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1 | INTRODUCTION

Abstract

Mental imagery is a powerful capability that engages similar neurophysiologi-
cal processes that underlie real sensory and motor experiences. Previous studies
show that motor cortical excitability can increase during mental imagery of ac-
tions. In this study, we focused on possible inhibitory effects of mental imagery on
motor functions. We assessed whether imagined arm paralysis modulates motor
cortical excitability in healthy participants, as measured by motor evoked poten-
tials (MEPs) of the hand induced by near-threshold transcranial magnetic stimu-
lation (TMS) over the primary motor cortex hand area. We found lower MEP
amplitudes during imagined arm paralysis when compared to imagined leg pa-
ralysis or baseline stimulation without paralysis imagery. These results show that
purely imagined bodily constraints can selectively inhibit basic motor corticospi-
nal functions. The results are discussed in the context of motoric embodiment/
disembodiment.
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Pearson & Kosslyn, 2015), mental imagery has widely been

Neuroimaging research on mental imagery has shown
that visual and motor mental imagery systematically ac-
tivate sensory and motor brain areas, respectively (e.g.,
Decety, 1996; Jeannerod, 1995; Kosslyn et al., 1993), sug-
gesting that mental imagery can have neurophysiological
consequence similar to those during real sensory and motor
experiences. While the exact mechanisms underlying men-
tal imagery are still open to debate (Foglia & O'Regan, 2016;

used as a tool to improve cognitive and motor skills in var-
ious disciplines (e.g., Schuster et al., 2011). For example,
motor imagery is used to improve athletes’ performances
(e.g., Guillot et al., 2012; Hall et al., 1990), and also to sup-
port rehabilitation in patients suffering from motor deficits
(e.g., Grabherr et al., 2015; Jackson et al., 2001; Stevens &
Stoykov, 2003). Furthermore, some studies have reported
an increase in muscular strength through mental imagery
training (e.g., Lebon et al., 2010; Ranganathan et al., 2004;
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Yue & Cole, 1992). Taken together, these studies demon-
strate powerful modulations of physiological processes by
mental imagery.

The research described so far has focused on excitatory
effects of mental imagery on the motor system. However,
another line of research has established the reverse effect:
motor dysfunctions can inhibit mental imagery. For exam-
ple, patients suffering from motor constraints show selec-
tive impairments in visual processing and mental rotation
of body stimuli when the stimulus corresponds to their af-
fected body part (Amick et al., 2006; Dominey et al., 1995;
Fiorio et al., 2007; Nico et al., 2004; Pernigo et al., 2012).
Similar results have also been reported in healthy partici-
pants when motor constraints were experimentally induced,
for example by short-term limb immobilization (Blising
et al., 2013; Meugnot et al., 2014; Meugnot et al., 2016).

In a similar vein, we previously investigated whether
motor imagery can be hampered by a purely imagined
motor constraint in healthy participants (Hartmann
et al.,, 2011). Participants performed a mental rotation
task of whole-body stimuli while imagining that their
legs were paralyzed. The task involved a leg laterality
judgment (e.g., “Is the left or right leg bent?”), which as-
sumingly leads to a covert imitation of the posture of the
stimulus (i.e., the “motoric embodiment” process; see
Amorim et al., 2006; Grush, 2004; Parsons, 1994). During
imagined paralysis, participants required more time to
judge the laterality of the legs (Hartmann et al., 2011).
The effect was selective for imitable (vs. non-imitable)
postures, suggesting that imagined paralysis selectively
impairs motor imagery processes of the “paralyzed” body
parts. A possible explanation for this result is that paraly-
sis imagery inhibits the neural activity in the motor areas
involved in the motoric embodiment process. Given that
our previous study was a behavioral investigation, it was
not possible to draw firm conclusions about the underly-
ing neural mechanisms involved in paralysis imagery. In
the current study, we wanted to investigate these results
further by assessing whether imagined paralysis influ-
ences the cortical excitability of motor neurons.

Previous studies have shown that motor cortical ex-
citability can be increased during action observation and
mental imagery of actions (Cavallo et al., 2011; Fadiga
et al., 1995; Fadiga et al., 1998; Kasai et al., 1997; Maeda
et al., 2002; Pelgrims et al., 2005; Stinear et al., 2006; Urgesi
etal., 2006; Urgesi et al., 2010; Vargas et al., 2004). A reduc-
tion of cortical excitability has also been reported, although
much less frequently, for example, in the presence of pain
(e.g., Avenanti et al., 2005; Parker et al., 2016) or when ex-
periencing illusory loss of body parts (Kilteni et al., 2016).
Relatedly, it has recently been shown that imagined pa-
ralysis of the leg influences the processing of somatosen-
sory evoked potentials by tibial nerve stimulation (Palluel

et al., 2020). However, to our knowledge, no study has yet
investigated whether cortical excitability of motor neurons
is reduced by mentally imagining a specific impairment of
motor abilities. In order to test this hypothesis, we mea-
sured the amplitude of motor evoked potentials (MEPs)
from participants’ hands elicited by near-threshold tran-
scranial magnetic stimulation (TMS) over the primary
motor cortex (M1) hand area. Near-threshold TMS was
chosen in order to minimize hand twitches, which might
disrupt the mental imagery process and the feeling of pa-
ralysis (see also Pelgrims et al., 2011). This approach al-
lowed us to analyze not only the size of MEP amplitudes,
but also the number of elicited MEPs (cf. Kaelin-Lang
et al., 2010). Izumi et al. (1995) found an increased MEP
response rate when participants imagined movements,
suggesting that both the MEP amplitude and the number
of MEPs are malleable via motor imagery (see also Kiers
et al., 1997). Finally, in order to assess the specificity of the
effect of mental imagery, we also measured hand MEPs
while participants imagined leg paralysis. Specifically,
this allows to test whether hand MEPs are selectively in-
fluenced by imagined paralysis of the hand. Alternatively,
it is possible that imagined paralysis exerts a rather un-
specific effect that is not tied to any body part.

2 | MATERIAL AND METHOD

2.1 | Participants

Twelve right-handed undergraduate students from the
University of Bern (mean age = 22.2, 10 female) partici-
pated in this study in return for course credit. The study
was approved by the Ethics Committee of the Canton of
Bern, and all participants gave informed consent prior to
the study. Participants had no history of epilepsy, brain
surgery, mental and motor problems, and were not taking
medication.

2.2 | Apparatus and procedure

The general procedure of the study is summarized in
Table 1. Each step is described in detail in the following
sections.

2.2.1 | Step 1 and 2: Electromyography,
determination of stimulation position, and
motor threshold

Hand MEPs were measured using electromyography
(EMG) with a sampling rate of 5 kHz. Silver-silver



HARTMANN ET AL. 30f12
IPSY[:HOPHYSIUI.UGY s RELL

TABLE 1 General procedure of the ..

Step Description
study

1. Attachment of FDI electrode

2. Determination of stimulation position and resting motor threshold

3. Paralysis induction phase:

1. Guided mental imagery (2-3 min)
2. Immersion task (~2 min)

4. Preparation of recording session and reinforcement of imagery
instruction

5. TMS application (60 pulses)

6. Filling out of arm- and leg-related questionnaires

Note: Step 3 to 6 was repeated for each condition (arm paralysis, leg paralysis, baseline). For the baseline
condition, Step 3 was replaced by a break of 5min. The order of the three conditions was counterbalanced

across participants.

chloride electrodes were attached to the first dorsal in-
terosseous (FDI) of the right hand over the muscle belly
for the active electrode and over the associated joint
for the reference electrode. For the determination of
the resting motor threshold, single, monophasic TMS
pulses were delivered to the left motor cortex through
a custom-made, figure-of-8-shaped coil (diameter 5 cm,
maximal field strength 2.89 T; see Z'Graggen et al., 2009)
connected to a Magstim 200 device (Magstim, Whitland,
UK). The TMS coil was placed over the left motor cortex
tangentially to the scalp with the intersection of both
wings at 45° angle with the midline, to optimally activate
the corticospinal system trans-synaptically (Brasil-Neto
et al., 1992). The optimal position was found by contin-
uously shifting the coil within the motor hand area in
steps of 0.5 cm and recording the corresponding ampli-
tude of the FDI MEPs (see Conforto et al., 2004). The
position eliciting the highest amplitudes was set as the
optimal position (“hot spot”). The position was marked
with a skin-friendly marker on the participants’ scalp,
and motor threshold was determined from this position.
Motor threshold was defined as the lowest stimulus in-
tensity that triggers 5 of 10 MEPs with a minimal ampli-
tude of 50 pV (Rossini et al., 2015). The EMG signal was
pre-amplified and band-pass filtered (1 Hz to 1 kHz)
with a Neurodata Amplifier System that was connected
to an IPS230 Power System (Grass-Telefactor, Braintree,
MA, USA). Input was fed into a computerized data ac-
quisition system built with the LabVIEW graphical pro-
gramming language (Kaelin-Lang & Cohen, 2000).

2.2.2 | Steps 3 to 6: Paralysis imagery and
TMS session

In the next step, arm and leg paralysis imagery was
induced by means of guided mental imagery and an
immersion task. In the guided mental imagery phase,

participants were instructed to imagine that either their
arm or leg (depending on the condition) was paralyzed.
The instruction was as follows: “Imagine that your arm/
leg is paralyzed. Imagine how it would feel if you could
not move your arm/leg even if you wanted to. Try to
imagine that your arm/leg feels weak, heavy and use-
less. Try to imagine how your everyday life would be
changed if you could no longer move your arm/leg.”.
Each of these instruction sentences were followed by
a pause of about 30s in which participants focused on
each of those instructions. This phase lasted approxi-
mately 2-3 min. Next, the imagination of paralysis was
supported by an additional immersion task. In case of
the imagined arm paralysis condition, participants were
asked to write down their name on a sheet of paper by
moving a pen that they were holding in their mouth (i.e.,
without using their hands). In case of the imagined leg
paralysis condition, participants were placed in a wheel-
chair and asked to wheel around without moving their
legs for 2 min (for a similar procedure see Hartmann
et al., 2011; Palluel et al., 2020). These additional tasks
were used to enhance the vividness of imagined paraly-
sis and strengthen the adopted constrained body repre-
sentation. Upon completion of the immersion tasks, the
recording session was prepared. This included starting
the data acquisition within the LabVIEW interface, or
the re-connection of the electrode plugs to the EMG re-
cording device (they required unplugging for the wheel-
chair immersion task). Since this process lasted several
minutes (1-2 min) in which participants could poten-
tially lose their focus on paralysis imagery, the first three
sentences of the paralysis imagery instructions were re-
peated, and participants were asked to say “ok” when
they feel that they comply to the imagery instructions.
Following this, the TMS coil was placed above the “hot
spot” and the TMS application started. Stimulation in-
tensity was set to 95% of individual motor threshold (cf.
Kaelin-Lang et al., 2010). Sixty single TMS pulses were
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applied with a random inter-pulse interval of 6-10s.
We considered 60 pulses as an optimal compromise be-
tween having as much data as possible for the statistical
analysis and keeping recording time as short as possible
in order to avoid fluctuation and variability of cortico-
motoneuronal excitability due to change in arousal and
vigilance (see also Kaelin-Lang et al., 2005). We were
able to demonstrate in previous work that it is possible
to obtain an accurate statistical distribution with n = 40
pulses at threshold intensities (Kaelin-Lang et al., 2010).

Importantly, we took care that the experimenter who
applied TMS (A. K.-L. or F. W. M) was blind to the paraly-
sis imagery condition. Specifically, the experimenter who
applied TMS left the room after determining the motor
threshold and re-entered the room only after the paraly-
sis induction phase was completed, the recording session
was prepared, and the mental imagery instructions were
re-enforced (all by the second experimenter). For the base-
line condition, the paralysis induction phase (Step 3) was
replaced with a break of 5min so that the timing was com-
parable across the three conditions.

Each participant underwent three TMS sessions pre-
ceded by the specific task instructions for imagined arm
and leg paralysis, or the 5-min break without paralysis
imagery for the baseline condition. Hand posture of the
right hand was identical in all three conditions, and par-
ticipants were instructed not to move their arms and legs
during the recording sessions. The order of the three ses-
sions was fully counterbalanced across participants, and
the sessions were separated by breaks of 10 min.

After each recording session, participants filled out a
self-report questionnaire (Step 6) regarding seven arm-
and leg-related items, such as: “During the experiment,
my legs/arm felt paralyzed,”, “During the experiment, I
had the impression that I could not use my legs the way
I'm usually used to,”, or “During the experiment, my arm/
leg felt strange, as if they did not belong to my body.”
The full item list can be found in Hartmann et al. (2011).
Each item was accompanied by a 7-point Likert scale
(1 = “strongly disagree”; 7 = “strongly agree”).

2.3 | Definition of MEPs and
data analysis

2.3.1 | Definition of MEPs

We have previously shown that using subthreshold stim-
ulation demonstrates the stochastic nature of MEP gen-
eration with usually easily identifiable MEP signals even
at low amplitude (“all or nothing pattern”; Kaelin-Lang

et al., 2010). The peak-to-peak amplitude was automati-
cally calculated by custom LabVIEW software and was

defined as max-min volt change in the critical time win-
dow between 20 and 40 ms after TMS pulse. The software
also automatically computes the peak amplitude during
the pre-trigger-time period before the TMS pulse, reflect-
ing background noise (see Kaelin-Lang & Cohen, 2000 for
more details). Trials were classified as MEP trials when
the peak-to-peak amplitude during the critical time in-
terval (20-40 ms after TMS pulse) was at least three times
higher than that of the background noise. There is, how-
ever, still the need to check visually all trials in order to
exclude any artifacts (<3% of trials) since there is no gen-
eral consent about how to automatically detect an MEP
pattern. This was done by an investigator blinded to the
experimental condition.

2.3.2 | Preliminary analysis:
Reliability and order effects

Before the effect of imagined paralysis on the ampli-
tude and proportion of MEPs was assessed, some pre-
liminary analyses were conducted. In a first step, the
reliability of MEPs within each recording session was
assessed by means of the intraclass correlation coeffi-
cient (ICC) for the amplitude and proportion of MEPs.
Regarding the amplitude of MEPs, we followed the pro-
cedure established in previous MEP studies (Carroll
et al., 2001; Christie et al., 2007; Hashemirad et al., 2017;
Kamen, 2004). Specifically, previous studies suggest
that using a mean of five MEP responses result in good
reliability of amplitudes (Kamen, 2004). We therefore
computed for each participant and recording session
the mean MEP amplitude of the first and last five MEPs
(Christie et al., 2007). In case there were less than five
MEPs in the first or last half of a recording session, the
mean was based on the available values in each session
half. Similarly, the proportion of MEPs was computed for
the first and second half of a recording session for each
participant. ICC values were obtained by computing an
analysis of variance (ANOVA) for each condition with
the repeated measurement variable session half (first vs.
second). ICCs are calculated by dividing the variance
explained by the participants by the total variance, thus
reflecting the proportion of variance explained by par-
ticipants (Haggard, 1958). Consequently, low ICC values
would indicate a high variability of MEP amplitude or
proportion within a recording session.

In a second step, we explored whether there were some
order effects across the three recording sessions. To this
end, we computed another ANOVA on the mean ampli-
tudes and proportion of MEPs (obtained from the entire
recording session) with the repeated measurement vari-
able order (1, 2, 3).
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MEP amplitudes showed the typical logistic distribu-
tion (e.g., Borgomaneri et al., 2015; Coxon et al., 2006;
Kilteni et al., 2016; Wassermann, 2002). Therefore, for
these preliminary analyses, the means of log-transformed
raw data were used for the ANOVAS, and back-transformed
for descriptive reports.

2.3.3 | Main analysis: Effect of imagined
paralysis on amplitude and proportion of MEPs

In this study, an effect of imagined paralysis on both the
MEP amplitudes and the MEP probability was analyzed.
Using a traditional data analysis approach would require
aggregation of amplitude values per participant and con-
dition for all MEP trials, and then compute analysis of
variance for the mean amplitudes. However, due to the
near-threshold stimulation, the number of MEP trials
per participant and condition was limited, and averaging
would potentially lead to loss of information. We there-
fore decided to analyze non-aggregated data for the main
analysis by means of a Bayesian hierarchical regression
approach. Condition (imagined arm paralysis, imagined
leg paralysis, baseline) was used as a fixed effect predictor.
In order to account for the repeated measurement design
and for the individual differences in the effect of mental
imagery on MEPs, participant identity was used as a ran-
dom intercept effect, and a random slope of condition by
participant was added (Barr et al., 2013). Due to the lo-
gistic distribution of MEP amplitudes (e.g., Borgomaneri
et al.,, 2015; Coxon et al., 2006; Kilteni et al., 2016;
Wassermann, 2002), we used a log-normal function for
the analysis of raw MEP amplitudes. For the analysis of
MEP probability, a Bernoulli distribution with a logit link
function was used, which is appropriate for binominal re-
sponses for non-aggregated data. Analyses were performed
using the brms-package in R (Biirkner, 2017) and weakly
informative priors were used, as suggested by brms default
settings (Biirkner, 2017).

A contrast coding scheme was used so that the effects
of interest (arm paralysis imagery vs. baseline, arm paral-
ysis imagery vs. leg paralysis imagery, and leg paralysis
imagery vs. baseline) are directly reflected in the esti-
mates of the coding variables for the fixed effect of condi-
tion. Specifically, the models were run with the baseline
as reference category [0,0], so that the estimate of the in-
tercept reflects the baseline, and more importantly, the
estimate of the first coding variable [1,0; b_arm] reflects
the difference between arm paralysis imagery and the
baseline (arm vs. baseline in Figure 1), and analogously,
the estimate of the second coding variable [0,1; b_leg]
reflects the difference between leg paralysis imagery and
the baseline (leg vs. baseline in Figure 1). In order to also

IPSYBHOPHYSIUI.OGY - | sore

TABLE 2 The number of MEP trials for each participant and
condition

R Number of MEP trials

Participant intensity Baseline Arm Leg
1 33 50 6 23
2 38 9 11 5
3 37 9 11 6
4 33 12 22 24
5 36 38 20 34
6 50 32 12 35
7 33 48 21 27
8 38 23 17 15
9 40 25 27 7
10 55 31 11 27
11 41 18 46 9
12 38 12 18 39

obtain an estimate for the difference between arm and
leg paralysis imagery, the models were re-run with arm
paralysis imagery as reference group, so that the estimate
of the corresponding coding variable now reflects the
difference between arm and leg paralysis imagery (arm
vs. leg in Figure 1). In Bayesian statistics, a meaningful
effect is indicated when zero is not included in the 95%
credible interval (i.e., Bayesian confidence interval) of
the estimated posterior distribution of the relevant pa-
rameters (arm vs. baseline, leg vs. baseline, arm vs. leg).
Each model was run with 10,000 iterations and 5000
warmup-samples. Model diagnostics (posterior predic-
tive checks, pareto-k diagnostics) confirmed good model
fit and indicated that there were no misspecifications or
overly influential data points (outliers) that distorted the
model fits.

3 | RESULTS

The mean resting motor threshold was 41.8 (SD = 7),
and the mean stimulation intensity was 40.6 (SD = 7;
95% of resting motor threshold; see Table 2 for individ-
ual values). In one recording session (participant num-
ber 4, leg paralysis imagery), the experiment had to be
stopped after 34 TMS pulses for technical reasons. Given
that a reasonable number of MEP trials were recorded in
this session (24 MEP trials; see Table 2), the data from
this session were included in the analyses. In all con-
ditions, at least five MEP trials have been detected (see
Table 2), which has been shown to result in good to high
reliability of amplitude measure in healthy participants
(Kamen, 2004).
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3.1 | Questionnaire

Mean arm and leg scores were computed for each par-
ticipant and condition based on the seven items from the
questionnaire, and the mean scores of leg and arm were
compared for each condition by means of paired ¢ tests. In
the arm paralysis imagery condition, all participants had
higher arm (M = 5.3,SD = 0.8) than leg (M =2.6,SD =1.1)
scores, #(11) = 6.86, p<.001. Conversely, in the leg pa-
ralysis imagery condition, all participants had higher leg
(M =5.2,SD = 0.9) than arm (M = 2.9, SD = 1.2) scores,
t(11) = 7.32, p<.001, showing that participants were
following imagery instructions. Not surprisingly, arm
(M =2.3,SD=0.9)and leg (M = 2.12, SD = 0.9) scores did
not differ in the baseline condition, #(11) = 1.41, p = .187.

3.2 | MEP analysis
3.2.1 | Preliminary analysis:
Reliability and order effects

Regarding MEP amplitudes, the ICC was 0.55 during
arm paralysis imagery, 0.76 during leg paralysis imagery,
and 0.54 during the baseline condition. These values are
comparable to that reported in previous studies (e.g.,
FDI amplitude ICC values ranged from 0.50 to 0.53 in
Carroll et al., 2001; and from 0.60 to 0.81 in Kamen, 2004).
Regarding the proportion of MEPs, the ICC was 0.69 dur-
ing arm paralysis imagery, 0.51 during leg paralysis im-
agery, and 0.84 during the baseline condition.

The ANOVA revealed that the repeated measure vari-
able session half (first vs. second) was not significant
(ps>.10 in all conditions), showing that there was no

systematic increase or decrease in amplitude or propor-
tion of MEPs from the first to the second half within a
recording session.

Regarding order effects across the three sessions, the
ANOVA with the repeated measurement variable order (1,
2, 3) revealed no significant effect, neither for the ampli-
tude, F(2, 22) = 0.66, p = .527, nor for the proportion of
MEPs, F(2, 22) = 0.29, p = .749. These analyses confirm
(1) the reliability of our measurement, (2) the absence of
a time effect within a session, and (3) the absence of any
order effects across the three recording sessions.

3.2.2 | Effect of paralysis imagery on
amplitude and probability of MEP

The mean MEP amplitude was 0.21 mV (SEM = 0.02) dur-
ing arm paralysis imagery, 0.31 mV (SEM = 0.04) during
leg paralysis imagery, and 0.32mV (SEM = 0.05) during
the baseline condition. The Bayesian hierarchical regres-
sion analyses revealed that zero was well outside of the
95% CI for the difference between arm paralysis imagery
and the baseline, and also close to the boundary for the
difference between arm and leg paralysis imagery (see
Figure 1). Figure 2 shows the individual differences of
the 12 participants. Eleven of the 12 participants showed
lower MEP amplitudes during arm paralysis imagery
when compared to the baseline (solid lines), confirming a
systematic reduction of MEP amplitudes due to paralysis
imagery of the arm. Moreover, 10 of the 12 participants
showed lower MEP amplitudes during arm when com-
pared to leg paralysis imagery. In contrast, about half of
participants (n = 7) showed lower MEP amplitudes dur-
ing leg paralysis imagery when compared to the baseline,

Amplitude Proportion
I I
| |
Arm vs. Baseline - I—.—I | : @ 4 :
| |
| |
B L I L I I
L Armvs. Leg 1 | @ 1 I O+ 1
w | |
| |
L I [ | L I [ |
Leg vs. Baseline - I &+ 1 I @ } 1
| |
T T ! T T !
-0.50 -0.25 0.00 0.25 -1 0 1

Estimate

FIGURE 1 Estimates of the Bayesian hierarchical regression model parameters that represent the effects of interest (arm paralysis

imagery vs. baseline, arm paralysis imagery vs. leg paralysis imagery, and leg paralysis imagery vs. baseline). For MEP amplitudes, the

estimate of the 95% credibility interval for arm paralysis imagery versus baseline did not include zero, showing that MEP amplitudes were
substantially lower during arm paralysis imagery when compared to the baseline. Estimates represent log values for differences in MEP

amplitudes, and logit values for differences in probability of MEPs
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confirming that there was no systematic difference be-
tween these two conditions.

The number of MEP trials for each participant is
summarized in Table 2. The mean proportion of MEPs
was 0.33 (SEM = 0.05) during arm paralysis imagery,
0.37 (SEM = 0.07) during leg paralysis imagery and 0.45
(SEM = 0.07) during the baseline condition. The Bayesian
linear regression analysis revealed that zero was included
in the 95% CI of all estimates of the differences, showing
that there was no effect of condition on the proportion of
MEDPs (see Figure 1).

In a final analysis, we assessed whether the effect of
imagined arm paralysis on MEP amplitude of FDI was
associated with the self-reported strength of experienced
arm paralysis. To this end, we subtracted for each partic-
ipant the arm questionnaire score of the baseline from
the arm questionnaire score of the arm paralysis imagery
condition. This difference value reflects the selective effect
of imagined arm paralysis on the experienced paralysis
during TMS, with higher values reflecting greater experi-
enced paralysis. Analogously, we subtracted for each par-
ticipant the mean MEP amplitude of the arm paralysis
imagery condition from the mean MEP amplitude of the
baseline condition. This value reflects the selective effect
of imagined arm paralysis on the change in MEP ampli-
tude (vs. baseline), with higher values indicating greater

09 1

MEP Amplitude (mV)

0 t |
Baseline Arm Leg

Imagined Paralysis Condition

FIGURE 2 Amplitudes of TMS-induced MEPs of FDI hand
muscle (mV) for all conditions (baseline, arm, and leg paralysis
imagery). Black lines represent individual participants (N = 12),
and the thick gray line represents the mean. Solid lines indicate
MEP amplitudes that were lower during arm paralysis imagery
versus baseline (n = 11) or during arm versus. leg paralysis imagery
(n = 10), and conversely, the dotted lines indicate higher values
during arm paralysis imagery

IPSYGHOPHYSIUI.OGY s

reduction of MEP amplitude. The association between
these two values was tested by means of a nonparametric
correlation test (Spearman). There was a nonsignificant
but positive correlation, rgpearman = -501, p = .097, showing
that higher subjective experienced arm paralysis tended
to be associated with a greater reduction of TMS-induced
MEP amplitude of FDI (see Figure 3). In contrast, no such
trend was found when the analog correlation was com-
puted between the strength of self-reported leg paralysis
and the reduction of MEP amplitude during leg paraly-
sis imagery, Fspearman = -274, p = .389. The absence of the
latter correlation is in line with the main result that only
imagined hand, and not leg, paralysis had an effect on
MEP amplitude of FDI.

4 | DISCUSSION

The aim of this study was to investigate whether an imag-
ined motor constraint, in the form of arm paralysis, could
modulate motor cortical excitability in healthy partici-
pants. We found that hand MEP amplitudes were lower
when participants imagined that their arm was paralyzed,
compared to when they imagined that their legs were
paralyzed or during a baseline condition with no mental
imagery instruction. The results of this study highlight the
power of mental imagery, and show that even basic neu-
rophysiological processes can be selectively modulated by
top-down mechanisms. Particularly, our results are the
first to demonstrate inhibitory effects of mental imagery
on the excitability of the motor cortex. Imagined paralysis
has previously been shown to impair mental spatial trans-
formations of body parts (Hartmann et al., 2011). Here, we
extend these behavioral results by showing that imagined
paralysis inhibits motor corticospinal functions, which
might be responsible for the hampered bodily related cog-
nitive processes (e.g., motoric embodiment) found in pre-
vious studies (Hartmann et al., 2011).

A similar reduction in cortical excitability has recently
been reported when participants experience an illusory loss
of body parts (della Gatta et al., 2016; Kilteni et al., 2016).
della Gatta et al. (2016) used the well-established rubber-
hand illusion (RHI) to temporarily “disembody” the real
hand. In the RHI, the participant's real hand is placed
out of view and a fake hand is placed in view, in a phys-
ically plausible position in relation to the body. Both the
fake and the real (occluded) hand are then synchronously
stroked. The resulting visuo-tactile conflict is resolved in
most participants by accepting the fake hand, to some ex-
tent, as their own hand (Botvinick & Cohen, 1998). In a
similar approach using a virtual reality technique, Kilteni
et al. (2016) provided participants with an avatar body that
was missing a hand. In both cases, hand MEP amplitudes
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FIGURE 3 Correlation between the increase in self-reported
experienced arm paralysis and the reduction of MEP amplitudes.
Black dots represent values of individual participants (N = 12), and
the solid line illustrates the linear fit

were substantially reduced, suggesting that alterations of
the body schema as a consequence of implied hand loss/
immobilization reduces cortical excitability.

Gallese and Sinigaglia (2010) suggested a possible
mechanism accounting for these findings. Accordingly,
the bodily self is primarily and originally constructed in
terms of motor potentiality for actions. Under the impres-
sion that the hand no longer belongs to one's body (i.e.,
disembodied), the hand is no longer ready to use, and
consequently the activity of the motor system is down-
regulated (della Gatta et al., 2016). Reduced availability
to perform hand actions can be induced deliberately by
imagined paralysis. It is thus conceivable that the reduc-
tion of MEP amplitudes under imagined paralysis is based
on similar mechanisms found under “disembodiment.”

Given that we tested healthy participants and used an
inhibitory approach of cortical excitability, our results
might not have direct clinical implications. Nevertheless,
imagined paralysis can be related to some forms of motor
dysfunctions such as conversion disorder. Conversion dis-
order is diagnosed when physiological manifestations of
a disorder (i.e., symptoms affecting the patient's senses or
voluntary movements) are incompatible with the neuro-
logic disease pathology. A specific form of conversion dis-
order is conversion paralysis. For these patients, the motor
deficits cannot be explained by neurological factors, sug-
gesting that psychological factors are responsible for the
inhibition of the motor system (Cojan, Waber, Carruzzo,

& Vuilleumier, 2009; de Vignemont, 2009). It is possible
that the non-intentional suppressive mechanism in these
patients is based on similar mechanisms leading to the re-
duced cortical excitability induced by the volitional mental
imagery of motor constraints found in this study. In line
with this idea, it has recently been shown that brain activity
of patients suffering from conversion paralysis is similar,
but not identical, to that of healthy participants feigning
hand paresis. Particularly, brain activity during motor
stimulation (e.g., passive flexion-extension movements)
of the affected hand in patients was mediated by motor-
inhibition related neural activity in the inferior frontal gyri,
which was also involved in inhibition processes in healthy
participants (Hassa et al., 2016). Another study showed
that both patients and feign controls activated the motor
cortex contralateral to the “affected” limb less strongly
and more diffusely compared to the ipsilateral activation
(Stone et al., 2007; Van Beilen et al., 2011). Future research
is needed to better understand the potential shared mech-
anisms between conversion paralysis and voluntary motor
inhibition, such as during paralysis imagery. Finally, even
though we focused on motor inhibition, our results might
nevertheless give rise to the use of mental imagery as a
promising tool for treatment of motor dysfunction and re-
habilitation (see Slimani et al., 2016, for a review).

In this study, we used low, near-threshold TMS intensi-
ties which are not inducing twitching movements and are
thus not disrupting the mental imagery process. At these
low intensities, MEP generation is a variable stochas-
tic process (Kaelin-Lang et al., 2010) and their analysis
requires specific statistical methods. Our study demon-
strates the feasibility of this approach. It was, however, not
possible to record MEP from a leg muscle since the TMS
intensity needed would have been much higher, inducing
movement in other, unwanted muscles.

The finding that imagined paralysis changed MEP am-
plitudes but not the number of evoked MEPs shows limita-
tions of the top-down modulation of neuronal processes.
Changes in MEP amplitude size have been used as the pri-
mary quantifier of modulated cortical excitability by men-
tal imagery (e.g., Fadiga et al., 1998; Helm et al., 2015; Kasai
et al., 1997; Liepert & Neveling, 2009; Stinear et al., 2006).
However, Izumi et al. (1995) also found an increased MEP
response rate when participants imagined movements,
suggesting that both the MEP amplitude and the number
of MEPs can be malleable via motor imagery. The absence
of an effect of paralysis imagery on the number of evoked
MEPs might reflect the relative consistency of MEP thresh-
olds among the different test conditions. This suggests that
basic transmission of neuronal signals from cortex to ef-
fectors remains intact (although reduced) even when the
motor system is under suppressive voluntary top-down in-
fluence. This is also in line with preserved motor intentions
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found in motor cortex under hypnotic paralysis (Cojan,
Waber, Schwartz, et al., 2009). More research is needed in
order to define the conditions under which the amplitude
or the number (or both) of MEPs is changed.

A limitation of this study is the number of participants,
which was relatively small (n = 12), although not un-
usual in this field of research (Fadiga et al., 1998; Foysal
& Baker, 2020; Pitcher et al., 2005; Yahagi & Kasai, 1998).
Nevertheless, given the high consistency in the individual
patterns (note that 11 of 12 participants followed the pattern
of the main result that imagined paralysis of the arm reduced
MEP amplitudes compared to baseline), together with the
reliability of our measurement and the Bayesian hierarchi-
cal regression analysis approach, we think that our results
are robust and make a valid contribution to the field. Yet, it is
important that our results are replicated in order to validate
the reported effects. An important step for future research
would also be to include both an excitatory (e.g., imagining
arm/hand movements) and inhibitory (e.g., paralysis imag-
ery, disesmbodiment) condition within the same individuals
to better understand the relative strength of these opposite
forms of interventions on motor functions. Furthermore,
in this study, we assessed the impact of paralysis imagery
on subjective experience of arms and legs, but there was no
measurement of experienced discomfort or arousal during
paralysis imagery. Previous studies have shown that higher
levels of arousal or distress is associated with increased
motor cortex excitability (Borgomaneri et al., 2021; Hajcak
et al., 2007). Further studies might therefore include addi-
tional subjective measurements (e.g., aversion, arousal) in
order to better understand individual variance in MEPs.

To conclude, our results add to the growing list of men-
tal imagery effects on cortical excitability. While previous
studies focused on imagery-induced circuit engagement in
different contexts (e.g., basic motor functions, stroke, de-
pression; Cicinelli et al., 2006; Clark et al., 2004; Fadiga
et al., 1998; Foysal & Baker, 2020; Volz et al., 2015), we
provide evidence for inhibitory processes. We argue that
the up- and downregulation of neurophysiological activity
by means of mental imagery may underlie similar mech-
anisms that are also responsible for the related phenom-
ena of disembodiment, feigned paralysis, and possibly also
conversion disorder. Our results will hopefully stimulate
more research examining possible common mechanisms
underlying these different forms of disembodiment and
motor dysfunctions, and to develop interventions that
make optimal use of mental imagery.
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