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a b s t r a c t

Background: When single pulse transcranial magnetic stimulation (TMS) is applied over the primary
motor cortex (M1) with sufficient intensity, it evokes muscular contractions (motor-evoked potentials,
MEPs) and muscle twitches (TMS-evoked movements). Participants may also report various hand sen-
sations related to TMS, but the perception elicited by TMS and its relationship to MEPs and evoked
movements has not been systematically studied.
Objective: The main aim of this work is to evaluate participants' kinesthetic and somatosensory hand
perceptions elicited by single-pulse TMS over M1-hand area at different intensities of stimulation and
their relation with MEPs and TMS-evoked movements.
Methods: We compared the number of MEPs (measured by electromyography), TMS-evoked movements
(measured by an accelerometer) and participants' hand perception (measured by verbal report) elicited
by TMS at different intensity of stimulation. This way, we estimated the amplitude of MEPs and the
acceleration of TMS-evoked movements sufficient to trigger TMS evoked hand perceptions.
Results: We found that TMS-evoked hand perceptions are induced at 105% of the individual resting
motor threshold, a value significantly different from the threshold inducing MEPs (about 100%) and TMS-
evoked movements (about 110%). Our data indicate that only MEPs with an amplitude higher than 0.62
mV and TMS-evoked movements with acceleration higher than 0.42 m/s2 were associated with hand
perceptions at threshold.
Conclusions: Our data reveal the main features of TMS-evoked hand perception and show that in
addition to MEPs and TMS-evoked movements, this is a separate discernible response associated to
single-pulse TMS over M1.

© 2018 Elsevier Inc. All rights reserved.
Introduction

Single-pulse transcranial magnetic stimulation (TMS) over the
primary motor cortex (M1) has been extensively used to study the
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functional organization and the plasticity of the corticospinal mo-
tor system [1e5]. When single pulse TMS is applied over primary
motor cortex, different corticospinal volleys are elicited and can be
measured [6]. At the cortical level, a first descending volley is called
direct wave and it is generated by fast-conducting pyramidal tract
neurons and is followed by later volleys (indirect waves) mainly
reflecting the transynaptic activation of pyramidal tract neurons.
Spinal cord mechanisms are also recruited, involving spinal motor
neurons. This cascade of events is classically evaluated at its bottom
end by using motor-evoked potentials (MEPs) recorded through
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electromyography from contralateral muscles of upper or lower
limbs.

Based on many studies, broadly accepted guidelines have been
established [7,8]. Thus, MEPs are defined as muscular twitches
characterized by liminal electromyographic (EMG) activity (peak-
to-peak amplitude of 0.05mV) and specific latencies depending on
the addressed muscles, leading, for instance, to shorter latencies for
the hand than for leg muscles [7]. MEP amplitude can bemodulated
by motor [9e11], sensory and cognitive processes. For instance,
action observation/motor imagery [12,13] or stimuli presented
within the peripersonal space [14e16] has been shown to increase
MEP amplitude, whereas immobilization [17,18] or peripheral
nerve block [19] decreases MEP amplitude. Thus, MEP amplitude is
a crucial parameter tomeasure corticospinal excitability in a variety
of experimental protocols (e.g. motor mapping, recruitment curves,
[4,20e22]), with a large range of applications in clinical and
experimental studies [6,23,24].

In addition, single pulse TMS over M1 has also consistently been
shown to induce rapid involuntary movements in the contralateral
limb (i.e. TMS-evoked movements). TMS-evoked movements have
been typically measured by attaching accelerometers to the fingers
and hand [10,16] or by using glove-embedded sensors [25,26].
These are smaller in amplitude and typically shorter than a passive
movement [25]. Next to MEPs, TMS-evoked movements have also
been used to study the functional organization of themotor system,
for example after intensive motor training [11] or during action
observation [27].

In the TMS field, specific parameters have been identified to
quantify MEPs and TMS-evoked movements and facilitate the
comparison among studies. For instance, the “resting motor
threshold” (rMT) indicates the minimum intensity to elicit an MEP
in a target muscle in half of the administered trials for a given
participant at rest [7,28]. Similarly, a threshold value related to the
amplitude of the recorded acceleration has also been proposed to
discern actual TMS-evoked movements of the hand from signal
noise (e.g. 0.09m/s2 in Classen et al., 1998 [10]).

Moreover, TMS-induced activation of the corticospinal motor
tract may also elicit hand sensations (here called TMS-evoked hand
perceptions), previously reported in seminal studies as sensations
like “paraesthesias”, “tingling”, “kinesthesia” or “touch” [29e31].

However, while MEPs and TMS-evoked movements have been
widely studied, leading to accepted guidelines, TMS-evoked hand
perceptions were mostly neglected apart from few studies
approaching this topic in amputee patients [32e34] or in healthy
participants with protocols based on one specific intensity of
stimulation [35,36], on anesthetic block [30,37e39], or on repeti-
tive TMS (e.g. [37]). Systematically measuring TMS-evoked hand
perceptions in healthy participants under standard conditions
would be important to quantify the physiology and variety of TMS
effects and investigate whether such subjective sensations
following TMS over M1 lead to reliable responses.

Here we specifically investigate the occurrence of TMS-evoked
hand perceptions in healthy participants after single pulse TMS
administered over the dominant hand area in M1 and at different
stimulation intensities. With respect to previous studies
[29e31,37], we adopted a standardized protocol and a bigger
sample size allowing to apply robust statistical approaches to
investigate the relationship between the subjective evoked hand
perceptions and objective outcomes of the TMS such as MEPs and
TMS-evoked movements. We expected that M1 stimulation, at in-
tensities that are higher than those evoking MEPs and movements,
would also induce TMS-evoked hand perceptions. Moreover, we
aim at investigating the exact relation between MEPs, movements,
and hand perceptions. For this, we used two different approaches.
First, we compared the number of MEPs, movements, and hand
perceptions evoked at different intensities of M1 stimulation and,
secondly, we determined the intensity necessary to elicit each
response in at least half of the administered trials (absolute
thresholds and logistic curve fitting). Finally, we determined the
minimal amplitude of MEPs and the minimal acceleration of TMS-
evoked movements sufficient to elicit TMS-evoked hand
perceptions.

Methods and materials

Subjects

23 subjects took part in the study (mean age 27.1± 3.2 years, 13
females). All of them were right-handed, as determined by the
Flinders Handedness survey [39]. No one showed any contraindi-
cation to TMS [40,41]. Participants were naive to the purpose of the
study and participated after giving an informed consent. The study
was conducted with the approval of the local ethics committee
(PB_2016e02541, CCVEM 017/14). In a subgroup of subjects (7
participants out of the total included 23 subjects), we asked par-
ticipants to specify if the reported TMS-evoked hand perception
corresponded mainly to kinesthetic, somatosensory or mixed sen-
sations (see Supplementary Materials, Fig. 1) and we further
recorded TMS-evoked movements by a second accelerometer
placed on the index finger (see below and Supplementary Mate-
rials, Fig. 2).

TMS and recording procedure

Subjects were seated in a chair (Brainsight, Rogue Research)
with their arms resting in a prone position on a table (elbow flexion
of about 90�). TMS was delivered through a figure-eight coil (wing
diameter: 70mm) connected to a single Magstim monophasic
stimulator (Magstim 2002, Magstim Co., Whitland, UK) as described
previously [42]. The coil was placed tangentially to the scalp with
the handle pointing backward and laterally at a 45� angle to the
sagittal plane inducing a posteroanterior current in the brain
[43,44]. In order to determine the optimal position for activation of
the right First Dorsal Interosseus (FDI) muscle (hotspot), the coil
was initially positioned 5 cm lateral and 1 cm anterior to the vertex
over the left hemisphere [7]. Then, TMS pulses slightly above
threshold intensity levels (45% of the maximal stimulator output,
MSO) were applied by moving the coil in 0.5 cm steps around this
initial estimate (around 5 pulses for each stimulated point). The
hotspot was defined as the point over the scalp from which the
largest and more stable MEPs were observed. The position of the
hotspot was marked on the scalp with a pen and was carefully
checked by the experiment to ensure the correct coil placement
throughout the experiment. Resting motor threshold (rMT) of FDI
muscle was determined according to standard procedure by using
the software based 'adaptive method' developed by Awiszus et al.,
2003 (TMS Motor Threshold Assessment Tool, http://www.
clinicalresearcher.org/software.htm) [7].

MEPs were recorded bymeans of a surface EMG system through
wireless electrodes positioned on the FDI in a tendon-belly
configuration on both hands. EMG signals were amplified and
bandpass filtered (1 Hz-1kHz) by a Noraxon DTS amplifier
(Velamed, GmbH, K€oln, Germany). The signals were sampled at
3000Hz, digitized using a laboratory interface (Power1401; Cam-
bridge Electronics Design CED), and stored on a personal computer
for display and later off-line data analysis (Signal and Matlab soft-
ware). Each recording epoch lasted 1500ms, from �300ms before
to 1200ms after the TMS pulse. Trials with EMG background ac-
tivity (>0.05mV) preceding the TMS pulse of 100ms in the stim-
ulated or the non-stimulated hand were excluded from the present
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Fig. 1. Qualitative report of TMS-evoked hand perceptions. TMS-evoked hand perceptions respectively referred as kinesthetic (blue), somatosensory (grey) or mixed (yellow) sen-
sations are here expressed as percentage of total administered pulses (A) or as a function of the intensities of stimulation (B). See Supplementary Materials for a detailed description
of the procedure and the results. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. TMS-evoked movements as a function of the placement of the accelerometer. TMS-evoked movements recorded from the accelerometer placed over the middle finger knuckle
(red) and from the accelerometer placed on the metacarpal bone of the index finger (blue) expressed as percentage of total administered pulses (A) or divided for each stimulation
intensity (B). See Supplementary Materials for a detailed description of the procedure and the results. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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analysis in order to avoid possible biases ascribable to uncontrolled
MEPs facilitation [23,45,46].

In addition to the EMG data, we also recorded movements
evoked by the TMS pulse (TMS-evoked movements) through a 3-
dimensional accelerometer (Noraxon Sensors DTS 3D Accelerom-
eter) fixed over the middle finger knuckle (but see the comparison
with a second accelerometer placed on the index finger, Fig. 2,
Supplementary results 2). Data were acquired for the 3 separate
axes (x, y, z) at the same sampling frequency of the EMG, were
filtered (0.4 Hze100Hz) and analyzed by a custom-made software
written in MATLAB (MATLAB R2016b), following methods already
proposed in previous works [10,16,42]. The acceleration modulus
was first computed for a 200ms window starting from TMS de-
livery. We then calculated the acceleration onset as the time when
5% of the peak acceleration was detected. Trials were included in
the analysis if peak acceleration appeared between 20 and 55ms
after the TMS pulse [47] and its amplitude was equal to or higher
than 0.09m/s2 in one axis [10].
Experimental design

Participants were instructed to keep their right hand still and as
relaxed as possible, palm down on table. A bandage around the
wrist assured the contact between subjects’ arm and the table. The
position of the hand was visually checked by the co-experimenter
for the entire duration of the stimulation. To standardize what
participants observed during the stimulation, subjects wore a
head-mounted display (Oculus rift DK1) and observed a virtual
scene that consisted of a table in an otherwise empty room.

The four blocks of stimulation were separated by a 1-min break.
In each block, single pulses were delivered over the left M1 hand
area at 5 different intensities of stimulation in a pseudorandom
sequence (20 pulses each intensity, a total of 100 pulses split into 4
blocks, each including 5 pulses per intensity) to avoid as much as
possible hysteresis effects [48]. Five intensities of stimulation were
used: 90%, 100%, 105%, 110% and 130% of the individual rMT (in % of
maximum stimulator output). By definition, the absolute threshold
for MEPs (MEPs present in half of the trials) thus corresponds to the



Fig. 3. MEPs, TMS-evoked movements and hand perceptions at different intensities of
stimulation. The figure illustrates on the ordinate the percentage of evoked MEPs
(green), TMS-evoked hand perceptions (blue) and TMS-evoked movements (orange)
with respect to the total of valid trials (all administered trials excluded the trials with
EMG background activity> 0.05). On the abscissa, the stimulus intensities are shown in
term of percentage of MSO with respect to the individual rMT. The error bars indicate
the standard error. The comparison against the chance level (black broken line)
revealed that different intensities of stimulation are necessary to evoke MEPs, TMS-
evoked movements and TMS-evoked hand perceptions at threshold. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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intensity of 100% of rMT. The interval between two consecutive
pulses was of a minimum of 10 s (range 10e12 s), to ensure no
changes in motor cortex excitability [49,50]. To quantify the TMS-
evoked hand perceptions elicited at the right hand, after each
pulse, subjects were instructed to report if they had perceived “any
kinesthetic or somatosensory perception including (but not limited
to) contractions, movements, changes in hand position, tingling
sensation, or any other perceptions at the right hand”with a yes/no
answer. We chose to include any type of sensation because we
wanted to avoid an underestimation of the phenomenon by just
focusing on one specific sensation or to introduce any bias due to
possible different perceptions evoked at different intensities of
stimulation (see Supplementary results 1).

Data analysis

We separately calculated the percentage of trials inwhich a TMS
pulse evoked (i) MEPs (peak-to-peak amplitude higher than
0.05mV, e.g. [7]; [8]); (ii) a TMS-evoked movement (peak acceler-
ation between 20 and 55ms after the TMS pulse, e.g. [16,42]) with
an amplitude equal to or higher than 0.09m/s2 [10] (iii) a TMS-
evoked hand perception (i.e. “yes” response); reported by the
subject regarding a kinesthetic or somatosensory perception
evoked by the TMS on the hand when a MEP was present.

The occurrence of the TMS-evoked responses (MEPs, move-
ments or hand perceptions) was calculated as a percentage of valid
trials, i.e. all administered pulses (i.e. 100) after the rejection of
trials with EMG background activity higher than 0.05mV (3.1%
considering the all administered stimuli among all participants).
We did not include in the calculation of the TMS-evoked percep-
tions those trials inwhich participants answered “yes” but no MEPs
were present (i.e. false positives, 3.4% of the total stimuli, less than
1.5% in each intensity of stimulation).

First, we compared the number of responses evoked at the
different intensities of stimulation for MEPs, movements or hand
perceptions expressed as a percentage of the total valid trials
through a generalized linear mixed model with a logit link function
on the occurrence of the evoked responses with “intensity of
stimulation” (5 levels) and “type of responses” (3 levels) as within-
in subject factors. This approach has been already demonstrated to
be effective to treat proportional data, by overcoming the limita-
tions of the ANOVA (e.g. [51]). To correct for multiple comparisons,
we used Tukey post hoc test. Then, we determined an “absolute
threshold”, that is the intensity of stimulation (in % of maximum
stimulator output with respect to the individual resting motor
threshold) necessary to evoke each response in half of the trials
(50%, chance level) by comparing the percentage of MEPs, TMS-
evoked movements, and TMS-evoked hand perceptions averaged
among all subjects at each stimulation intensity with respect to the
chance level (one sampleWilcoxon test, Bonferroni corrected, the a
value was set at 0.05 divided by the 5, i.e. five intensities of stim-
ulation, the response was considered not different from the chance
level if p> 0.01). See Fig. 3 for further explanation.

Second, to further analyze these aspects and compare the ab-
solute threshold among the three TMS-evoked responses, we
investigated the relation between MEPs, TMS-evoked movements,
and TMS-evoked hand perceptions, by fitting logistic curves
(maximum likelihood method) to each TMS-evoked response as a
function of the used stimulation intensities (expressed as per-
centage of individual rMT). For each curve, we computed the cen-
tral point defined as the point where the function crossed 50% (half
of the trials, chance level); in other words, it represents the point
(that is the intensity of stimulation with respect to individual rMT)
where the presence or absence of the specific TMS-evoked re-
sponses was equally likely. Furthermore, we computed the “semi-
interquartile range” (as one half the difference between the 75th
percentile and the 25th percentile) that can be interpreted as the
minimum increase of the stimulation intensity (expressed as per-
centage of individual rMT) that makes a response detectable in half
of the trials, i.e. a stimulation intensity sufficient to leap from re-
sponses rarely evoked (25% of the total administered pulses) to
responses evoked at chance level (50%). Specifically, it can also be
interpreted as an index of “detectability” of the three TMS-evoked
responses. The present “central point” and “semi-interquartile
range” correspond respectively to the point of subjective equality
(PSE) and just noticeable difference (JND) of a putative psycho-
metric function (a term not applicable here for MEPs and TMS-
evoked movement because these are neurophysiological and not
subjective responses). According to the results of the Shapiro-Wilk
test used to check for normality, individual central point and “semi-
interquartile range”were compared bymeans of a one-way ANOVA
(main factor: TMS-evoked responses, 3 levels) or by applying the
equivalent non-parametric test (Friedman test). Post hoc test was
corrected for multiple comparisons (Tukey correction or Wilcoxon
test Bonferroni corrected).

Finally, to explore the relationship between TMS-evoked hand
perceptions and the MEP amplitude, we conducted a further
analysis by fitting a psychometric curve (maximum likelihood
method) for the percentage of TMS-evoked hand perceptions with
respect to the MEP amplitude. This procedure enables us to esti-
mate the MEPs amplitude necessary to reach a 50% detection rate
for the hand perceptions (point of subjective equality, PSE). The
same procedure was adopted to assess the relationship between
TMS-evoked hand perceptions and the amplitude of the TMS-
evoked movement (accelerometric data). Considering that the
peak of movement acceleration was acquired in three spatial axes
(x, y, z), the Euclidean normwas computed to obtain a single value
representing the global hand acceleration (movement norm).

Statistical analysis, pictures and curve fitting were performed by
using R Studio (R Core Team, 2017. R: a language and environment
or statistical computing. R Foundation for statistical computing,



Fig. 4. Comparison among TMS-evoked responses (MEPs, movements and hand percep-
tions). The figure shows the results of the logistic curve fitting between (on the ordi-
nate) the percentage of the evoked responses in terms of MEPs (green), TMS-evoked
hand perceptions (blue) and TMS-evoked movements (orange) and (on the abscissa)
the intensity of stimulation (percentage of MSO with respect to the individual rMT).
TMS-evoked hand perceptions required an intensity of stimulation higher than MEPs,
but lower than TMS-evoked movements to be elicited at the 50% (ANOVA on central
point values). TMS-evoked movements require a bigger increase of stimulation in-
tensity to be detected at threshold compared to the other two TMS-evoked effects
(Friedman test on the semi-interquartile range). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Vienna, Austria. URL http://www.R-project.org/) and custom-made
scripts written in MATLAB (MATLAB R2016b).

Results

Preliminary results

All participants easily completed the experiment, without any
adverse effects to TMS.

All participants reported kinesthetic (e.g. muscles contractions,
movements, changes in hand position or posture), somatosensory
(e.g. tingling, touch sensations, pins and needles sensations) or
mixed (kinesthetic þ somatosensory) hand perceptions due to
stimulation. No participant reported unpleasant perceptions.

In the subgroup of subjects specifically asked to specify if the re-
ported sensation corresponds to one of the above mentioned three
categories, it emerged that the judgement was influenced by the in-
tensity of stimulation, with the percentage of kinesthetic and mixed
sensations augmenting at higher intensities (see Fig. 1, Supplemen-
tary results 1). Rarely (3.4% of the total amount of trials), participants
reported some TMS-evoked hand perceptions, even when no MEPs
and movements were evoked (“paresthesia-like perceptions”).

Moreover, in the same subgroup of subjects, the percentage of
movements recorded by the accelerometer placed on the middle
finger was comparable to that of movements recorded by a second
additional accelerometer placed on the index finger (see Fig. 2,
Supplementary results 2).

TMS-evoked responses at different intensities of stimulation

The model (generalized linear mixed model) on the percentage of
evoked responses revealed an interaction between the type of
response (MEPs, movements, hand perceptions) and the intensity of
stimulation (c2 (15)¼ 3547.9, p< 0.001). Post hoc (Tukey correction)
showed that MEPs, TMS-evoked hand perceptions and movements
increased with increasing intensities (all p values< 0.001). At the
maximum intensity of stimulation (130%), the percentage of responses
was equally high for MEPs and hand perceptions (all p values¼ 0.14),
while these were higher than the percentage of TMS-evoked move-
ments (both p-values p< 0.001). For all other intensities, the per-
centage of MEP was higher than that of hand perceptions and
movements (all p< 0.001). The percentage of MEP at 100% was com-
parable to that of perceptions at the intensity of 105% (p¼ 0.54) and of
movements at 110% (p¼ 1) (please see below the comparisons against
the chance level). The percentage of hand perceptions was similar to
that of evoked movements at the lowest intensity (i.e. 90% p¼ 0.54),
while it was higher than the percentage of the movements at the in-
tensity of 100%, 105% and 110% (all p values< 0.01) (Fig. 3).

The analysis of the percentage of the evoked responses with
respect to chance level (absolute threshold, Wilcoxon test against
the chance level, Bonferroni corrected alpha set at 0.05/5 stimula-
tion intensities) revealed that hand perceptions were evoked in half
of the trial at 105% (Z¼ 81.5, p¼ 0.148). This differed for evoked
movements, which were evoked in 50% of trials at 110% of the
subjective rMT (Z¼ 102, p¼ 0.435). As defined, MEPs were evoked
in half of the trials (50%, chance level) when the intensity of the
TMS pulse corresponded to the rMT (100%, Z¼ 125, p¼ 0.974)
(Fig. 3, Table A for a summary).

Finally, we note that these results did not change if we included
in the analysis the “false positives” (3.4% of the total amount of
trials). The main interaction between the type of response (MEPs,
movements, hand perceptions) and the intensity of stimulation
remained significant (c2 (15)¼ 3407, p< 0.001), with similar post
hoc comparisons except for the percentage of hand perceptions
that turned out as significant higher than that of evoked
movements at the lowest intensity (i.e. 90% p¼ 0.004). Importantly,
even when the false positives were included, the analysis of the
percentage of the evoked responses with respect to chance level
(Wilcoxon test, Bonferroni corrected) showed that hand percep-
tions were evoked in half of the trial at 105% (Z¼ 121, p¼ 0.615, all
the other p values< 0.002).

Logistic curve fitting between TMS-evoked responses (MEPs,
movements and hand perception) and TMS intensity

To investigate if the three TMS-evoked responses have different
absolute thresholds, i.e. they require different intensities of stim-
ulation to be elicited, we compared the central point for the MEPs,
hand perceptions, and movements obtained by the fitting of the
percentage of the evoked responses as a function of the stimulation
intensities. Shapiro-Wilk test showed that all the data were nor-
mally distributed (MEPs: p¼ 0.274, TMS-evoked perceptions:
p¼ 0.948, TMS-evoked movements: p¼ 0.900). One-way ANOVA
revealed a significant difference among the three obtained central
point values (F (2,66)¼ 31.38, p< 0.001). Post hoc comparisons
(Tukey correction) showed that the mean intensity to evoke the
MEPs at chance level (M¼ 99.62, SD¼ 3.83) was significantly lower
than the intensity to elicit hand perceptions (M¼ 106.52, SD¼ 5.66,
p< 0.001) and hand movements (M¼ 113.80, SD¼ 8, p< 0.001).
Furthermore, the intensity to elicit TMS-evoked hand perceptions
at chance level was lower than that used to induce movements
(p¼ 0.001, Fig. 4 and see Fig. 5).

Concerning the semi-interquartile range, obtained by the same
fitting of the percentage of the evoked responses as a function of
the stimulation intensities, data were not normally distributed for
the TMS-evoked hand perceptions (TMS-evoked perceptions
p< 0.001). Significant differences emerged among the three re-
sponses at the Friedman test (c2 (2)¼ 11.217, p¼ 0.004). Post hoc
comparisons (Wilcoxon test Bonferroni corrected, alpha set at 0.05/
3 comparisons) revealed lower values for the TMS-evoked hand
perceptions (p¼ 0.0156) and MEPs (p¼ 0.006) with respect to
TMS-evoked hand movements, while we found similar values of

http://www.r-project.org/


Fig. 5. TMS-evoked responses in a representative subject. The average MEPs amplitude (mV), acceleration profile (movement norm of the acceleration on the 3 axes, m/s2) and
percentage of reported TMS-evoked hand perceptions (%) for each intensity of stimulation (represented in different colors) in one representative subject are respectively shown in
panel A, B and C. The x axis in panel A and B represents the time (s) and the zero refers to the TMS pulse. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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the semi-interquartile range between TMS-evoked hand percep-
tions and MEPs (p¼ 1, see Fig. 4).

Psychometric curve on the relationship between TMS-evoked
subjective response (hand perception) and neurophysiological
responses (MEPS and movements amplitude)

The fitting between TMS-evoked hand perceptions and MEPs
amplitude revealed a PSE of 0.62mV (R2¼ 0.68, JND¼ 0.37). This
indicates that only MEPs with amplitude higher than 0.62mV,
approximately 10 times higher than the amplitude used to define a
discernible MEPs (0.05mV), induces reliable hand perceptions
(Table B.1 for a summary). The same approach on the movement
norm revealed a PSE of 0.42m/s2 (R2¼ 0.64, JND¼ 0.25). This
suggests that the acceleration of a TMS-evokedmovement has to be
higher than 0.42m/s2 to elicit hand perceptions at threshold
(Table B.2 for a summary).

Discussion

Main features of TMS-induced hand perception

This is the first study that systematically investigates hand
perceptions elicited by TMS over M1 at different intensities of
stimulation. Interestingly, a recent work quantified the number of
hand movement perceptions in healthy participants after single
pulse TMS over M1 at threshold [52] and used this measurement as
an index of participants' ability in monitoring involuntary actions.
They showed that participants' detection ability of TMS stimuli was
altered by concomitant tDCS over posterior parietal cortex, sug-
gesting that this area is involved in movement awareness during
involuntary actions. Differently, here we compared subjective hand
perceptions with the well-known and widely used neurophysio-
logical TMS parameters of MEPs and TMS-evoked movements and
found that different stimulation intensities are necessary to evoke
TMS-evoked hand perceptions as compared to MEPs and move-
ments. Specifically, the stimulation necessary to induce hand per-
ceptions was (z105% of the individual rMT) between the threshold
for MEPs (corresponding to the individual rMT 100% according to
MEPs’ definition) and TMS-evoked movements (z110%). Then, a
second analysis based on logistic curve fitting on each TMS-evoked
response further confirms that MEPs, hand movements and hand
perceptions are associated with different stimulation intensities.

These results show that healthy participants are able to report
hand perceptions after a single pulse of TMS over M1 if the stimula-
tion is applied above the MEP threshold. It also shows that TMS-
evoked hand perceptions can be dissociated from the presence of
MEPs: considering only MEPs to estimate hand perceptions is not
valid and would lead to an overestimation of the amount of TMS-
evoked hand perceptions, given that not all the MEPs correspond to
a TMS-evoked perception. Our results also differentiate TMS-evoked
hand perceptions from the presence of significant TMS-evoked
movements. Dependence on the latter would result in an underesti-
mation of such subjective responses, given that hand perceptions
occurred even without any recorded movements. Accordingly, we
claim that TMS-evoked hand perceptions should be considered as a
separate TMS-evoked response, modulated by stimulation intensity
that does not correspond to the presence of MEPs or TMS-evoked
movements. This suggests that hand perceptions reported by the
participantswerenot directly linked to the amplitude of themuscular
contractions or the acceleration ofmovements, respectively recorded
by the EMG and accelerometer. We instead hypothesize that TMS-
evoked hand perceptions could be mainly driven by somatosensory
and kinesthetic sensations related to skin and muscle stretch, these
latter likelycapturedbymuscle spindles. In support to this, it has been
recently demonstrated that differences in the firing ofmuscle spindle
could be independent from differences in kinematics or EMG activity
and could have a role in sensory forward models [53,54].

Moreover, the result that hand perceptions may arise in the
absence of peripheral movements or muscle contractions is in line
with previous studies using TMS [55,56] as well as direct brain
stimulation in epileptic patients [57]. For instance, movement
perceptions evoked by TMS have been reported in subjects un-
dergoing ischemic block and even in the absence of MEPs [55]. In
the case of invasive brain stimulation, stimulation of parietal areas
elicited an illusory sense of motion, even in the absence of EMG
activity, while it was reported that stimulation of premotor areas
induces involuntary movements [58,59].

Finally, our data revealed another important feature of TMS-
evoked hand perceptions, indicated by the semi-interquartile



M. Franza et al. / Brain Stimulation 12 (2019) 693e701 699
range, a measure of detectability obtained from the fitting between
the three TMS-evoked responses and the intensities of stimulation
(expressed as a percentage of individual rMT, see Fig. 4). Namely,
similar semi-interquartile ranges were found betweenMEPs (semi-
interquartile range¼ 5.7%) and TMS-evoked hand perceptions
(semi-interquartile¼ 6.3%), thus suggesting that for both types of
responses a small increase of intensity is sufficient to leap from
responses rarely evoked (25%) to responses evoked at chance level
(50%). This proposes a similar detectability between the two re-
sponses, and more precisely indicates that TMS-evoked hand per-
ceptions are sensitive to even small changes of stimulation
intensity (z6% of rMT), similarly to what we observed for MEPs.
This result points out that the precision of the present verbal re-
ports about TMS-induced hand perceptions could be comparable to
well-established objective TMS measures, like MEP detection
through EMG activity. This further supports the use of hand per-
ceptions as reliable TMS-evoked responses.

The neurophysiological responses evoked by TMS: MEPS and TMS-
evoked movements

We observed that even the two well-known neurophysiological
responses evoked by TMS, MEPs and movements, did not fully
overlap. Indeed, the intensity of stimulation to elicit TMS-evoked
movements was higher than the intensity needed to induce
MEPs. This is in line with previous studies reporting higher
threshold for TMS-evoked movements than MEPs, both when the
movements were evaluated with the accelerometer [10], as in this
present study, and bymeans of the visual observation. In particular,
previous authors [60] found that an 11.3% increase of the stimula-
tion (expressed in % of maximum stimulator output) was necessary
to determine the movement threshold, if the judgment was based
on visual observation of movements instead than MEPs, a result
very close to the present findings (113.47%). Moreover, a new result
concerns the detectability of the TMS-evoked movements. We
found that the change in stimulation intensity was higher for
evokedmovements (at chance level) than those found forMEPs and
TMS-evoked hand perceptions, suggesting that evoked movements
are less sensitive to changes in intensity. This could be considered
as a methodological constraint in the design of protocols aiming at
recording MEPs or TMS-evoked movements.

Finally, in a further analysis, we have evaluated the amplitude of
MEPs and TMS-evoked movements necessary to induce a liminal
hand perception (chance level). Surprisingly, our findings reveal
that the MEP amplitude necessary to perceive a discernible TMS-
evoked hand perception at threshold isz 10 times higher than
the EMG activity used to define liminal MEP detection (0.05mV). In
addition, we found that the acceleration profile of a TMS-evoked
movement corresponding to hand perception isz 5 times higher
than the movement threshold differentiating movements from
signal noise. These data provide new reference values linking TMS-
evoked hand perceptions to the neurophysiological parameters of
MEPs and TMS-evoked movements (at least in healthy young par-
ticipants under similar experimental conditions). These values
could have implications in single pulse TMS protocols measuring
MEPs or TMS-evoked movements, in which TMS-evoked hand
perception could play an important role (e.g. studies in which an
unwanted difference among conditions could emerge because of
different TMS-evoked hand perceptions could be elicited).

Limitations

One possible limitation of our study is that we recorded MEPs
only from the FDI muscle. Thus, we cannot exclude that the pres-
ence of MEPs in more or other hand muscles would alter the
estimated relationship between TMS-evoked hand perceptions and
MEPs. Indeed, in our study, the presence of MEPs in any other hand
muscle could lead to an underestimation of participants’ abilities to
report TMS-evoked hand perception with respect to MEPs, by
excluding such “false positives” (reported hand perception when
no MEPs at the FDI, but MEPs at other muscles were present).
However, this hypothesis seems unlikely given that false positives
occurred in a very low percentage of trials (3.4% of the total amount
of trials) and that the results did not change if those trials were
integrated in the analysis. Moreover, this aspect does not affect the
results related to the TMS-evoked movements, which absolute
threshold is in any case higher than the one related to hand
perception. In addition, the presence of TMS-induced sensations in
the absence of MEPs, is not new, being already reported by previous
studies [30]. Furthermore, since the present results refer to the
dominant hand, in a precise posture (e.g. palm down on the table,
thus preventing closing movements against the table surface) our
claims should be mainly limited to these conditions. Indeed, one
could hypothesize that TMS-evoked hand perception could be
affected by handedness, use, motor skills or different postures
leading to other evoked movements (e.g. closing movements) or to
different sensory feedback.
Conclusions

Our results showed that neurophysiological (MEPs), kinematics
(TMS-evoked movements) and subjective (TMS-evoked hand per-
ceptions) responses to TMS stimulation are three discernible
components of single pulse TMS overM1.We argue that the evoked
hand perceptions reported by the subjects could be based on so-
matosensory and kinesthetic perceptions elicited by TMS. In addi-
tion, we provide reference values in terms of stimulation intensities
to elicit the three TMS-evoked responses and in terms of minimal
MEPs amplitude and acceleration of TMS-evoked movements
required to elicit TMS-evoked hand perceptions in young healthy
participants under similar experimental conditions. The protocol
described in the present work could be adopted as a simple task to
study hand movement perception, but also more cognitive aspects
such as body awareness or sense of agency in different experi-
mental conditions that could specifically alter MEPs, TMS-evoked
movements or perceptions. Thanks to its simplicity, the present
protocol could also be theoretically applied in neurological patients
with the aim of assessing sensorimotor and bodily functions.
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