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A B S T R A C T   

Many studies have investigated the activation of cortical areas and corticospinal excitability during motor im
agery (MI) in relation to motor execution. Similar activation of cortical areas during imagined and executed 
bodily movements and increased corticospinal excitability while imagining movements has been demonstrated. 
Despite these similarities on the central nervous system level, there is no overt movement during MI. This 
suggests that centrally generated signals must be inhibited at some level. Second, even in the absence of 
movement, some studies find behavioral effects of MI interventions. Most of the studies have investigated the 
role of MI on the cortical or spinal level, but less is known about the peripheral level, such as the muscle system. 
Testing muscular excitability during MI will give further hints whether and how low-threshold motor commands 
during MI reach the muscular system. Furthermore, the extent of the shown effects during imagery depends 
considerably on type of imagery, available proprioceptive information, and imagery ability. Therefore, this study 
investigates muscular excitability of the biceps brachii muscle manipulating imagery mode (MI vs. visual im
agery) and proprioceptive information (with or without muscle effort). 40 participants were included in the 
analysis. The mechanical response of the muscle after a single electrical stimulus was assessed via tensio
myography. The corresponding variables maximal displacement, delay time, and contraction velocity were used 
to calculate 2 × 2 ANOVAs with repeated measurements. The absence of interaction effects shows that possible 
imagery effects on the muscle system are not increased by effort. MI altered time to contraction with lower delay 
time compared to control condition. Velocity and maximal displacement of the muscle belly during contraction 
did not differ between imagery conditions. This indicates that MI might impact on the initiation of muscle 
contraction but does not change the contraction itself. Thus, neuronal factors are moving further into focus in the 
context of MI research.   

1. Introduction 

Motor imagery (MI) is a first-person mental simulation of a move
ment without corresponding motor output (Jeannerod, 1994). Although 
MI is a multi-sensory procedure, most of the mentioned following 
studies acknowledge that in first-person MI, a kinesthetic representation 
of one's own movements is activated. Despite this lack of observable 
movements, studies have shown improvements in movement output, e. 
g., muscle strength increases after movement simulation training, 
especially using MI, not visual imagery, in a first-person perspective 
with kinesthetic impressions of one's own movements (Yue and Cole, 
1992; Reiser et al., 2011; Grosprêtre et al., 2018). A number of hy
potheses and theories have been suggested to explain these motor 
changes. These include among others the theories of Carpenter (1894) 

and Jacobsen (1931), which are based on the ideo-motor principle, 
stating that human actions are causally initiated by the simple idea of 
the sensory consequences that result from them. When humans have 
learned these action-effect relationships, a bidirectional connection 
between the two is established, allowing bodily movements to inversely 
follow from the mind's idea of the movements “unhesitatingly and 
immediately”, according to James's (1890) definition of ideo-motor 
action. This suggests that an action is initiated by the pure anticipa
tion of its effects and that some fragmentary signals activate the muscles 
during motor planning or MI. However, MI effects have so far mostly 
been investigated on the cortical (Munzert et al., 2009), spinal 
(Grosprêtre et al., 2016), and behavioral level (Di Rienzo et al., 2016), 
but in-depth studies of muscular activation during MI are lacking. 

Regarding cortical areas, there is evidence that MI and actual 

* Corresponding author at: Goethe University Frankfurt, Department of Movement Science and Training in Sports, Institute of Sports Sciences, Ginnheimer 
Landstraße 39, 60487 Frankfurt, Germany. 

E-mail address: Wieland@sport.uni-frankfurt.de (B. Wieland).  

Contents lists available at ScienceDirect 

International Journal of Psychophysiology 

journal homepage: www.elsevier.com/locate/ijpsycho 

https://doi.org/10.1016/j.ijpsycho.2022.02.004 
Received 26 October 2021; Received in revised form 7 February 2022; Accepted 9 February 2022   

mailto:Wieland@sport.uni-frankfurt.de
www.sciencedirect.com/science/journal/01678760
https://www.elsevier.com/locate/ijpsycho
https://doi.org/10.1016/j.ijpsycho.2022.02.004
https://doi.org/10.1016/j.ijpsycho.2022.02.004
https://doi.org/10.1016/j.ijpsycho.2022.02.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpsycho.2022.02.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


International Journal of Psychophysiology 174 (2022) 57–65

58

movement show overlapping activation patterns (Lotze et al., 1999; 
Jeannerod, 2001; Munzert et al., 2009), although not identical (Zabicki 
et al., 2017). For example, the primary motor cortex is involved during 
the imagination of motor movements (Lotze and Zentgraf, 2010). Cor
ticospinal excitability during first-person MI compared to rest (Facchini 
et al., 2002; Tremblay et al., 2001) and compared to third-person im
agery of the same movement was raised (Bakker et al., 2008; Stinear 
et al., 2006). Whereas there is consistent evidence concerning activation 
and excitability during MI at a cortical and corticospinal level, the re
sults at the spinal level are not clear yet (Grosprêtre et al., 2016). The 
online effects of MI on the activation of subcortical structures via sub
liminal cortical output during MI are more variable compared to the 
effects on brain areas (Grosprêtre et al., 2019). As an index of spinal 
excitability, many authors used the Hoffmann (H)-reflex amplitude 
during MI. The H-reflex is analogous to the mechanically induced spinal 
stretch reflex and measures the reflectory reaction of muscles after 
electrical stimulation of sensory fibers in their innervating nerves. A 
change in the reflex response during MI is attributed to small motor 
commands that reach the spinal network. While some studies showed no 
influence or even a reduction of the H-reflex (Hashimoto and Rothwell, 
1999; Li et al., 2004; Oishi et al., 1994), other studies found an increase 
of the H-reflex during MI (Bonnet et al., 1997; Cowley et al., 2008). 
Despite the different results on H-reflex, Grosprêtre et al. (2019) 
assumed that spinal structures are activated during MI even in the 
absence of H-reflex modulation. They showed the impact of MI on the 
spinal level to more sensitive structures, i.e., the spinal presynaptic 
network. They argue that the activation threshold of parts of the spinal 
presynaptic network, i.e., the spinal interneurons is lower than that of 
the motoneurons, allowing them to be more sensitive to subliminal 
cortical output generated by MI. These results support the idea that low- 
threshold signals are sent from the cortex via the spinal cord to the 
muscles and can be found at least on the spinal level during MI. 

The influence of MI on peripheral structures, especially on muscles, 
still has to be clarified. In MI research, summed and background EMG 
measurements have mostly been used to control for overt movements 
due to muscle activation in the target muscle. Here, in some studies, the 
background EMG during MI was increased (Guillot et al., 2007; Jacob
sen, 1931); in other studies, this increase could be reversed via feedback 
to make sure to measure the participants in a fully relaxed state (e.g., 
Aoyama and Kaneko, 2011; Yue and Cole, 1992). Subjects were told to 
maximally activate the brain but not to activate the muscle, to be sure 
that the effects are related to MI only and not to muscle activation. 
Guillot and Collet (2005) postulated that recording EMG activity during 
MI should not be considered a sensitive and reliable method to evaluate 
MI ability, similarly, it also may not be the best method to detect sub
liminal muscle activation and increased muscle excitability during MI. 
The measurement of muscle activity with surface EMG may not be 
sensitive enough to detect the assumed subliminal increased activation, 
similar to the H-reflex on the spinal level, and more importantly, it might 
not detect any temporarily altered excitability of the muscle. 

A more detailed method to study the role of the muscle system could 
be tensiomyography measurements (TMG). TMG is a non-invasive 
method that detects the mechanical response of the muscle after a sin
gle electrical stimulus. This technique can be used to assess muscular 
excitability independently from spinal effects at one discrete measuring 
point. In contrast to EMG, TMG records the mechanical reaction after a 
single electrical stimulus and does not accumulate action potentials over 
a period of time. Therefore, TMG could be more sensitive to low- 
threshold motor commands and might help to further elucidate the in
fluence of MI on the muscles. 

Several studies investigated the influence of type and condition of MI 
on behavioral effects. Beside the first-person MI discussed so far, a 
common type of imagery is an imagination usually associated with an 
external, third-person visual image perspective (VI). Studies have shown 
more pronounced strength increases after MI than VI training, especially 
using MI in first-person perspective with kinesthetic impressions (Yue 

and Cole, 1992; Reiser et al., 2011; Grosprêtre et al., 2018). Not only the 
type of imagery such as MI or VI seems to be a determining factor for 
peripheral physiological effects, but also task-specific instructions such 
as that bending the right arm only elicits muscular responses at the right 
arm (Munzert and Krüger, 2018). Furthermore, according to the PET
TLEP model, it seems to be helpful for MI to make it as ‘physical’ as 
possible (Wakefield and Smith, 2012). Suitable to this, Lorey et al. 
(2009) also pointed out the influence of proprioceptive information 
during first-person imagery. Proprioceptive information of the actual 
body posture (i.e., hand position) during MI feeds into a hand motor 
representation. The blood‑oxygen-level dependent (BOLD) signal in 
parietal structures was also influenced by subjects' own arm postures (de 
Lange et al., 2006). The influence of proprioception on MI is also shown 
for corticospinal excitability. Compatibility between real hand position 
and imagined movement show greater motor-evoked potentials (MEP) 
compared to incompatible hand positions (Vargas et al., 2004). Guillot 
et al. (2013) demonstrated that coupling MI with movement leads to 
enhanced MI quality and temporal congruence between MI and motor 
performance. Jiang et al. (2017) suggest that small voluntary muscle 
contractions combined with MI showed greater strength improvements 
after a six-week training session than small voluntary muscle contrac
tions without MI. The authors compared muscle strength improvements 
of their own study with the quite similar study of Yao et al. (2013) and 
observed an almost 10% difference (20.47% vs. 10.8%). Since the only 
difference between the two studies was the small voluntary contraction 
during MI, the authors hypothesized that combining MI with low-level 
muscle activation can yield greater strength increases than a similar 
imagery training program without added muscle activation. 

This suggests that posture or small movements have an influence on 
MI and might even improve MI quality. Furthermore, results of MI 
studies also depend on the ability to imagine movements. Considering 
that MI is a multidimensional construct, there are various methods to 
measure imagery ability, e.g., questionnaires, neurophysiological cor
relates, or mental rotation tasks. Lebon et al. (2012) showed that MI 
ability, assessed by multidimensional tests, is related to the modulation 
of corticomotor excitability during MI. Imagery ability estimated by 
autonomic response is correlated to sporting performance enhancement 
(Roure et al., 1999). Ruffino et al. (2017) showed that motor perfor
mance may be positively influenced, but not predicted, by the ability to 
form vivid movement images during MI. 

According to the literature, three questions arise: (1) Does MI in
fluence muscle excitability? (2) Does a muscle effort condition with low- 
level muscle activation increase the effects of MI on muscle excitability? 
(3) Is the extent of altered excitability during MI influenced by the 
ability to generate MI? The following numbered hypotheses correspond 
to specific, numbered analysis plans, which will be discussed in the 
Methods section.  

1). As a main effect concerning imagery condition, we hypothesized 
that MI will lead to an increased excitability of the biceps brachii 
muscle compared to VI. 

We hypothesized that during MI conditions low-threshold 
motor commands are sent to the muscle system. This will 
change contractile parameters during a muscle twitch of the bi
ceps brachii muscle. Using TMG in this research context for the 
first time, we make the following predictions: The maximal radial 
displacement of the muscle belly (Dm) is used as an indicator for 
muscle stiffness and contractile force (García-Manso et al., 2012; 
Macgregor et al., 2018). Incomplete inhibition of the motor 
command should lead to a higher muscle stiffness due to low- 
threshold signals during MI. This should be seen by a lower Dm, 
as shown in motor-execution studies (Alvarez-Diaz et al., 2015; 
Rey et al., 2012). Furthermore, we expected a higher contraction 
velocity (Vc) indicating a faster stimulus transmission and an 
unchanged or even decreased delay time (Td) (García-Manso 
et al., 2012). Td represents the time between delivery of the 
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electrical stimulus and 10% of Dm, providing a measure of muscle 
responsiveness. 

We also hypothesized that imagery and muscle effort condition 
will interact, with a more pronounced effect during the MI task 
with muscle effort (50 N). According to the results of Jiang et al. 
(2017), we expected that a certain level of motor output to the 
target muscle would lead to a release of inhibition of the 
descending pathway via the control system. Therefore, motor 
commands during MI will be sent to the target muscle without 
inhibition, which may result in a stronger muscle activation 
command. Regarding the TMG output, this would result in a 
lower Dm, a higher Vc and a decreased Td during MI-50 N 
compared to VI conditions and MI with no muscle effort (0 N).  

2). Additionally, a relation between imagery ability measured with 
three different tasks (German test of the controllability of motor 
imagery - TKBV, Vividness of Movement Imagery Questionnaire - 
VMIQ-2 and the change of heart rate variability during MI 
compared to VI - Δ-HRV), and the change of the muscle excit
ability during the MI task was expected. Therefore, higher scores 
on imagery assessments will be accompanied by greater change 
of TMG parameters. The better the imagery ability (higher score 
TKBV, lower score VMIQ-2, and lower, meaning a higher nega
tive value of Δ-HRV), the greater the change of the TMG pa
rameters. Furthermore, it is expected that the selected variables 
will co-vary with the scores in TKBV, VMIQ-2 and Δ-HRV.  

3). Differences in EMG activation between imagery conditions were 
not anticipated (Aoyama and Kaneko, 2011; Mercier et al., 2008; 
Yue and Cole, 1992). 

2. Material and methods 

2.1. Subjects 

Data were collected from women and men who are aged between 18 
and 35 years. The experimental protocol has been approved by the local 
Ethics Committee and participation was voluntary. Injuries of the 
musculoskeletal system of the upper body which occurred in the last six 
months before the investigation were defined as exclusion criteria. Also, 
subjects with cardiopulmonary or neurological disorders were excluded. 
The measurements toke place at the Institute of Sports Sciences, Goethe 
University Frankfurt. Data was collected from volunteers that did not 
violate any of the exclusion criteria and was carried out by employees of 
the Goethe University Frankfurt. For sample size calculation, the R 
package ‘Superpower’ (Lakens and Caldwell, 2021) was used. As no 
studies exist to date that measured the effect of MI on muscular excit
ability with TMG, the effect strengths of MI studies in the area of cortical 
excitability as well as the change of the H-reflex during MI were 
considered. A weighted average of the reported effect size partial η2 

according to the number of participants in the studies was computed. 
For further calculation, the weighted average effect size was halved 
according to recommendations by the Open Science Collaboration 

(2015), since there is a tendency to overestimate effect strengths. 
Further calculations were based on the halved effect size and alpha error 
was set at 0.05. The number of participants was calculated for the 
planned test and the expected interaction between the two considered 
factors, a two-way repeated-measures analysis of variance with the 
conditions imagery (MI and VI) and muscle effort (0 N and 50 N). The 
package calculates the power as output for a given sample size. A power 
of 0.95 was reached with a sample size of 45. The detailed analysis can 
be found at https://osf.io/yzga8/. 

2.2. Study design 

The measurements were carried out on three days (see Fig. 1). Be
tween measurements 2 and 3, the time period had to be at least two days 
and maximum seven days. Participants were requested to avoid any 
intense exercise prior to measurements 2 and 3. On the first day of 
measurements, participants were tested for their ability to imagine 
movements with three different methodological approaches. One cap
tures the ability of imagination through a self-report, another one by 
behavior, and the third one via neurophysiological correlates. The par
ticipants were requested to complete the “Vividness of Movement Im
agery Questionnaire” (VMIQ-2; Roberts et al., 2008) or the German 
translation of this questionnaire (Dahm et al., 2019), depending on the 
native language. The questionnaire assesses individuals' ability to ima
gine themselves performing twelve simple motor tasks from three per
spectives: internal visual imagery, external visual imagery, and 
kinesthetic imagery. Participants rate their internal representation of the 
motor task on a Likert scale from 1 (perfectly clear and vivid) to 5 (no 
image at all, you only know that you are “thinking” of the skill). As a 
second test, the “Test zur Kontrollierbarkeit von Bewegungsvor
stellungen” [German test of the controllability of motor imagery] 
(TKBV; Schott, 2013) was used, which measures the ability to manipu
late one's motor representation based on various instructions. The test 
contains a total of 10 tasks, each with six consecutive instructions. The 
participants are requested to close their eyes, the instructions are given 
with an interval of 3 s. After the six instructions, the respondents must 
actively assume the final body position as soon as possible. The partic
ipants get points for every correct position of the body segments and the 
correct final position. As it is known that MI influences the autonomic 
nervous system (Guillot and Collet, 2010; Collet et al., 2013), the heart 
rate variability (HRV) was collected as a third covariate. The change of 
HRV during imagery of a landscape and motor imagery of a squat were 
compared. To get into a state of relaxation, participants are given a five- 
minute rest, remaining in a sitting position. Electrodes were placed on 
the following landmarks: V1 - fourth intercostal space on the right 
sternum, V2 - fourth intercostal space at the left sternum, V3 - midway 
between placement of V2 and V4, V4 - fifth intercostal space at the 
midclavicular line, V5 - anterior axillary line on the same horizontal 
level as V4, V6 - mid-axillary line on the same horizontal level as V4 and 
V5, RA (right arm) – above the right wrist, RL (right leg) - above the right 
ankle, LA (left arm) – above the left wrist, and LL (left leg) - above the 

Fig. 1. Timeline of measurements.  
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left ankle. Measurements start with 30 s of instructed imagery of a 
landscape. After a break of 1 min, participants start with another 30 s of 
instructed motor imagery of squats. While the conventional minimum of 
recording for HRV evaluation is 5 min, the reliability of ultra-short-term 
periods of 30 s could be shown (Baek et al., 2015). The recording time of 
30 s was chosen to avoid a loss of concentration during the imagery 
conditions. The participants were tested according to the recommen
dations from Laborde et al. (2017) in a sitting position, knees with a 90◦

angle, hands on the thighs and eyes closed. Data was collected with a 12 
channel ECG device (Custo med, Germany). 

On the second day, the participants were familiarized with the ten
siomyographic measurement (TMG-BMC, Ljubljana, Slovenia). The 
specific body position, including seat height and arm length adjustment, 
were set and documented and test measurements were carried out to get 
the participants familiar with electric muscle stimulation. During the 
TMG tests, the participants' upper arm lay completely on a sloped up
holstery (see Fig. 2). The wrist was fixed to the bar of a biceps curling 
machine so that the participants could hold the muscles relaxed in a 
reliable position. Additionally, subjects were asked to practice MI of 
maximal isometric contraction of the biceps brachii during first-person 
observation with PETTLEP-based instructions (Physical, Environment, 
Task, Timing, Learning, Emotion, Perspective; Holmes and Collins, 
2001). To avoid muscle contractions on the active arm (i.e., the subject's 
right arm) during MI, participants received feedback with the help of 
EMG. The test runs were practiced until there was no visible change in 
the EMG signal compared to rest. To control muscle activity during 
imagery, EMG electrodes (Covidien, Kendall electrodes H93SG, 2 cm 
inter-electrode distance) were placed parallel to the muscle fibers 
proximal and distal to the TMG sensor on the biceps brachii. According 
to the recommendations of the SENIAM initiative (Surface Electromy
ography for the Non-Invasive Assessment of Muscles), the skin was 
shaved and dry-cleaned with alcohol to keep low impedance. Electrode 
placement was marked on the skin to ensure the same positions between 
every condition. The signals were be acquired with a frequency of 5000 
Hz by the Biopac System (MP160 BIOPAC EMG-2R wireless sensor) and 
filtered with a bandpass filter (bandwidth 12 to 500 Hz). 

On the third day, the participants' muscular excitability was assessed 
according to the two-level independent imagery conditions (MI, imagery 
of a maximal isometric contraction of the biceps brachii & VI, mental 
imagery of a landscape) and muscle effort (0 N, relaxed position, hands 
are fixed on the biceps curling machine & 50 N, contraction against the 
biceps curling machine to produce 50 N). All participants performed 
each condition as repeated measures in a within-design. The order of 

imagination conditions was randomly assigned for each participant. To 
avoid fatigue effects, the 0 N condition was always before the 50 N 
condition with a 3-min break between each condition. So two possible 
sequences existed: 1) MI-0 N, VI-0 N, MI-50 N, VI-50 N and 2) VI-0 N, 
MI-0 N, VI-50 N, MI-50 N. The instructions of the imagery tasks were 
repeated at the beginning of each condition; keywords (“get ready”, “go” 
and “stop”) were used during each measurement. To check if partici
pants performed the correct type of imagery, they were regularly asked 
to describe the nature of the images after MI and VI. After each stimu
lation, participants were requested to rate the vividness of the last MI or 
VI trial, using a 5 point Likert scale based on the VMIQ-2 (Zabicki et al., 
2017). Trials with a drop by 2 points of the vividness scale were 
repeated. For the measurements of the excitability of the muscle, par
ticipants were seated and their wrist was fixed as determined at the 
second appointment. The contractile properties of the biceps brachii 
muscle of the right arm were assessed by tensiomyography (TMG-BMC, 
Ljubljana, Slovenia). The displacement-measuring sensor was placed on 
the point of maximal muscle belly displacement during contraction, 
detected by manual palpation during voluntary muscle contraction. The 
self-adhesive electrodes (5 × 5 cm, axion GmbH, Leonberg, Germany) 
were placed symmetrically at a distance of 5 cm lateral and medial from 
the displacement-measuring sensor on the biceps brachii. Both, the po
sition of the electrodes and the measuring point were marked with 
permanent ink to assure identical measuring locations in consecutive 
measurements. During the measurements, the sensor was placed 
perpendicular to the muscle. A single monophasic square wave with 1 
ms pulses was delivered from the TMG stimulator to trigger the me
chanical response of the muscle. The stimulation protocol started with 
20 mA and was increased by 10 mA every 30 s to minimize the effects of 
fatigue and potentiation (Wilson et al., 2018). The intensity of stimu
lation was increased until no further displacement of the muscle belly 
was observed or the maximum of 100 mA is reached. The reliability of 
TMG for the biceps brachii muscle has been shown (Krizaj et al., 2008). 

To ensure a static force of 0 N or 50 N during the four conditions, 
participants received live feedback in both conditions via a force-time 
curve on a screen (Diagnos 2000, Germany), which was connected to 
the biceps curl machine (Schnell, Germany). 

Data collection was terminated after the previously calculated sam
ple size was reached. 

2.3. Data analysis 

During the VMIQ-2, participants rate the vividness of each image 

Fig. 2. Experimental set-up. Participants are seated in a biceps curling machine (left). The TMG sensor is placed on the m. biceps brachii and measures muscle belly 
displacement after an electrical stimulus. EMG records muscle activation during imagery conditions (right). 
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using a 5-point Likert scale, with scores from each item summed to 
provide a vividness score for each component (internal visual imagery, 
external visual imagery, and kinesthetic imagery) of between 12 and 60, 
with lower scores indicating more vivid images. Exclusion criteria for 
the VMIQ-2 were an incomplete questionnaire and marks between two 
values. 

In the TKBV, the correct assumption of the body position is evaluated 
for every ten tasks, each with six consecutive instructions. For every 
correct body position, the participant receives one point. In total, 0 to 50 
points can be reached, with higher scores indicating a more detailed 
motor representation. Trials were not counted if instructions were pre
sented in a wrong way or were not audible for the participants. Wrong 
instructions were evaluated if the indication of the movement was 
announced incorrectly or if the pause between consecutive instructions 
was too long (more than 5 s) or too short (less than 2 s). 

Heart rate and heart rate variability were recorded as beat-to-beat 
intervals using a 12 channel ECG device (custo med, Germany) during 
the 30 s of each imagery condition. The full ECG recording (custo 
diagnostic Version 4.5.1, Germany) was inspected visually, and artifacts 
(e.g. missed or spurious beats) were corrected manually (Shaffer and 
Combatalade, 2013; Laborde et al., 2017). Each successive time differ
ence between heartbeats in ms (RR) was exported and further processed 
with the software Kubios (Kubios HRV Version 3.3.1, Finland). Root- 
mean square of successive differences (RMSSD) was calculated for 
each imagery condition. If participants showed overt movements, 
measurements were repeated or, if not possible, data excluded. Overt 
movements are defined as an observable lifting of one or both arms from 
the legs, or one or two legs from the ground. The third exclusion crite
rion for movements during data collection was head movements of more 
than 45◦ in each direction. The data of the HRV were excluded if there 
were less than 20 s valid data points. Data points were excluded for three 
or more consecutive artifacts. 

All dependent variables were calculated on the maximal radial 
displacement curve over time. The maximal radial displacement (Dm) is 
expressed in millimeters (mm) and reflects the highest point of the 
curve. The delay time (Td) represents the time in milliseconds (ms) be
tween the electrical impulse and 10% of the maximal displacement. The 
contraction velocity is the calculated slope of the displacement curve 
over time Vc= (90%Dm − 10%Dm) / (contraction time from 10 to 90% 
Dm). Parameters Dm and Td were calculated by the TMG software. Vc was 
computed using the above-mentioned calculation via MATLAB R2019b 
(MathWorks, USA). The statistical evaluation only included the trial 
with the highest value of Dm for each condition. If self-reported vivid
ness dropped more than 2 points, the trial was repeated once. If there 
was visible involuntary contraction (visible control of the target muscle) 
during the 0 N condition of the participants, the data was excluded. 
Exclusion criterion for the TMG measurements during both imagery 
conditions at the 50 N trials was if participants failed to remain the force 
in the range of 30 to 70 N. 

Only those EMG data were analyzed where the corresponding TMG 
trials were included in the statistics. EMG signals were filtered with a 
band-pass filter (bandwidth 10 to 500 Hz), the filtered signals were 
processed to calculate the root-mean square EMG (RMS). The last 500 
ms before external stimulation of the TMG stimulator were used for 
calculation. Data were excluded if technical problems (e.g., removing of 
electrodes, errors in data transmission) occurred. 

2.4. Statistical analysis 

Statistical analyses were performed with software SPSS (IBM SPSS 
Statistics for Windows Version 25). Results are expressed as means (M) 
and standard deviation (SD). Data were checked for outliers using the 
Median Absolute Deviation (MAD) method. According to the recom
mendations of Leys et al. (2013), the threshold was set to 2.5. Outliers 
were excluded from data analysis. 

To test hypothesis 1), TMG data (Dm; Td; Vc) were tested for normal 

distribution using Shapiro-Wilks tests prior to the statistical analysis. A 
repeated-measures analysis of variance (ANOVA) was used to determine 
effects of imagery conditions (MI, VI) and muscle effort condition (0 N, 
50 N) on the TMG parameters. Effect size is reported as partial eta- 
squared. In case of violations of normal-distribution assumption, the 
Friedman test was used instead of repeated-measures ANOVA. 

In hypothesis 2), the influence of MI ability on the dependent vari
ables was tested. Therefore, the relationship between the ability to 
imagine movements (Score TKBV; VMIQ; Δ-HRV) and the percentage 
change of the TMG variables (Dm; Td; Vc) using the Spearman correlation 
coefficient was analyzed. Additionally, if the conditions of normal dis
tribution tested in 1) are given, a repeated-measures analysis of 
covariance (ANCOVA) with the parameters described in 1) and the 
covariates (Score TKBV; VMIQ; Δ-HRV) was calculated separately for 
each of the three covariates. 

To control for differences in muscle activation over imagery condi
tions, hypothesis 3), the pre-stimulus background EMG activity was 
compared between imagery conditions. Data was checked for normal 
distribution using a Shapiro-Wilk test. The RMS of EMG signals 500 ms 
before the TMG stimulus was checked separately for 0 N and 50 N for 
differences in mean values using a paired t-test over imagery conditions. 
For violation of normal distribution of the data, a Wilcoxon-test was 
used. Alpha level for all tests was set at 0.05. 

2.5. Deviations from preregistration 

Compared to preregistration, the tense in introduction and especially 
methodology were adjusted (from future to past tense). Furthermore, a 
few parts of text have been reworded to increase readability, however, 
the content has never been changed. For example in Section 2.1. Subjects 
we changed “A weighted average of the reported effect size partial η2 

and participants of the study was computed.” into “A weighted average 
of the reported effect size partial η2 according to the number of partic
ipants in the studies was computed.” 

As calculated previously, 45 persons were measured. After filtering 
outliers (using the sample size calculation described in Section 2.1. 
Subjects), there were 40 remaining participants for the main analyses. 

In addition to methodology, the values of the covariates for the 
ANCOVAs were centered (subtracting the mean covariate score from 
each covariate score) first (Schneider et al., 2015). 

3. Results 

Results are presented in line with the hypotheses formulated in 
Section 2.4. Statistical analysis. Following the power analysis (see Section 
2.1. Subjects), 45 volunteers (21 female, 24 male, Mage 24.9 ± 3.7 years) 
participated in this study. After removing outliers with the MAD method 
(for more details, see Section 2.4. Statistical analysis), calculations were 
carried out with n = 40 participants for Dm and Vc and n = 37 partici
pants for Td. EMG data of two participants were excluded from the 
analysis due to technical problems. Table 1 reports the means and 
standard deviations of TMG parameters and Table 2 displays the results 
of the tasks measuring imagery ability. 

Hypothesis 1): Shapiro–Wilk tests showed no violation of the normal 
distribution for Dm and Td (p ≥ .05) over all conditions. However, there 
was a violation of the normal distribution for Vc in the VI 0 N condition 
(p = .018). 

A repeated-measures ANOVA showed a significant main effect of 
effort on Dm, F(1, 39) = 1142.73, p < .001, η2 = 0.967, with higher 
values for 0 N than for 50 N (see Fig. 3a). There was no significant 
interaction between effort and imagery, F(1, 39) = 0.002, p = .962, η2 <

0.000, and no main effect of imagery, F(1,39) = 0.19, p = .660, η2 =

0.005. There was a significant main effect of effort on Td, F(1, 36) =
17.32, p < .001, η2 = 0.325, and a main effect of imagery, F(1, 36) =
4.99, p = .032, η2 = 0.122, with shorter delay times for 50 N and MI (see 
Fig. 3b). There was no significant effort and imagery interaction, F(1, 
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36) = 0.01, p = .907, η2 < 0.000. Analysis of Vc also revealed no sig
nificant interaction between effort and imagery, F(1, 39) = 3.08, p =
.087, η2 = 0.073, but significant main effects of imagery, F(1, 39) = 4.25, 
p = .046, η2 = 0.098, and effort, F(1, 39) = 1006.32, p < .001, η2 =

0.963, with higher values for VI and 0 N (see Fig. 3c). Due to the 
violation of the normal distribution, a Friedmann test for Vc was 
calculated. This analysis indicated different velocities between condi
tions, χ2(3) = 96.87, p < .001. Post-hoc analysis was conducted with the 
Wilcoxon signed-rank test (Bonferroni-corrected). It appears that im
agery did not significantly change Vc for both 0 N, Z = 0.10, p = 1.0, and 
50 N, Z = 0.25, p = 1.0. However, there were statistically significant 
reductions of velocity in the 50 N condition in MI, Z = 2.08, p < .001, 
and VI, Z = 1.93, p < .001. 

Hypothesis 2): Table 3 reports Spearman correlations between any of 
the TMG (Dm, Td, Vc) variables with each of the three tests for imagery 
ability (Score TKBV, VMIQ-2, Δ-HRV). 

Table 4 presents the results of the repeated-measures analysis of 
covariance with imagery and effort conditions and the respective 
covariates (TKBV or VMIQ or Δ-HRV) for Dm or Td. No analysis with the 
parameter Vc was conducted due to the violation of the normal 
distribution. 

Hypothesis 3): Due to the violation of the normal distribution in the 
EMG data for MI (p = .037) and VI (p = .005), we used a Wilcoxon test. 
There was no significant difference in EMG between VI and MI, z =
− 0.652, p = .514. 

4. Discussion 

The objective of this study was to investigate whether muscle 
contractility is influenced by imagery (visual imagery of a landscape, VI; 

imagery of maximal isometric contraction of the bicepcs brachii, MI), 
and whether imagery and effort conditions interact. Analyses showed no 
interaction between imagery and effort conditions for all analyzed pa
rameters. Neither Dm, Td, nor Vc suggest that imagery is affected by the 
change in physical effort. We hypothesized that low muscle activation 
would cancel the inhibition of the MI signal and that this would lead to 
stronger signals reaching the muscle. However, this could not be 
confirmed for acute effects. Nonetheless, in another intervention study, 
Jiang et al. (2017) showed that low-effort strength training combined 
with a simultaneous imagination of maximal contraction did lead to 
higher strength gains. Hence, there is either no acute interaction effect 
between imagery and effort on muscle properties or effort dominates the 
imagery effect. Our study corroborates the strong effect of effort on 
muscular contractility. All three TMG parameters revealed a main effect 
of effort with high values for partial eta squared (Dm: η2 = 0.967, Td: η2 

= 0.325, and Vc: η2 = 0.963). The 50 N condition did not actually appear 
to be a low activation, but rather quite a high percentage of maximum 
strength for some participants (M = 44.3%, SD: ± 15.7). This circum
stance explains why the effort condition shows such a large effect and 
could also be the reason why the imagery effect was dominated by the 
effort effect. In future studies, an individual percentage of maximum 
strength could be chosen to provide better comparability of muscle 
activation. Another aspect to be considered in the 50 N condition is that 
the second task (effort task) may distract the participants from the 
imagination, since they have to watch a screen and pull the biceps 
curler. This speculation, however, is not confirmed by the subjective 
rating of the participants: Comparing their ratings of vividness between 
the MI 0 N (M = 1.9, SD = 0.67) and MI 50 N (M = 1.9, SD = 0.76) 
condition, no significant difference is shown t(39) = − 0.24, p = .81. 

The TMG parameters Td and Vc differed between imagery conditions. 
Because Vc did not follow a normal distribution, we calculated a 
Friedman test. A robust change of Vc cannot be assumed due to the lack 
of any main effect of imagery combined with a low effect size (η2 =

0.098) in the ANOVA. Our participants showed no effect of imagery for 
Dm and Vc, − both parameters describing characteristics of muscle 
contraction – whereas Td represents the initiation of contraction. 
Therefore, our results could indicate that the signal generated during MI 
is not high enough to trigger or even influence muscle contraction, 
which, in addition to the parameters Dm and Vc, is also shown by the 
unchanged EMG activity during MI (see also Yue and Cole, 1992; Mer
cier et al., 2008; Aoyama and Kaneko, 2011). 

As hypothesized, there is a reduction in delay time due to MI. This 
indicates a faster transmission of the electrical impulse via the TMG 
stimulator across the muscle. Td is influenced by the predominant fiber 
type in the respective skeletal muscle structure, its degree of fatigue, and 
its activation level (García-Manso et al., 2011). Considering our within- 
subject design, the impact of fiber type could not be a major focus. To 
keep fatigue comparable across conditions, one half of the participants 
started with VI and the other half with MI. Thus, fatigue should not have 
had a major discriminative impact. Hence, the reduction of Td due to MI 
could be related to a change in muscle-activation level. 

There seems to be an incomplete inhibition on the spinal level 
indicated by the decreased delay time in MI. Grosprêtre et al. (2019) 
postulated that it is not the α-motoneuron itself, but more sensitive 
structures, i.e., the spinal presynaptic network, that are involved during 
MI. They also hypothesized that there might be a small neurotransmitter 
release of the synapse during mental practice that is not sufficient to 
modulate spinal excitability. The reduced delay time would seem to 
support this hypothesis that the neurotransmitter release is too small to 
cause changes in muscle contraction, but is large enough to accelerate 
the initiation of the contraction. This indicates that the ideo-motor 
principle can be at least partially supported by our results. It seems 
that fragmentary signals are sent out during MI, but the signals seem to 
be too weak to influence the muscle contraction itself but the gating of 
the muscle contraction. 

Adjunct tests showed that participants were able to generate vivid 

Table 1 
Means (M) and standard deviations (SD) for the tensiomyographic parameters 
radial displacement (Dm), contraction velocity (Vc), and delay time (Td) for the 
imagery and effort conditions.  

TMG-variable Imagery Effort M SD 

Dm [mm] n = 40 VI 0 N 14.47 2.67 
50 N 1.96 0.85 

MI 0 N 14.39 2.65 
50 N 1.89 0.86 

Vc [mm/ms] n = 40 VI 0 N 0.435 0.08 
50 N 0.035 0.01 

MI 0 N 0.424 0.11 
50 N 0.034 0.01 

Td [mm] n = 37 VI 0 N 28.10 3.40 
50 N 25.62 2.12 

MI 0 N 27.46 2.47 
50 N 25.04 2.54  

Table 2 
Means (M) and standard deviations (SD) of the German test of the Controllability 
of Motor Imagery (TKBV), Vividness of Movement Imagery Questionnaire 
(VMIQ-2), heart rate variability (RMSSD), heart rate (HR), and root-mean square 
EMG (RMS) during motor and visual imagery for all participants (n = 45).  

Imagery tasks Variable M SD 

TKBV Score 43.80 3.29 
Time [s] 2.54 1.39 

VMIQ-2 Score Internal 22.64 7.77 
External 20.60 6.35 
Kinesthetic 22.67 7.49 
Overall 21.97 6.29 

HRV VI RMSSD [ms] 43.68 21.74 
VI HR [beats/min] 75.68 12.16 
MI RMSSD [ms] 32.55 17.30 
MI HR [beats/min] 80.58 13.73 

EMG MI RMS [mV] 0.0064 0.0033 
VI RMS [mV] 0.0058 0.0029  
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Fig. 3. Results of TMG parameters for all imagery and effort conditions. Bars and error bars show means ±1 standard error of the mean. Graphs show results for (a) 
maximal radial displacement (Dm), (b) delay time between electrical impulse and 10% of the maximal displacement (Td), and (c) contraction velocity as the 
calculated slope of the displacement curve over time (Vc). 

Table 3 
Spearman correlations between scores in imagery ability and percent change (VI to MI) of TMG parameters.   

% Change 0 N Dm % Change 0 N Td % Change 0 N Vc % Change 50 N Dm % Change 50 N Td % Change 50 N Vc 

n = 40 n = 37 n = 40 n = 40 n = 37 n = 40 

Score TKBV 0.153 0.117 − 0.137 0.159 0.213 0.177 
VMIQ − 0.239 0.040 − 0.160 0.020 − 0.067 0.075 
Δ-HRV 0.131 0.129 0.214 0.315* 0.208 0.350*  

* p < .05. 

Table 4 
Results of repeated-measures analysis of covariance (ANCOVA) with the parameters maximal radial displacement (Dm) and delay time (Td) and the covariates (TKBV, 
VMIQ-2, Δ-HRV).  

Imagery tasks Within-subject effect Dm Td 

F (1, 38) p η2 F (1, 35) p η2 

TKBV Imagery 0.30 0.586 0.008 4.72 0.037 0.119 
Imagery × TKBV 1.54 0.222 0.039 1.97 0.169 0.053 
Effort 1167.32 <0.001 0.968 16.69 <0.001 0.323 
Effort × TKBV 1.86 0.181 0.047 0.77 0.386 0.022 
Imagery × Effort 0.02 0.899 0.000 0.03 0.871 0.001 
Imagery × Effort × TKBV 0.89 0.350 0.023 0.58 0.451 0.016 

VMIQ-2 Imagery 0.19 0.663 0.005 4.33 0.045 0.110 
Imagery × VMIQ-2 0.07 0.794 0.002 0.58 0.450 0.016 
Effort 1127.34 <0.001 0.967 16.22 <0.001 0.317 
Effort × VMIQ-2 0.49 0.489 0.013 0.05 0.833 0.001 
Imagery × Effort 0.01 0.960 0.000 0.01 0.936 0.000 
Imagery × Effort × VMIQ-2 0.17 0.684 0.004 0.05 0.824 0.001 

Δ-HRV Imagery 0.11 0.748 0.003 5.63 0.023 0.139 
Imagery × Δ-HRV 0.35 0.566 0.009 2.12 0.155 0.057 
Effort 1153.83 <0.001 0.968 16.93 <0.001 0.326 
Effort × Δ-HRV 2.09 0.156 0.052 0.063 0.803 0.002 
Imagery × Effort 0.003 0.960 0.000 0.016 0.899 0.000 
Imagery × Effort × Δ-HRV 0.000 0.982 0.000 0.028 0.869 0.001 

Bold values indicates statistically significant at p < .05. 
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images. The mean score on TKBV was 43.8, which is comparable to the 
data from Schott (2013) with highest values at around 45 in the 18- to 
33-year-old age group. The VMIQ-2 results were comparable over all 
three conditions. Results indicate participants' vividness of imagery was 
clear and reasonably vivid. Mean change of HRV from VI to MI was − 25 
percentage points, indicating good and vivid motor imagery. Correlation 
analyses between values in imagery tests and changes of TMG parame
ters from VI to MI show only two significant relationships: that between 
Δ-HRV and Dm as well as that between Δ-HRV and Vc in the effort 50 N 
condition. The better the imagery, i.e., the greater change in HRV, the 
higher the increase of Dm and Vc from VI to MI in the 50 N condition. 
This indicates a relation between vivid imagery and changed contrac
tility during imagery, but only in the 50 N effort condition. No signifi
cant correlations could be shown for TKBV and VMIQ-2 plus the 0 N 
effort condition for all TMG parameters. Comparing the results of the 
ANCOVA with those of the respective 2 × 2 ANOVA, it can be seen that 
the co-variable leads to small changes in explained variance. The largest 
change in imagery is shown for the variable Td with the co-variable 
Δ-HRV, producing an increase in partial eta squared from 0.122 to 
0.139. This small change as well as the results of the correlation analyses 
show that there are only minor associations between imagery ability and 
the effects of MI on contractility. Collet et al. (2011) combined the 
indices of different tests to generate an MI index supposed to reflect MI 
ability more adequately. Maybe such an index could be used to identify 
relations between imagery ability and its effectiveness, because a single 
test may not adequately cover the spectrum of imagery abilities. 

Up to now, brain scans or reflex responses have been used to deter
mine which influence MI has on cortical and spinal structure. Using H- 
reflex during MI did not produce manifest evidence on the spinal level 
(Grosprêtre et al., 2016). One possible reason for the conflicting results 
on the H-reflex could be that MI affects only sensitive structures but not 
the α-motoneuron (Grosprêtre et al., 2019). The results of this study, 
measuring acute effects of MI on the muscular system, support this idea. 
There are no changes in Vc and Dm. Those parameters describe the in
crease and maximal point of the displacement curve during muscle 
contraction. Both of these parameters are determined by the activation 
of the α-motoneuron. However, delay time (Td) describes the duration 
between stimuli and muscle contraction. Therefore, it can be used as 
indicator for muscle responsiveness and may be influenced by increased 
cortical output during MI, which decrease the initiation time of muscle 
contraction. Thus, with this parameter, a neural influence of MI on the 
muscle can be observed. But this measuring method cannot determine 
exactly which neuronal structures are influenced by MI. For this, the 
results have to be associated to other studies e.g. Grosprêtre et al. 
(2019). Furthermore, it cannot be precluded that long-term strength 
gains may also be due to an improved movement planning. 

It will be interesting to see whether the reduced delay time is only an 
acute effect of MI, or whether there is also a long-term adaptation due to 
MI training. 

5. Conclusion 

In summary, the present study shows that MI does not change the 
contraction itself, but its neuronal initiation. There is no interaction 
effect between imagery and effort, but an imagery effect on delay time. 
This indicates that signals generated during MI do not activate the 
α-motoneuron itself, but other structures such as interneurons that 
might impact on the initiation of the contraction. In addition, it seems 
that quality of imagery has no influence on MI effects. 

Funding 

This research did not receive any specific grant from funding 
agencies in the public, commercial, or non-profit sectors. 

Annotation 

See https://osf.io/hjuv6/ for the approved Stage 1 protocol. 

Data availability 

All data are publicly available:https://osf.io/nz5f8/; DOI 10.17605/ 
OSF.IO/NZ5F8 

References 

Alvarez-Diaz, P., Alentorn-Geli, E., Ramon, S., Marin, M., Steinbacher, G., Rius, M., 
Seijas, R., Ballester, J., Cugat, R., 2015. Effects of anterior cruciate ligament 
reconstruction on neuromuscular tensiomyographic characteristics of the lower 
extremity in competitive male soccer players. Knee Surg. Sports Traumatol. Arthrosc. 
23 (11), 3407–3413. https://doi.org/10.1007/s00167-014-3165-4. 

Aoyama, T., Kaneko, F., 2011. The effect of motor imagery on gain modulation of the 
spinal reflex. Brain Res. 1372, 41–48. https://doi.org/10.1016/j. 
brainres.2010.11.023. 

Baek, H.J., Cho, C.H., Cho, J., Woo, J.M., 2015. Reliability of ultra-short-term analysis as 
a surrogate of standard 5-min analysis of heart rate variability. Telemed. e-Health 21 
(5), 404–414. https://doi.org/10.1089/tmj.2014.0104. 

Bakker, M., Overeem, S., Snijders, A.H., Borm, G., van Elswijk, G., Toni, I., Bloem, B.R., 
2008. Motor imagery of foot dorsiflexion and gait: effects on corticospinal 
excitability. Clin. Neurophysiol. 119 (11), 2519–2527. https://doi.org/10.1016/j. 
clinph.2008.07.282. 

Bonnet, M., Decety, J., Jeannerod, M., Requin, J., 1997. Mental simulation of an action 
modulates the excitability of spinal reflex pathways in man. Cogn. Brain Res. 5 (3), 
221–228. https://doi.org/10.1016/S0926-6410(96)00072-9. 

Carpenter, C.B., 1894. Principles of Mental Physiology, 4th ed. Appleton, New York, NY.  
Collet, C., Guillot, A., Lebon, F., Macintyre, T., Moran, A., 2011. Measuring motor 

imagery using psychometric, behavioral, and psychophysiological tools. Exerc. Sport 
Sci. Rev. 39 (2), 85–92. https://doi.org/10.1097/JES.0b013e31820ac5e0. 

Collet, C., Di Rienzo, F., El Hoyek, N., Guillot, A., 2013. Autonomic nervous system 
correlates in movement observation and motor imagery. Front. Hum. Neurosci. 7, 
415. https://doi.org/10.3389/fnhum.2013.00415. 

Cowley, P.M., Clark, B.C., Ploutz-Snyder, L.L., 2008. Kinesthetic motor imagery and 
spinal excitability: the effect of contraction intensity and spatial localization. Clin. 
Neurophysiol. 119 (8), 1849–1856. https://doi.org/10.1016/j.clinph.2008.04.004. 

Dahm, S.F., Bart, V.K.E., Pithan, J.M., Rieger, M., 2019. Deutsche Übersetzung und 
Validierung des VMIQ-2 zur Erfassung der Lebhaftigkeit von 
Handlungsvorstellungen. Z. Sportpsychol. 26 (4), 151–158. https://doi.org/ 
10.1026/1612-5010/a000273. 

de Lange, F.P., Helmich, R.C., Toni, I., 2006. Posture influences motor imagery: an fMRI 
study. NeuroImage 33 (2), 609–617. https://doi.org/10.1016/j. 
neuroimage.2006.07.017. 

Di Rienzo, F., Debarnot, U., Daligault, S., Saruco, E., Delpuech, C., Doyon, J., Collet, C., 
Guillot, A., 2016. Online and offline performance gains following motor imagery 
practice: a comprehensive review of behavioral and neuroimaging studies. Front. 
Hum. Neurosci. 10, 315. https://doi.org/10.3389/fnhum.2016.00315. 

Facchini, S., Muellbacher, W., Battaglia, F., Boroojerdi, B., Hallett, M., 2002. Focal 
enhancement of motor cortex excitability during motor imagery: a transcranial 
magnetic stimulation study. Acta Neurol. Scand. 105 (3), 146–151. https://doi.org/ 
10.1034/j.1600-0404.2002.1o004.x. 

García-Manso, J.M., Rodríguez-Ruiz, D., Rodríguez-Matoso, D., de Saa, Y., Sarmiento, S., 
Quiroga, M., 2011. Assessment of muscle fatigue after an ultra-endurance triathlon 
using tensiomyography (TMG). J. Sports Sci. 29 (6), 619–625. 10.1080/0264041 
4.2010.548822. 

García-Manso, J.M., Rodríguez-Matoso, D., Sarmiento, S., de Saa, Y., Vaamonde, D., 
Rodríguez-Ruiz, D., Da Silva-Grigoletto, M.E., 2012. Effect of high-load and high- 
volume resistance exercise on the tensiomyographic twitch response of biceps 
brachii. J. Electromyogr. Kinesiol. 22 (4), 612–619. https://doi.org/10.1016/j. 
jelekin.2012.01.005. 

Grosprêtre, S., Ruffino, C., Lebon, F., 2016. Motor imagery and cortico-spinal 
excitability: a review. Eur. J. of Sport Sci. 16 (3), 317–324. https://doi.org/10.1080/ 
17461391.2015.1024756. 

Grosprêtre, S., Jacquet, T., Lebon, F., Papaxanthis, C., Martin, A., 2018. Neural 
mechanisms of strength increase after one-week motor imagery training. Eur. J. 
Sport Sci. 18 (2), 209–218. https://doi.org/10.1080/17461391.2017.1415377. 

Grosprêtre, S., Lebon, F., Papaxanthis, C., Martin, A., 2019. Spinal plasticity with motor 
imagery practice. J. Physiol. 597 (3), 921–934. https://doi.org/10.1113/JP276694. 

Guillot, A., Collet, C., 2005. Contribution from neurophysiological and psychological 
methods to the study of motor imagery. Brain Res. Rev. 50 (2), 387–397. https://doi. 
org/10.1016/j.brainresrev.2005.09.004. 

Guillot, A., Collet, C. (Eds.), 2010. The Neurophysiological Foundations of Mental and 
Motor Imagery. Oxf. Uni. Press. 

Guillot, A., Lebon, F., Rouffet, D., Champely, S., Doyon, J., Collet, C., 2007. Muscular 
responses during motor imagery as a function of muscle contraction types. Int. J. 
Psychophysiol. 66 (1), 18–27. https://doi.org/10.1016/j.ijpsycho.2007.05.009. 

Guillot, A., Moschberger, K., Collet, C., 2013. Coupling movement with imagery as a new 
perspective for motor imagery practice. Behav. Brain Funct. 9 (1), 8. https://doi.org/ 
10.1186/1744-9081-9-8. 

B. Wieland et al.                                                                                                                                                                                                                                

https://osf.io/hjuv6/
https://osf.io/nz5f8/
https://doi.org/10.1007/s00167-014-3165-4
https://doi.org/10.1016/j.brainres.2010.11.023
https://doi.org/10.1016/j.brainres.2010.11.023
https://doi.org/10.1089/tmj.2014.0104
https://doi.org/10.1016/j.clinph.2008.07.282
https://doi.org/10.1016/j.clinph.2008.07.282
https://doi.org/10.1016/S0926-6410(96)00072-9
http://refhub.elsevier.com/S0167-8760(22)00037-X/rf202202110736520858
https://doi.org/10.1097/JES.0b013e31820ac5e0
https://doi.org/10.3389/fnhum.2013.00415
https://doi.org/10.1016/j.clinph.2008.04.004
https://doi.org/10.1026/1612-5010/a000273
https://doi.org/10.1026/1612-5010/a000273
https://doi.org/10.1016/j.neuroimage.2006.07.017
https://doi.org/10.1016/j.neuroimage.2006.07.017
https://doi.org/10.3389/fnhum.2016.00315
https://doi.org/10.1034/j.1600-0404.2002.1o004.x
https://doi.org/10.1034/j.1600-0404.2002.1o004.x
http://10.1080/02640414.2010.548822
http://10.1080/02640414.2010.548822
https://doi.org/10.1016/j.jelekin.2012.01.005
https://doi.org/10.1016/j.jelekin.2012.01.005
https://doi.org/10.1080/17461391.2015.1024756
https://doi.org/10.1080/17461391.2015.1024756
https://doi.org/10.1080/17461391.2017.1415377
https://doi.org/10.1113/JP276694
https://doi.org/10.1016/j.brainresrev.2005.09.004
https://doi.org/10.1016/j.brainresrev.2005.09.004
http://refhub.elsevier.com/S0167-8760(22)00037-X/rf202202110737210447
http://refhub.elsevier.com/S0167-8760(22)00037-X/rf202202110737210447
https://doi.org/10.1016/j.ijpsycho.2007.05.009
https://doi.org/10.1186/1744-9081-9-8
https://doi.org/10.1186/1744-9081-9-8


International Journal of Psychophysiology 174 (2022) 57–65

65

Hashimoto, R., Rothwell, J.C., 1999. Dynamic changes in corticospinal excitability 
during motor imagery. Exp. Brain Res. 125 (1), 75–81. https://doi.org/10.1007/ 
s002210050660. 

Holmes, P.S., Collins, D.J., 2001. The PETTLEP approach to motor imagery: a functional 
equivalence model for sport psychologists. J. Appl. Sport Psychol. 13 (1), 60–83. 
https://doi.org/10.1080/10413200109339004. 

Jacobsen, E., 1931. Electrical measurements of neuromuscular states during mental 
activities: V. variation of specific muscles contracting during imagination. Am. J. 
Physiol.-Leg. Content. 96 (1), 115–121. https://doi.org/10.1152/ 
ajplegacy.1931.96.1.115. 

James, W., 1890. In: The Principles of Psychology, vol. 2, pp. 522–523 [1950 reprint 
New York: Dover.].  

Jeannerod, M., 1994. The representing brain: neural correlates of motor intention and 
imagery. Behav. Brain Sci. 17 (2), 187–202. https://doi.org/10.1017/ 
S0140525X00034026. 

Jeannerod, M., 2001. Neural simulation of action: a unifying mechanism for motor 
cognition. NeuroImage 14 (1 Pt 2), 103–109. https://doi.org/10.1006/ 
nimg.2001.0832. 

Jiang, C.-H., Ranganathan, V.K., Siemionow, V., Yue, G.H., 2017. The level of effort, 
rather than muscle exercise intensity determines strength gain following a six-week 
training. Life Sci. 178, 30–34. https://doi.org/10.1016/j.lfs.2017.04.003. 

Krizaj, D., Simunic, B., Zagar, T., 2008. Short-term repeatability of parameters extracted 
from radial displacement of muscle belly. J. Electromyogr. Kinesiol. 18 (4), 645–651. 
https://doi.org/10.1016/j.jelekin.2007.01.008. 

Laborde, S., Mosley, E., Thayer, J.F., 2017. Heart rate variability and cardiac vagal tone 
in psychophysiological research - recommendations for experiment planning, data 
analysis, and data reporting. Front. Psychol. 8, 213. https://doi.org/10.3389/ 
fpsyg.2017.00213. 

Lakens, D., Caldwell, A.R., 2021. Simulation-based power-analysis for factorial analysis 
of variance designs. Adv. In methods and practPsychol. Sci. 4 (1) https://doi.org/ 
10.1177/2515245920951503, 2515245920951503.  

Lebon, F., Byblow, W.D., Collet, C., Guillot, A., Stinear, C.M., 2012. The modulation of 
motor cortex excitability during motor imagery depends on imagery quality. Eur. J. 
Neurosci. 35 (2), 323–331. https://doi.org/10.1111/j.1460-9568.2011.07938.x. 

Leys, C., Ley, C., Klein, O., Bernard, P., Licata, L., 2013. Detecting outliers: do not use 
standard deviation around the mean, use absolute deviation around the median. 
J. Exp. Soc. Psychol. 49 (4), 764–766. https://doi.org/10.1016/j.jesp.2013.03.013. 

Li, S., Latash, M.L., Zatsiorsky, V.M., 2004. Effects of motor imagery on finger force 
responses to transcranial magnetic stimulation. Cogn. Brain Res. 20 (2), 273–280. 10 
.1016/j.cogbrainres.2004.03.003. 

Lorey, B., Bischoff, M., Pilgramm, S., Stark, R., Munzert, J., Zentgraf, K., 2009. The 
embodied nature of motor imagery: the influence of posture and perspective. Exp. 
Brain Res. 194 (2), 233–243. https://doi.org/10.1007/s00221-008-1693-1. 

Lotze, M., Zentgraf, K., 2010. Contribution of the primary motor cortex to motor 
imagery. Neurophysiol. Found. Ment. Mot. Imag. 31, 46. https://doi.org/10.1093/ 
acprof:oso/9780199546251.003.0003. 

Lotze, M., Montoya, P., Erb, M., Hülsmann, E., Flor, H., Klose, U., Birbaumer, N., 
Grodd, W., 1999. Activation of cortical and cerebellar motor areas during executed 
and imagined hand movements: an fMRI study. J. Cogn. Neurosci. 11 (5), 491–501. 
https://doi.org/10.1162/089892999563553. 

Macgregor, L.J., Hunter, A.M., Orizio, C., Fairweather, M.M., Ditroilo, M., 2018. 
Assessment of skeletal muscle contractile properties by radial displacement: the case 
for tensiomyography. Sports Med. 48 (7), 1607–1620. https://doi.org/10.1007/ 
s40279-018-0912-6. 

Mercier, C., Aballea, A., Vargas, C.D., Paillard, J., Sirigu, A., 2008. Vision without 
proprioception modulates cortico-spinal excitability during hand motor imagery. 
Cereb. Cortex 18 (2), 272–277. https://doi.org/10.1093/cercor/bhm052. 

Munzert, J., Krüger, B., 2018. Task-specificity of muscular responses during motor 
imagery: peripheral physiological effects and the legacy of Edmund Jacobson. Front. 
Psychol. 9, 1869. https://doi.org/10.3389/fpsyg.2018.01869. 

Munzert, J., Lorey, B., Zentgraf, K., 2009. Cognitive motor processes: the role of motor 
imagery in the study of motor representations. Brain Res. Rev. 60 (2), 306–326. 
https://doi.org/10.1016/j.brainresrev.2008.12.024. 

Oishi, K., Kimura, M., Yasukawa, M., Yoneda, T., Maeshima, T., 1994. Amplitude re- 
duction of H-reflex during mental movement simulation in elite athletes. Behav. 
Brain Res. 62 (1), 55–61. https://doi.org/10.1016/0166-4328(94)90037-X. 

Open Science Collaboration, 2015. Estimating the reproducibility of psychological 
science. Science 349 (6251), aac4716. https://doi.org/10.1126/science.aac4716. 

Reiser, M., Büsch, D., Munzert, J., 2011. Strength gains by motor imagery with different 
ratios of physical to mental practice. Front. Psychol. 2, 194. https://doi.org/ 
10.3389/fpsyg.2011.00194. 
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