=0.022 p>0.05
Women

A systematic effect of muscle activity was observed in a way that the EMG
activity recorded during both the light concentric and the eccentric contraction
was significantly weaker than that recorded during other types of contraction
both in men and women.

comparing the EMG activity recorded during the heavy
concentric and the eccentric conditions (r=2.02, p=0.07).
When considering the other 8 muscles, different patterns of
EMG activity were recorded, so that no clear conclusion may be
drawn. In the male group, for example, greater EMG values
were recorded during the isometric condition when compared to
other types of contraction, except in the short head of the biceps
brachii and the deltoidus activity (greater EMG activity during
the eccentric than during the isometric condition), as in the
trapezius and the deltoidus activity (greater activity during the
heavy concentric than during the isometric condition). Similar-
ly, the weakest EMG activity was recorded during the light
concentric contraction, with the exception of the brachioradialis
activity (greater activity during the eccentric than during the
light concentric condition). Finally, no significant difference
was observed between the heavy concentric and the eccentric
conditions, except in the activity of the flexor carpi ulnaris.
In the female group, no significant difference was recorded
between the isometric condition and the other types of con-
traction, as between the eccentric and the heavy concentric
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Fig. 3. EMG activity (1/y) during MI and rest conditions. The MI condition was shown to elicit a higher EMG activity than that recorded during the rest condition in all

muscles.



Table 3
Ohmic perturbation duration recorded during physical execution and motor

imagery

Contraction type Condition OPD (s) Standard deviation ¢ p

Heavy concentric  Actual 5.26 2.1 7.14 <0.001
MI 2.13 1.11

Light concentric  Actual 4.86 2.38 5.98 <0.001
MI 1.48 1.2

Isometric Actual 791 2.38 11.4  <0.001
MI 221 1.33

Eccentric Actual 9.04 2.38 12.7  <0.001
MI 1.26 0.89

ANS responses recorded during MI were found to be significantly shorter than
those recorded during physical execution.

conditions. By contrast, the weakest EMG activity was recorded
during the light concentric condition, with the exception of the
brachioradialis, the short head of the biceps brachii and the
trapezius, when compared to the eccentric condition.

3.5. ANS activity

Skin resistance responses (measured through the OPD index)
were recorded during both physical and imagined contractions.
During M1, the responses were significantly shorter than those
recorded during actual practice in all muscle contraction
conditions (p<0.001), as shown by Table 3. As MI quality was
estimated through ANS responses, especially skin resistance
responses (Guillot et al., 2004; Guillot and Collet, 2005a; Roure
et al., 1999), good and poor MI trials were differentiated with
respect to the OPD of each MI trial. However, the EMG activity
did not statistically differ between these “correct and incorrect”
MI trials, with the exception of the long head of the biceps brachii
during light concentric contraction (¢=2.39, p<0.05) and the
brachoradialis during heavy concentric contraction (¢=3.5,
»<0.001). In these muscles, the mean EMG activity was sig-
nificantly greater during correct than during incorrect MI trials
(4.31 (4.2) and 2.97 (3.1) in the biceps brachii activity, 3.55 (1.8)
and 2.74 (1.6) in the brachioradialis activity). Finally, the EMG
activity tended to be significantly greater during correct heavy
concentric than during incorrect MI trials in the long head of the
biceps brachii activity (¢=1.77, p=0.09), mean values being 4.88
(4.6) and 3.53 (3.12) respectively.

5. Discussion

The present study was designed to investigate the muscular
responses during the actual lifting of a dumbbell and the MI of the
same movement. Two main independent variables were consid-
ered, the type of muscle contraction and the weight to lift. The
main result was that MI was accompanied by a subliminal specific
EMG activity of muscles acting as prime movers during actual
movement, but also that of antagonist, synergist and fixator
muscles. Further, the statistical analysis revealed a greater EMG
activity during MI than during the rest condition, whatever the
gender, the muscles and the type of contraction. In addition, there
was an effect of the weight being mentally lifted under the
concentric condition, and the eccentric condition was found to

elicit a significant weakest muscular activity than during all other
conditions, hence suggesting that the low magnitude of the
physiological response may interact with the type of contraction
being imagined. These results provide further evidence that MI
and motor execution share common neural mechanisms. This was
confirmed through mental chronometry as no difference emerged
from actual and imagined duration, perhaps with the exception of
the concentric conditions. This latter difference is easily explained
with reference to the very short actual duration (less than 1.5 s), as
rapid movement duration is always overestimated during MI
(Guillot and Collet, 2005b).

First, our results support the previous findings by Bakker
et al. (1996) and Boschker (2001) who found that the MI of
lifting 9 kg weights resulted in a larger EMG activity in the
active arm than the MI of lifting 4 kg 1/2. In the present study,
the MI of a heavy concentric contraction (80% of 1RM) resulted
in a greater pattern of EMG activity than during MI of a light
concentric condition (50% of 1RM). Especially, the association
of visual internal and kinesthetic imagery agrees with the
assumptions stating that a larger EMG activity is recorded when
subjects use internal rather than external visual imagery (Hale,
1982; Harris and Robinson, 1986). Although some authors have
reported that the EMG activity was necessarily equivocal across
all muscles that contract during actual performance (Dickstein
et al., 2005), we recorded an overall activation in the 9 muscles
being monitored. These results corroborates the view stating
that the content of the mental image (i.e. the intensity of the
contraction) may be related to the magnitude of the subliminal
EMG activity, which is thought to partially reflect, in turn, the
quantitative characteristics of this mental image. As outlined by
Boschker (2001), however, it still remains an empirical question
to find out how detailed the EMG response mirrors the image.
Especially, such a difference during MI may also be linked to
the relationship between physical effort and perceived exertion
arising from the tacit knowledge of how difficult is the heavy
contraction by comparison to the light condition. Altogether,
such a modification in the EMG activity during MI seems more
than an epiphenomenon, even though it remains difficult to
explain. According to Jeannerod (1994) and Bonnet et al.
(1997), this physiological response is supposed to result from an
incomplete inhibition of the motor command.

Second, our results provide evidence, for the first time, of an
effect of the contraction type. The EMG activity was found
larger during the heavy concentric contraction than during both
the light concentric and eccentric conditions. More, the pattern
of EMG activity recorded during imagined eccentric contrac-
tions was systematically weaker than those observed during all
other types of contraction. Interestingly, these results are in
keeping with previous literature findings showing that the EMG
activity recorded during actual eccentric contractions is weaker
than that observed during concentric and isometric contractions
(Moritani et al., 1988; Tesch et al., 1990; Fang et al., 2001;
McHugh et al., 2002). This difference may be explained by a
fewer activation of the motor units during eccentric than during
concentric contractions at the same force, more fast-twitch
motor units being however activated during actual eccentric
contractions. Even though a spectral analysis should confirm



this hypothesis, a similar physiological mechanism may occur
during MI. In contrast, while previous studies investigating
physical execution have shown that a greater EMG activity was
recorded during concentric than during isometric or during
eccentric contractions (Komi et al., 2000; Linnamo et al., 2006),
we found that the EMG activity was greater during actual
isometric than during heavy concentric contractions. This
difference may result in the difference between the designs of
the two studies: participants were requested to lift 80% of 1RM
in our experiment while previous studies investigated maximal
voluntary contractions. Finally, our results support the findings
by Komi et al. (2000) and Linnamo et al. (2006) with regards to
ML, as the pattern of activity during imagined contractions was
greater during concentric than during isometric conditions. The
sensation of effort, which has usually been reported during MI
(Decety and Boisson, 1990; Decety and Lindgren, 1991), may
explain these results, especially when subjects have to imagine
lifting a heavy weighted dumbbell.

The outcomes also indicated that the pattern of EMG activity
was recorded in all muscles involved during the physical flexion
of the forearm, i.e. the agonist muscles but also the antagonists,
synergists and muscles with a fixation function. Agonists create
the range of movement in a joint by contracting while the
antagonists act in opposition about the axis of the joint. The
antagonists which show eccentric activity have often been
found activated during MI (e.g. Bakker et al., 1996, Boschker,
2001; Slade et al., 2002). Interestingly, the synergists and the
muscles with a fixation function, eliciting single muscle action
to reinforce the agonist activity and concerted activation of
several muscles respectively, were also activated during MI, in
our experiment. This result emphasizes the functional equiva-
lence between MI and motor performance, which has already
been well-established with regards to the central and peripheral
functional equivalence (e.g. Decety et al., 1994; Pfurtscheller
and Neuper, 1997; Holmes and Collins, 2001; Guillot and
Collet, 2005a; Guillot et al., submitted for publication), as the
behavioral (temporal) equivalence (Guillot and Collet, 2005b).
Even though earlier studies found a functional equivalence
within the EMG activity (Jacobson, 1931; Shaw, 1940), none
has reported an activation of all muscles involved in the
production of the actual movement.

The EMG activity recorded during the MI of lifting weighted
dumbbells was shown to mirror actual execution, and to
distinguish among the different types of contraction elicited by
the movement under actual conditions of execution. This lends
support that this activity originates from the high central ner-
vous system. Moreover, as EMG activity has been sometimes,
but not systematically, recorded during MI (Dickstein et al.,
2005), it seems not reasonable to explain the effects of MI on
motor performance and learning in terms of bottom-up
mechanisms only (Mulder et al., 2004). These authors thus
argued that it was more plausible to explain such effects in terms
of a top-down mechanism based on the activation of a central
representation of the movement (Mulder et al., 2005). They also
interpreted that the occurrence of peripheral activity in other
studies could not be satisfactorily explained by such a central
theory. However, central operations (planning and program-

ming) are paralleled by peripheral responses such as ANS
responses which anticipate and accompany behavior, thus
representing non-conscious physiological mechanisms of
central mental processes (Collet et al., 1999; Plascencia-Alvarez
et al., 2002; Sequeira and Ba M hamed, 1999). Therefore, these
physiological responses appear compatible with a central origin
of MI effects. More, the occurrence of a pattern of EMG activity
during mental practice has been interpreted as an incomplete
inhibition of the motor output (Jeannerod, 1994; Bonnet et al.,
1997). Especially, the cerebellum is thought to be involved in
the inhibition of movement execution during MI, the inhibitory
process being possibly controlled by the Larsell lobule HVII
ipsilateral to the movement (Lotze et al., 1999). Furthermore,
the experimental data providing evidence of substantial increase
in muscle strength through MI, as mentioned in the introduc-
tion, lend also support to the central explanation theory of MI.
These results were explained with reference to the neural origin
of strength gain, hence driving the motor units to a higher
intensity and/or leading to the recruitment of motor units that
are otherwise inactive, without any peripheral changes such as
hypertrophy. Similar neural reorganizations are supposed to
explain the limit of strength loss during immobilization
(Newsom et al., 2003). It may thus be concluded that the effect
of MI may be explained by the cerebral and cerebellar plasticity
following mental practice (Lafleur et al., 2002; Lacourse et al.,
2004), hence resulting from a central origin.

Finally, no clear difference was found when comparing the
EMG activity recorded during correct and incorrect trials, i.e.
when MI was considered, or not, being vivid, with the exception
of the agonist muscles (the long biceps brachii in our
experiment). Although there was the same tendency in some
other muscles towards a larger pattern of EMG during correct
trials, the present results do not support the hypothesis stating
that subjects who produce more specific patterns of muscular
activity are better imagers than those who produce less specific
patterns of muscular activity. This finding thus agrees with
previous literature data that failed to find a relationship between
MI ability and EMG activity (Hale, 1982; Hecker and Kazcor,
1988; Jowdy and Harris, 1990; Boschker, 2001), with the
exception of the paper by Lutz (2003). Conversely, this is
probably not the case when central nervous system activity is
considered (Guillot et al., submitted for publication). Conse-
quently, the recording of EMG activity may be considered a
reliable indicator of MI accuracy with reference to the EMG
activity of agonist muscles only (Guillot and Collet, 2005a).

To conclude, the present study shows that a pattern of EMG
activity was recorded during MI in all muscles interested in the
movement we considered, as a function of the weight to be
lifted and to the muscle contraction type. This pattern of
muscular response was found to overall mirror the configuration
of the EMG activity recorded during different types of physical
contraction, even though the magnitude was strongly weaker
during M1, as expected. Such equivalence still needs, however,
further experimental investigation, using spectral analysis, for
example to check whether the configuration of activation of
the motor units is similar during MI and motor execution.
Altogether, these data lend support to the high central nervous



system origin of that activity, hence suggesting that the effect of
MI may be explained by the central nervous system plasticity
following mental practice.
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