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Abstract

The spatial accuracy of transcranial magnetic stimulation (TMS) may be as small as a

few millimeters. Despite such great potential, navigated TMS (nTMS) mapping is still

underused for the assessment of motor plasticity, particularly in clinical settings.

Here, we investigate the within-limb somatotopy gradient as well as absolute and rel-

ative reliability of three hand muscle cortical representations (MCRs) using a compre-

hensive grid-based sulcus-informed nTMS motor mapping. We enrolled 22 young

healthy male volunteers. Two nTMS mapping sessions were separated by 5–10 days.

Motor evoked potentials were obtained from abductor pollicis brevis (APB), abductor

digiti minimi, and extensor digitorum communis. In addition to individual MRI-based

analysis, we studied normalized MNI MCRs. For the reliability assessment, we calcu-

lated intraclass correlation and the smallest detectable change. Our results revealed a

somatotopy gradient reflected by APB MCR having the most lateral location. Reliabil-

ity analysis showed that the commonly used metrics of MCRs, such as areas, vol-

umes, centers of gravity (COGs), and hotspots had a high relative and low absolute

reliability for all three muscles. For within-limb TMS somatotopy, the most common

metrics such as the shifts between MCR COGs and hotspots had poor relative reli-

ability. However, overlaps between different muscle MCRs were highly reliable. We,

thus, provide novel evidence that inter-muscle MCR interaction can be reliably traced

using MCR overlaps while shifts between the COGs and hotspots of different MCRs

are not suitable for this purpose. Our results have implications for the interpretation

of nTMS motor mapping results in healthy subjects and patients with neurological

conditions.
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1 | INTRODUCTION

Transcranial magnetic stimulation (TMS) is one of the main techniques

for the non-invasive investigation of the motor-cortex in humans.

Measuring the effects of the multiple spot stimulation is a powerful

approach for brain mapping, especially when it is combined with MRI

navigation (called navigated TMS or nTMS)—a procedure which has

been FDA approved for the presurgical brain mapping since 2009

(Krieg, 2017). Recently, nTMS motor mapping has been demonstrated

to be even more accurate than functional MRI (fMRI) motor mapping,

when compared with the direct cortical stimulation results. Most com-

monly, during TMS motor mapping one investigates motor evoked

potentials (MEPs) using surface (Rossini et al., 2015) or needle EMG

(Massé-Alarie, Bergin, Schneider, Schabrun, & Hodges, 2017). When

MEPs from the stimulation of many cortical points are acquired, the

resulting output is referred to as muscle cortical representation (MCR;

Bashir, Perez, Horvath, & Pascual-Leone, 2013; de Carvalho, Miranda,

Luis, & Ducla-Soares, 1999), also known as TMS cortical motor map

(Kraus & Gharabaghi, 2015; Novikov, Nazarova, & Nikulin, 2018).

There are numerous studies showing that the MCR parameters such

as excitability, size and topography reflect functionally relevant fea-

tures of the motor cortex organization in healthy people (Beaulieu,

Massé-Alarie, Ribot-Ciscar, & Schneider, 2017; Gentner &

Classen, 2006; Nazarova, Novikov, Nikulin, & Ivanova, 2020; Tyč &

Boyadjian, 2011) and in patients with motor pathology such as stroke

(Lüdemann-Podubecká & Nowak, 2016; Yarossi et al., 2019),

amyotrophic lateral sclerosis (Chervyakov et al., 2015; de Carvalho

et al., 1999), dystonia (Schabrun, Stinear, Byblow, & Ridding, 2009),

and so forth. Considering the TMS mapping of multiple muscles, the

existence of the somatotopy gradient for MCRs, along with their

extensive overlap, has been discussed from the earliest TMS studies

(Gentner & Classen, 2006; Metman, Bellevich, Jones, Barber, &

Streletz, 1993). The spatial accuracy of TMS, depending on stimula-

tion parameters, based on animal data may be as small as 2 mm

(Romero, Davare, Armendariz, & Janssen, 2019), thus allowing the

tracing of within-limb MCR interactions, especially when taking into

account individual sulcus anatomy (Raffin, Pellegrino, Di Lazzaro,

Thielscher, & Siebner, 2015). These multiple-muscle MCR interactions

are believed to reflect the basic neuroanatomical prerequisites for the

modular organization of movements at the cortical level (Dubbioso,

Raffin, Karabanov, Thielscher, & Siebner, 2017; Gentner &

Classen, 2006).

However, despite the great potential of TMS mapping, it is still

underused for the assessment of motor plasticity, particularly in clini-

cal settings. In order to use this approach in clinic, its reliability should

be first established, both relative and absolute. Relative reliability

reflects the degree of variation in position among participants over

repeated measurements and, thus, allowing subjects/patients stratify-

ing, while absolute reliability reflects the degree of variation in mea-

surements for individuals, and, thus, allowing the interpretation of

changes at the individual level (Atkinson & Nevill, 1998). Articles dedi-

cated to TMS motor mapping reliability are mostly focused on the rel-

ative reliability (Cavaleri, Schabrun, & Chipchase, 2018; Forster,

Limbart, Seifert, & Senft, 2014; Jonker et al., 2019; Kraus &

Gharabaghi, 2016; Malcolm et al., 2006; McGregor et al., 2012; Ngomo,

Leonard, Moffet, & Mercier, 2012; Pitkänen et al., 2017; Plowman-

Prine, Triggs, Malcolm, & Rosenbek, 2008; Sankarasubramanian

et al., 2015; Sinitsyn et al., 2019; Sollmann et al., 2013; van de Ruit, Per-

enboom, & Grey, 2015; Weiss et al., 2013; Wolf et al., 2004; Zdunczyk,

Fleischmann, Schulz, Vajkoczy, & Picht, 2013), while absolute reliability

has been investigated much less frequently (Jonker et al., 2019; Ngomo

et al., 2012; Sankarasubramanian et al., 2015; van de Ruit et al., 2015).

As for the multiple-muscle TMS mapping, to the best of our knowledge,

there are fewer reports in the literature (Cavaleri et al., 2018; Forster

et al., 2014; Plowman-Prine et al., 2008; Weiss et al., 2013), and the

reliability of inter-muscle interactions have not yet been addressed. Fur-

thermore, another limitation, considering TMS MCR reliability, is the

lack of an agreement on which MCR parameters should actually be

studied. Apart from the MCR parameters commonly used and rec-

ommended in the TMS clinical guidelines, such as areas, volumes, cen-

ters of gravity (COGs) and hotspots (Rossini et al., 2015), there is a

range of more sophisticated parameters, such as MCR shape (Pitkänen

et al., 2017), discrete peaks per MCR (Beaulieu, Flamand, Massé-

Alarie, & Schneider, 2017; Cavaleri, Schabrun, & Chipchase, 2017;

Schabrun, Hodges, Vicenzino, Jones, & Chipchase, 2015), MCR excit-

ability profile (EP) (Novikov et al., 2018; Raffin et al., 2015) etc., but the

validity of these parameters has not yet been fully established.

In this study we conducted a systematic investigation of both the

absolute and relative reliability of three hand muscle MCRs and their

interactions in a homogenous group of healthy male volunteers using

a comprehensive (≥170 points) individual brain nTMS mapping. Addi-

tionally, we studied the somatotopy gradient among the investigated

hand muscle MCRs. Moreover, to complement standard MCR metrics,

we used overlaps between MCRs, and differences of MCR EPs with

the idea that it would be possible to identify muscle-specific MCR fea-

tures suitable for probing in longitudinal multiple-muscle TMS map-

ping studies.

2 | MATERIALS AND METHODS

Data supporting the findings of this study are available from the

corresponding author upon reasonable request.

2.1 | Participants

Twenty-two young (19–33 years old) healthy male volunteers were

enrolled in the study. Exclusion criteria were: any history of neurologi-

cal/psychiatric disorders including fainting spells, any medications

intake, cardiac implants, metallic implants in the head, implanted

pumps, stimulators and shunts or MRI incompatibility for any reasons.

We also strictly excluded subjects with special motor skills, for exam-

ple, professional or trainee sportsmen, musicians, surgeons, painters

and people with special hobbies requiring high manual dexterity. Par-

ticipants self-reported for the usual 6–9 hr of sleep before the TMS
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procedure, no alcohol intake 24 hr before, and the usual amount of

coffee intake. Subjects self-reported their handedness. All subjects

gave written informed consent in accordance with the Declaration of

Helsinki. All subjects were screened for contraindications to TMS

(Rossi, Hallett, Rossini, & Pascual-Leone, 2009) before the consent

process. Experiments were approved by the IRB of the Research Cen-

ter of Neurology N312 and the local Ethics Committee of HSE Uni-

versity, Moscow.

2.2 | Overall experimental approach of test–retest
nTMS mapping

Two nTMS mapping sessions were performed on each subject (Day

1 and Day 2) separated by 5–10 days. Both TMS mapping sessions

were conducted for each volunteer at the same day time (morning/

afternoon/evening). During the period between Days 1 and 2 volun-

teers were asked to keep their lifestyle unchanged, in particular, not

to change their usual motor activity (e.g., their usual fitness schedule),

not to start learning new motor skills etc. Because of the violations of

some of these requirements, we excluded four volunteers; therefore

the data of 18 volunteers were used for further analysis.

2.3 | Electromyography

MEPs were obtained from three upper limb muscles: two intrinsic

hand muscles – abductor pollicis brevis (APB) and abductor digiti

minimi (ADM) and one extrinsic hand muscle – extensor digitorum

communis (EDC). Surface EMG was recorded by the integrated EMG

device of the eXimia system (3 kHz sampling rate, band-pass filter of

10–500 Hz). Bipolar surface 0.6-cm2 ECG Ag-AgCl electrodes (3 M

Red Dot) were placed using belly-tendon montage: the active elec-

trode was located over the muscle belly, the referent 1 and 2 cm dis-

tally, and the ground one—on the wrist of the same hand. APB and

EDC muscles were chosen because they are usually associated with

hand motor deficits, for instance, in stroke patients (thumb abduction

and finger extension; Nazarova et al., 2021), also APB is one of the

most commonly investigated muscles in TMS studies (Rossini

et al., 2015). ADM was added to trace the within-hand cortical

somatotopy. The MEP peak-to-peak amplitudes were calculated

online using the eXimia software. During the initial preprocessing,

EMG data were visually inspected; trials were rejected if noise or the

preactivation of any muscle was higher than 20 μV (peak-to-peak

EMG amplitude).

2.4 | nTMS cortical mapping

All TMS mapping procedures were carried out in accordance with the

TMS safety guidelines (Rossi et al., 2009). Prior to the mapping, indi-

vidual anatomical T1-weighted magnetic resonance images were

acquired by a 1.5 T MR-scanner Siemens Magnetom Avanto

(structural T1-weighted images, MPRAGE, 1 mm isotropic voxel,

acquisition matrix 256x256). Single pulse nTMS investigation was per-

formed using a co-planar figure-of-eight induction coil (outer winding

diameter 70 mm) for biphasic stimulation, connected to an eXimia

magnetic stimulator (Nexstim Ltd., Helsinki, Finland, version 3.2.2),

eXimia NBS navigation system (Nexstim Ltd.) was used for MRI-

guided navigation.

As a first step a “rough TMS mapping” (Krieg, 2017) procedure,

where the intensity was chosen to induce MEP with the amplitudes

range around 500–800 μV, starting from the “hand knob” region in

the precentral gyrus (Yousry et al., 1997) was performed to find a

“technical hotspot” for the APB muscle for further resting motor

threshold (RMT) probing. The “technical hotspot” was defined as the

coil position (considering the electric field [EF] direction) resulting in

the highest MEP amplitudes from the APB muscle. Then RMT for the

given “technical hotspot” was determined as a minimal stimulator out-

put (MSO), producing contralateral APB MEPs with minimal peak-to-

peak amplitude of 50 μV in a resting muscle, in 5 out of 10 stimuli

using a Rossini-Rothwell method of RMT hunting (Rossini

et al., 2015). We have always started with the intensity used for the

“rough TMS mapping”. For the Day 2 nTMS mapping session, we

looked for the APB hotspot and RMT again.

The intensity of the stimulation during nTMS mapping was 110%

of the RMT for APB. The time lag between the stimuli varied ran-

domly between 3 and 10 s. Each of the two mapping sessions

included five sub-sessions, separated by 2–10 min. Each sub-session

consisted of 49–79 TMS pulses (a constant number of points for each

volunteer). The stimulation nodes were pre-set using a virtual MRI-

based grid in the navigation software with 5 × 5 mm2 squares. We

kept the coil perpendicular to the closest segment of the central sul-

cus (Bashir et al., 2013; Krieg et al., 2017; Raffin et al., 2015).

The outer margin of a given MCR was determined if no MEP

could be elicited in two consecutive stimulation trials. During nTMS

mapping sub-sessions, the same cortical targets were stimulated in

the forward and reverse order five times (sub-session 1 “forward”—
sub-session 2 “reverse”—sub-session 3 “forward”—sub-session

4 “reverse”—sub-session 5 “forward”) to avoid the effect of the

repeated stimulation of the same target (Figure 1). On Day 2, the

points were stimulated in exactly the same order as on Day 1. The

precision of nTMS, linked to the coil localization error of the naviga-

tion system (Ruohonen & Karhu, 2010) was kept below 2 mm for each

cortical spot and the coil tilt was constant, according to the navigation

system feedback. In the end, the whole analyzed stimulation session

consisted of 177–395 stimuli per day depending on the volunteer (see

an example of APB MCR in Figure 1).

2.4.1 | Along central sulcus nTMS mapping

Considering that the coil in our study was kept perpendicular to the

central sulcus, we also aimed at comparing our results with those,

obtained using the so-called “along-sulcus” TMS mapping (Raffin

et al., 2015; Raffin & Siebner, 2019), although it was not our original
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intention. As using this “along-sulcus” TMS mapping approach, a clear

within-limb somatotopy gradient between the first dorsal interosseus

and ADM MCRs, was recently reported (Raffin et al., 2015; Raffin &

Siebner, 2019). We manually identified stimulation points located in

the “hand knob” along the central sulcus for Day 1. We refer to these

data as “along-sulcus” mapping, while for mapping data based on all

points as “whole” MCRs.

2.4.2 | Single-muscle MCR size and topography
parameter calculation

MCRs were constructed and analyzed using TMSmap—a freely avail-

able software for the quantitative assessment of TMS cortical map-

ping data (Novikov et al., 2018). As indicated in (Novikov et al., 2018),

the locations of the EF maxima, provided by the navigation software,

were projected on the sphere tangential to the cortex surface. We cal-

culated commonly used size MCR parameters such as areas, volumes

(
PN

i=1
MEPi �ΔSi , where N—the number of squares with area ΔSi, where

MEP0
i peak-to-peak amplitude ≥50 μV), mean MEP per MCR, and

topography parameters such as hotspot and COG locations (the COG

formula was the same as elsewhere, including the TMSmap software

description [for details please see Novikov et al., 2018]). We merged

stimulation points located closer than 2mm (see Figure 1) (Novikov

et al., 2018) and used mean MEP amplitudes after merging for MCR

construction. The threshold MEP amplitude for MCR construction

was 50 μV peak-to-peak for a merged point. For the purpose of MCR

comparison we redefined the hotspot: instead of using the “technical
hotspot” where RMT was defined, we considered the whole TMS

mapping data per day. Thus, we again defined the “final hotspot” as

the location over which averaged MEPs with the highest peak-to-peak

amplitude were evoked in each of the target muscles, so like that we

determined hotspots for all three muscles. Additionally, we compared

the EPs of different MCRs using earth mover's distance (EMD) metrics

(see the next subsection).

2.4.3 | The topography parameters of multiple
muscle MCR interactions

As a reflection of multiple muscle MCR interactions we used:

1. Geodesic shifts between different muscles MCR COGs' and hot-

spots' x and y coordinates (reflecting shifts in the medio-lateral and

anterior–posterior directions, respectively);

2. Area and volume overlap between two MCRs. For MCR overlap

calculation we used an approach similar to the Jaccard index,

implemented in TMSmap (Novikov et al., 2018). Briefly, area and

F IGURE 1 Navigated TMS (nTMS) of the left primary motor cortex for a representative subject (visualization in the TMSmap software).
Stimulation points are shown for both days (upper raw—Day 1, bottom raw—Day 2). In the “Sub-sessions 1–5” column the order of the
stimulation is shown. Magenta filled arrow indicates the first stimulation point, magenta non-filled arrow—the last stimulation point in a nTMS
mapping sub-session. White dotted line indicates the central sulcus. One can notice that the location of the stimulation points for Day 1 and Day
2 are almost identical. “Stimulation points” column represents all stimulation points per Days 1 and 2, while in the “Merged stimulation points”
column, points after spatial filtering are shown. Stimulation was done using 35% of the maximal stimulator output (110% of the resting motor
threshold). X-axis corresponds to the lateral to medial direction; Y-axis corresponds to the posterior to anterior direction. The color scale
represents motor evoked potential peak-to-peak amplitude in microvolts (μV)
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volume normalized overlaps between MCRs were calculated using

the following formulas:

a12,% =
a12

a1 + a2−a12
�100%, v12,% =

v12
v1 + v2−v12

�100%,

where a1, a2 are the areas of MCR 1 and 2, respectively; v1, v2

are the volumes of MCR 1 and 2, respectively; a12, v12 are the

common area and volume for the MCR 1 and 2, respectively. So,

the normalized overlaps between MCRs can be interpreted in such

a way that the value of 100% indicates completely identical MCRs,

while the value of 0% indicates no overlap between MCRs. Further

in the text we will use only normalized overlaps and refer to them

as overlaps.

3. We conceptualize EP as a way to refer to complex 3D-profile of

MCR. EP for the along sulcus TMS mapping has been previously

reported to differ between distal upper limb muscles MCRs (Raffin

et al., 2015). We have previously proposed EP to serve as a param-

eter reflecting the convergence phenomenon of the motor cortex

organization for the whole cortex nTMS mapping (Novikov

et al., 2018). EPs of two MCRs of different muscles on 1 day were

compared using the earth mover's distance (EMD), also called the

Wasserstein metric (Rubner, Tomasi, & Guibas, 1998). EMD char-

acterizes a minimum cost of turning one distribution into the other

(Rubner et al., 1998; see a detailed description of EMD in Novikov

et al., 2018). We have earlier implemented EMD calculation for

quantitative comparison of EPs in the TMSmap software (Novikov

et al., 2018), but it has not yet been validated in a test–retest

study. The same approach of EMD calculation was used for the

reliability assessment of MCR EPs between days.

2.5 | MNI MCR construction

Additionally to individual MRI-based MCR analysis, we probed the

within-limb somatotopy of spatially normalized MCRs in the Montreal

Neurological Institute (MNI) space. For this we transformed MCRs to

MNI space, using a custom-made algorithm utilizing the SPM8 soft-

ware (The Wellcome Department of Imaging Neuroscience, Institute

of Neurology, University College London, UK) and TMSmap (Novikov

et al., 2018). We used only 17 right-handed subjects (excluding one

left-handed subject). After MNI normalization, we calculated the MNI

MCR parameters in the same way, as we did for the individual space

MCRs. In TMSmap we also constructed averaged MNI MCRs, averag-

ing the MCRs of APB, ADM, and EDC across-subjects for both days.

For this we normalized each MCR in MNI space by the maximal MEP

amplitude for this MCR and obtained new MCR as a percentage of

the individual MEP amplitude maximum, then these values were aver-

aged across all the participants for each muscle for both days

(Figure 6).

2.6 | Statistical analysis

Apart from the analysis in TMSmap, further statistical analysis was

performed using the SPSS package for Windows (IBM) and Matlab

(Natick). The level of significance was defined as α = .05. Family-wise

error rate (FWER) correction was performed to control for multiple

comparisons.

2.6.1 | MCR within-limb somatotopy gradient
assessment

We used one-way repeated measures ANOVA (rmANOVA) to confirm

the within-limb gradient among hand muscle MCRs (for this we again

used 17 right-handed subjects, excluding one left-handed participant).

We compared COGs of the different muscle MCRs to probe the

mediolateral shift among them for (a) the individual “whole” MCRs,

(b) the “along-sulcus” mapping data, and (c) the MNI version of MCRs.

Additionally, using two-way rmANOVA we compared geodesic shifts

between different muscle MCR COGs inside 1 day for the “whole”
and the “along-sulcus” mapping approaches (factors: muscle, TMS

mapping approach). Finally, we used one-way rmANOVA to compare

the areas of different muscle MNI MCRs for each day. Shapiro–Wilk

test for normality (Ghasemi & Zahediasl, 2012) and Mauchly's test for

sphericity assessment (Beddo & Kreuter, 2004) were applied.

2.6.2 | Reliability assessment

Before the reliability analyses, we also assessed normality by Shapiro–

Wilk test (Ghasemi & Zahediasl, 2012) and homoscedasticity, using

Levene's test (Beddo & Kreuter, 2004; Weir, 2005). When non-

normality or heteroscedasticity were found for more than one muscle,

a natural logarithmic transformation was applied before reliability

analysis for this parameter for all three muscles (Atkinson &

Nevill, 1998; Beaulieu, Flamand, et al., 2017). In case when after loga-

rithmic transformation the normality still was not achieved we

decided not to do bootstrapping, considering that in case of low

amount of data it is difficult to estimate the distribution's tails

(Orloff & Bloom, 2014), and in this case, we did not estimate smallest

detectable change (SDC). The general pipeline of MCR reliability

assessment is presented in Figure 2.

2.6.3 | Relative reliability assessment (ICC)

We used a two-way mixed model absolute agreement intraclass cor-

relation coefficient (ICC) to assess relative reliability for single-muscle

MCR parameters (Beaulieu, Massé-Alarie, et al., 2017; Koo &

Li, 2016). We calculated ICC between days for RMTs, map areas, vol-

umes, mean MEP, hotspots' and COGs' x and y coordinates for each

MCR. To check the reliability of multiple muscle MCR relationship we

calculated (a) the shifts between different muscles MCRs' СOGs' and

NAZAROVA ET AL. 5



hotspots' coordinates, (b) the extents of the different muscle MCR

overlaps, and (c) EMDs between the different muscle MCR EPs. For

relative reliability description, we used the following ranges: below

0.50—poor; between 0.50 and 0.75—moderate; between 0.75 and

0.90—good; above 0.90—excellent (Koo & Li, 2016).

2.6.4 | Muscle-specificity assessment

In addition to relative reliability, we investigated whether MCR param-

eters were muscle-specific. We defined “muscle-specificity” of the

TMS MCR parameter, as a possibility to predict a given muscle among

other investigated muscles studying mapping parameters across sub-

jects. For this, in addition to ICC, we assessed the Spearman rank cor-

relation for the same MCR parameters. We considered a parameter to

be muscle-specific when its values for a given muscle between days,

agreed (ICC) or correlated (Spearman correlation coefficient) signifi-

cantly more for the same-muscle MCR, compared to when this param-

eter was evaluated for the MCRs of other muscles (either on the same

day or between days). In other words, muscle-specificity provides the

possibility of identifying the correct muscle, among other muscles.

2.6.5 | MCR EP comparison using EMD

To investigate the validity of different MCR EPs we compared:

1. Normalized EMD for the same muscle MCRs between days, calcu-

lated according to the formula (an example for APB MCR):

nEMDd1APB_vs_d2APB = EMDd1APB_vs_d2APB=EMDmean,

where

EMDmean = EMDd1APB_vs_d2APB + EMDd1APB_vs_d2ADMð

+EMDd1APB_vs_d2EDCÞ=3

2. And normalized EMD across-muscle MCRs between days, calcu-

lated according to the formula (an example for APB MCR versus

two other muscles' MCRs):

nEMDd1APB_vs_d2ADM =EMDd1APB_vs_d2ADM=EMDmean

nEMDd1APB_vs_d2EDC = EMDd1APB_vs_d2EDC=EMDmean

To compare normalized EMDs between same-muscle MCR EPs across

days versus different muscle MCR EPs across days we used the

non-parametric Mann–Whitney U test as the distribution of the resid-

uals in one of the samples was not normal according to Shapiro–

Wilk test.

2.6.6 | Absolute reliability (SDC) assessment

For the assessment of the absolute reliability of the MCR parameters

we used the SDC (a.k.a. minimal detectable change) calculation. SDC

represents the minimal change that a subject must show on the scale

to ensure that the observed change is real and not just a measurement

error (Beaulieu, Flamand, et al., 2017; Weir, 2005). We estimated SDC

using the standard error of measurements (SEMeas):

SDC =CCI�
ffiffiffi
2

p
�SEMeas,

where CCI is a coefficient which is equal to 1.00, 1.65 or 1.96 associ-

ated with a 68, 90, and 95% confidence intervals (CI), respectively.

The 68% CI was included because we assume that it may be adequate

for change interpretation at the individual level. SEMeas=
ffiffiffiffiffiffiffiffiffiffi
MSE

p
,

where MSE is the mean squared error obtained from the rmANOVA

applied on test and retest measurements (Weir, 2005). When SDC

values were obtained for log-transformed parameters, we then per-

formed the antilog transformation as in (Beaulieu, Massé-Alarie,

et al., 2017).

F IGURE 2 A general pipeline of the reliability assessment. CI, confidence interval; COG, center of gravity; EP, excitability profile; EMD, earth
movers distance; ICC, intraclass correlation; MEP, motor evoked potential; SDC, smallest detectable change
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3 | RESULTS

Figure 3 provides an example of a representative subject's test–

retest single-muscle MCRs and their overlaps for both days. The fig-

ure shows the distribution of MEP amplitudes depending on the

stimulation location relative to the mapping grid. One can clearly see

that all MCRs are different but it is also hard to categorize this dif-

ference visually. In this example, the APB MCR is shifted laterally

compared to two other MCRs (COG x is smaller), it also has the big-

gest size; and the overlap between APB and ADM MCRs is the most

prominent. We provide the data for all the participants' single-

muscle MCR parameters from TMSmap software (areas, volumes,

mean MEPs, hotspot, and COG location) and the inter-muscle MCR

interaction parameters (areas and volumes overlaps and EMDs

between the different muscle MCRs) (Tables S7–S9 in the

Supporting Information).

The results are described in the following manner. First, we report

the within-limb somatotopy gradient for the individual MRI MCRs and

then for MNI data. Second, we show relative and absolute reliability

and the muscle-specificity of different MCR parameters, assessed for

all single-muscle MCRs. Finally, we present the inter-muscle MCR

interaction reliability in the same order as for a single-muscle MCRs

(see the general pipeline of the reliability assessment in Figure 2 in

Section 2).

3.1 | Within-limb somatotopy gradient

3.1.1 | Somatotopy gradient for individual
MRI data

Despite the great overlap between the muscle MCRs, we observed a

mediolateral shift between the APB MCR and the two other muscle

MCRs, based on COGs' x coordinates. This shift was significant for

Day 1 (1 way rmANOVA: Day 1: p < 10−6 (pair-wise comparison after

FWER APB-ADM: p < 10−5, ADM-EDC: p = .227, APB-EDC:

p < 10−3). For the second day, this shift was observed only as a ten-

dency (p = .021 [pair-wise comparison after FWER APB-ADM:

p = .064, ADM-EDC: p = .539, APB-EDC: p = .071]).

3.1.2 | Along-sulcus TMS mapping

We compared our results with those obtained using the “along-sul-
cus” mapping (Raffin et al., 2015; Raffin & Siebner, 2019) because

previously for this approach within-limb somatotopy gradient

between the first dorsal interosseus and ADM muscle MCRs was

reported (Raffin et al., 2015; Raffin & Siebner, 2019). We were able to

identify 28 to 63 points per participant in the precentral gyrus along

the central sulcus (see an example in Figure 4). In two participants, all

F IGURE 3 Exemplary TMS muscle cortical representations (MCRs) of APB, ADM and EDC muscles for both days in a representative subject.
MCR reconstructions are based on 305 points per day; points located closer than 2 mm are merged. White dotted line indicates the central
sulcus. Stimulation was done using 53% of the maximal stimulator output (110% of the resting motor threshold). The areas and volumes and areas
and volumes overlaps (in %) for MCR pairs are shown. Magenta squares indicate the same cortical area for all MCRs. Centers of gravity (COGs)
are shown with white crosses, hotspots – with white triangles. X-axis corresponds to the lateral to medial direction; Y-axis corresponds to the
posterior to anterior direction. The color scale represents motor evoked potential amplitude in microvolts (μV)
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three muscle MCRs were shifted rostrally beyond the central gyrus,

and, thus, there were no MEPs ≥50 μV peak-to-peak in the points

along the central sulcus (see an example in Figure 5 in the Supporting

Information). When comparing the mediolateral shift of the “along-
sulcus” MCRs, based on Day 1 COG x-coordinates in 15 participants

with no null along-sulcus MCRs, we observed a significant difference

between the APB MCRs versus the ADM and EDC MCRs COG x-

coordinates (one-way rmANOVA p < 10−4, pair-wise comparison after

FWER—APB-ADM: p = .001, ADM-EDC: p = 1, APB-EDC: p < 10−3).

To check whether the mediolateral somatotopy gradient was more or

less pronounced in the “along-sulcus” in contrast to the “whole”
MCRs, we compared the differences between the COG x-coordinates

between the different muscle MCRs for these two mapping

approaches. We found that the mediolateral somatotopy gradient was

greater for the “whole” MCRs compared to the “along-sulcus” MCRs

(rmANOVA with two factors (“muscle-combination” and “TMS map-

ping type”) showed a significant factors interaction (p = .005). While

looking at the example in Figure 4, one can see that the size of differ-

ent muscle MCRs for “whole” and the “along-sulcus” mapping does

not correspond. While the “whole” APB MCR is bigger than the

“whole” ADM MCR, for the “along-sulcus” MCRs this interrelation is

opposite. Considering (a) this mismatch, (b) the fact that it was impos-

sible to obtain ≥70 stimulation points along the central sulcus

(in analogy with 10 repetitions of 7 targets as in [Raffin &

Siebner, 2019]) in any participant, and (c) that in two of our partici-

pants we obtained no MEPs along the central sulcus at all (see exam-

ple in Figure 5), we have not further analyzed the “along-sulcus”
MCRs quantitatively.

3.1.3 | MNI data somatotopy gradient

In addition to individual data assessment, we also probed the

somatotopy gradient of MCRs across subjects, using data co-

registered to the MNI space. For MNI assessment we used 17 right-

handed subjects. We observed that APB MCR were more lateral com-

pared to the ADM and EDC MCR for both days based on COG x-

coordinates (rmANOVA after FWER APB-ADM Day 1: p = .001, Day

2: p = .016, APB-EDC day1: p < 10−3, Day 2: p = .004). We also found

the difference between ADM and EDC MCR areas: ADM MCR area

was significantly smaller for both days (1-way rmANOVA, pair-wise

comparison after FWER, day1: p = .005, Day 2: p = .041).

In addition, we created weighted normalized MCRs for both days

(Figure 6). Normalized MEPs amplitudes (averaged across subjects)

varied from 0 to 48%, meaning that not more than half of the subjects

had their maximum MEPs in the same spot. Consistently with the pre-

viously observed somatotopy gradient, we again found a lateral shift

of the COG of the APB MCR compared to ADM and EDC MCRs. It

F IGURE 4 Comparison between the “whole” and the “along-sulcus” TMS mapping data in a representative subject for Day 1. Stimulation
was done using 53% of the maximal stimulator output (110% of the resting motor threshold). In the upper row “along-sulcus” mapping results for
APB, ADM and EDC muscles are shown. The lower row represents the “whole” muscle cortical representations (MCRs) for all three muscles.
White dotted line indicates the central sulcus. Centers of gravity (COGs) are shown with white crosses, hotspots—with white triangles. One can
notice that in the “whole” TMS mapping case the APB MCR area is bigger than the ADM MCR area, but in the “along-sulcus” mapping case this
interrelation is opposite. Magenta squares indicate the same cortical area. X-axis corresponds to the lateral to medial direction; Y-axis corresponds

to the posterior to anterior direction. The color scale represents motor evoked potential amplitude in microvolts (μV)
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F IGURE 5 An example of a TMS mapping dataset where there are no motor evoked potentials (MEPs) ≥ 50 μV along the central sulcus
(white dotted line). Stimulation was done using 39% of the maximal stimulator output (110% of the resting motor threshold). In the upper row
along-sulcus mapping data for all three muscles are shown, no MEP with amplitude ≥50 μV can be seen. The lower row represents the “whole”
muscle cortical representations (MCRs) for all three muscles. Centers of gravity (COGs) are shown with white crosses, hotspots—with white
triangles. The color scale represents MEP amplitude in microvolts. Magenta squares indicate the same cortical area. X-axis corresponds to the
lateral to medial direction; Y-axis corresponds to the posterior to anterior direction

F IGURE 6 Weighted MNI muscle
cortical representations (MCRs) of APB,
ADM and EDC, Day 1. Centers of gravity
(COGs) are shown with white crosses.
Weighted MCR areas (in cm2) and
maximum of the overlapped motor evoked
potentials (MEPs) (in %) are shown.
Magenta squares indicate the same cortical
area. X-axis corresponds to the lateral to
medial direction; Y-axis corresponds to the
posterior to anterior direction. The color
scale reflects the mean weighted MEP at a
stimulation point

NAZAROVA ET AL. 9



can also be seen that EDC normalized MCR has a bigger red zone,

indicating that the optimal areas with high MEPs for EDC MCRs

across subjects are located closer to each other compared to the two

other muscle MCRs.

3.2 | Single-muscle cortical TMS map reliability
analysis

3.2.1 | Relative reliability

TMS map size parameters

ICC for areas and log-transformed volumes and mean MEPs varied

from good to excellent (0.71–0.85), depending on a muscle (Table 1).

TMS map standard topography parameters (hotspots, COGs)

ICC for hotspots and COGs was almost always excellent for individual

MRI data (> = 0.9) (Table 2). In the MNI space ICC decreased: for

COGs it varied from good to excellent, while for hotspots—from fair

to good (Table 2). We suggest that MNI ICC for hotspots and COGs is

a more correct because it is not sensitive to high data variance among

the individual brains.

3.2.2 | Absolute reliability

MCR size parameters

Individual SDC (CI 95%) for areas varied from 2.01 to 2.58 cm2. When

the CI is decreased to 68%, individual SDC for areas was half the size:

1.03–1.32 cm2, depending on the muscle. Evidently, a similar

dependency of the SDCs on CI has been also observed for all other

parameters (Table 1).

MCR standard topography parameters (COGs and hotspots)

Individual SDC (CI 95%) for the hotspot coordinates was around 1 cm,

while for COG coordinates – around 0.5 cm. SDC values for different

muscle MCRs were very similar (Table 2).

MCR EPs comparison (EMD)

Additionally, we assessed the reproducibility of a given muscle MCR

EP, using EMD (Rubner et al., 1998), implemented in the TMSmap

software (Novikov et al., 2018). To our knowledge, this is the first

time this metric was used for a quantitative comparison of the TMS

MCRs in a test–retest study. We showed that the between-days

EMD is significantly smaller for the same muscle MCR EPs (thus indi-

cating higher reproducibility) than for the different muscle MCR EPs

(Mann–Whitney U test, p < 10−4).

3.2.3 | Muscle-specificity

MCR size parameters

Based on ICC, none of the MCR size parameters was muscle-specific

(Figure 7). When using Spearman's correlation, however, we observed

muscle specificity after FWER correction—this can be seen as stron-

ger correlation values on the main diagonal of the matrix compared to

off-diagonal values, reflecting a correlation between different muscles'

MCR parameters values (Figure 7). The situation for the MNI data was

similar, mean MEP muscle-specificity was significant (Figure 8).

TABLE 1 Relative (ICC) and absolute (SDC) reliability values for single-muscle (APB, ADM and EDC) cortical representation (MCR) size
parameters in the individual space. The data are shown for different confidence intervals (CIs)

Parameter, muscle ICC SEMeas

SDC

Individual
Group (n = 18)

68% CI 90% CI 95% CI 95% CI

RMT %

APB 0.99 0.48 0.7 1.1 1.3 0.3

Area, cm2

APB 0.85 0.72 1.03 1.69 2.01 0.47

ADM 0.84 0.76 1.08 1.78 2.11 0.50

EDC 0.70 0.93 1.32 2.17 2.58 0.61

Ln (mean MEP)

APB 0.72 0.296 (×/�1.34) 0.419 (×/�1.52) 0.691 (×/�2.00) 0.821 (×/�2.27) 0.193 (×/�1.21)

ADM 0.79 – – – – –

EDC 0.74 0.293 (×/�1.34) 0.414 (×/�1.51) 0.684 (×/�1.98) 0.812 (×/�2.25) 0.191 (×/�1.21)

Ln (volume)

APB 0.79 0.497 (×/�1.64) 0.703 (×/�2.02) 1.160 (×/�3.19) 1.377 (×/�3.96) 0.325 (×/�1.38)

ADM 0.85 – – – – –

EDC 0.72 0.425 (×/�1.53) 0.602 (×/�1.82) 0.993 (×/�2.70) 1.179 (×/�3.25) 0.278 (×/�1.32)

Note: ×/�—anti-log value of SEMeas or SDC results.

Abbreviations: ICC, intraclass correlation coefficient (a value between 0 and 1); Ln (mean MEP), log-transformed mean motor evoked potentials; Ln

(volume), log-transformed MCR volumes; RMT, resting motor threshold; SDC, smallest detectable change; SEMeas, standard error of measurement.
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MCR standard topography parameters (COGs and hotspots)

Considering that the MNI variant of ICC for COGs and hotspots

might be more suitable when using data from many subjects

(due to a smaller data variance and because of the co-

registration to a common brain template), we demonstrate here

also the results in the MNI space (Figure 8). No muscle-

specificity is observed for COGs or hotspots, either in the MNI

or in the individual data.

TABLE 2 Relative (ICC) and absolute
(SDC) reliability values for hotspots and
centers of gravity (COGs) for single-
muscle (APB, ADM, and EDC) cortical
representations (MCRs) in the individual
space for different confidence
intervals (CIs)

Parameter, muscle ICC SEMeas

SDC

Individual Group (n = 18)

68% CI 90% CI 95% CI 95% CI

COG x, mm

APB 0.99 1.79 2.53 4.17 4.96 1.17

ADM 0.98 2.28 3.23 5.33 6.33 1.49

EDC 0.99 1.54 2.17 3.58 4.26 1.00

COG y, mm

APB 0.96 1.72 2.44 4.02 4.77 1.13

ADM 0.95 1.95 2.76 4.55 5.41 1.27

EDC 0.95 1.86 2.64 4.35 5.17 1.22

Hotspot x, mm

APB 0.96 3.57 5.05 8.33 9.89 2.33

ADM 0.97 3.06 4.33 7.15 8.49 2.00

EDC 0.97 2.81 3.97 6.56 7.79 1.84

Hotspot y, mm

APB 0.74 4.41 6.23 10.29 12.2 2.88

ADM 0.86 3.03 4.29 7.08 8.41 1.98

EDC 0.73 4.88 6.90 11.38 13.5 3.19

Note: x-axis corresponds to the lateral to medial direction, y-axis corresponds to the posterior to anterior

direction.

Abbreviations: ICC, intraclass correlation coefficient (a value between 0 and 1); SDC, smallest detectable

change; SEMeas, standard error of measurement.

F IGURE 7 Correlation matrices for the size parameters of a single-muscle cortical representations (MCRs) in the individual space (1—APB, 2—
ADM, 3—EDC). Diagonal elements in the matrix indicate within-muscle comparison, while off-diagonal elements indicate between-muscle
comparisons. FWER, family-wise error rate; MEP, motor evoked potential
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3.3 | Multiple-muscle MCRs interaction (within-
limb TMS somatotopy) reliability

3.3.1 | Relative reliability

Reliability of the shifts between either COGs, or hotspots of the

different muscle MCRs was poor (Table 3). At the same time, rel-

ative reliability of the areas and volumes overlaps of MCRs of

different muscles was good to excellent (ICC from 0.8 to 0.9),

except for the APB-ADM area and volume overlaps (ICC of which

still corresponds to moderate reliability) (Table 3). ICC of EMDs

between the different muscle MCR EPs was smaller (from 0.4 to

0.56), but still higher than that for COGs and hotspots shifts

(Table 3).

3.3.2 | Absolute reliability

SDC for area and volume overlaps is in the range 0.17–0.34 (CI 95%),

while SDC for the inter-muscle EMDs was around 7.5% (CI 95%;

Table 3).

3.3.3 | Muscle-specificity

Based on ICC before FWER, muscle-specificity can be seen for EMDs

between different muscle MCR EPs (Figure 9). Based on Spearman's

correlation, areas, and volume overlaps, and inter-muscle EMDs are

muscle specific and after FWER such specificity remains for the MCR

areas overlaps (Figure 9).

F IGURE 8 Correlation matrices for topography parameters of single-muscle cortical representations (MCRs) in the MNI space (1—APB, 2—
ADM, 3—EDC). The color bar indicates the strength of the correlation. Diagonal elements in the matrix indicate within-muscle MCR comparison,
while off-diagonal elements indicate between-muscle MCR comparison. COG, center of gravity; FWER, family-wise error rate; MEP, motor
evoked potential
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4 | DISCUSSION

In this study we investigated the within-limb somatotopy gradient and

the reliability of MCRs of three hand muscles in a homogenous group

of healthy male volunteers, using a comprehensive grid-based sulcus-

informed nTMS motor mapping. The main findings of the study are

listed below.

We observed a somatotopy gradient for the hand muscle MCRs

reflected by APB MCR COGs being more lateral compared to other

muscles' MCR COGs (this result was significant for the first day).

We demonstrated that the most commonly used metrics of

MCRs, such as areas, volumes, COGs, and hotspots, while having

overall high relative reliability, are generally characterized by low

absolute reliability.

For within-limb TMS somatotopy, the most common metrics such

as the shifts between different muscles' MCR COGs and hotspots

have poor relative reliability and are not muscle-specific. While over-

laps and, to a lesser extent, EMDs between different muscle MCR

EPs, are more reliable and tend to demonstrate muscle-specificity.

Further, we discuss each of these points in detail.

TABLE 3 Relative (ICC) and absolute
(SDC) reliability of the within-limb
somatotopy parameters (in the individual
space): centers of gravity (COGs) and
hotspots' shifts between different
muscles cortical representations (MCRs),
MCR areas and volumes overlaps, and
earth mover's distances (EMDs) between
different muscles' MCR excitability
profiles (EPs)

Parameter, muscle ICC SEMeas

SDC

Individual Group (n = 18)

68% CI 90% CI 95% CI 95% CI

Overlap area, %

APB-ADM 0.53 12.4 17.5 28.9 34.4 8.1

ADM-EDC 0.90 6.2 8.8 14.5 17.3 4.1

APB-EDC 0.83 6.9 9.7 16.0 19.0 4.5

Overlap volume, %

APB-ADM 0.48 11.5 16.3 26.9 31.9 7.5

ADM-EDC 0.81 8.3 11.7 19.3 22.9 5.4

APB-EDC 0.81 6.3 8.9 14.7 17.5 4.1

Inter-muscle EMD, %

APB-ADM 0.41 2.75 3.89 6.43 7.63 1.80

ADM-EDC 0.56 2.64 3.74 6.17 7.33 1.73

APB-EDC 0.40 2.71 3.84 6.33 7.52 1.77

COG x, mm

APB-ADM 0.15 1.38 1.95 3.22 3.83 0.92

ADM-EDC −0.16 1.60 2.26 3.73 4.43 1.08

APB-EDC −0.02 1.68 2.37 3.92 4.65 1.13

COG y, mm

APB-ADM 0.35 1.29 1.83 3.01 3.58 0.87

ADM-EDC 0.20 1.16 1.64 2.71 3.21 0.78

APB-EDC 0.41 1.21 1.71 2.82 3.35 0.81

Hotspot x, mm

APB-ADM 0.04 2.89 4.09 6.75 8.02 1.94

ADM-EDC 0.35 2.84 4.02 6.63 7.87 1.91

APB-EDC −0.10 3.76 5.31 8.77 10.42 2.53

Hotspot y, mm

APB-ADM −0.24 4.80 6.79 11.21 13.31 3.23

ADM-EDC −0.28 5.82 8.24 13.59 16.15 3.92

APB-EDC −0.30 6.13 8.66 14.29 16.98 4.12

ICC – intraclass correlation coefficient (a value between 0 and 1).

SDC – smallest detectable change.

SEMeas – standard error of measurement.

SEMeas and SDC values for the cases when ICC values are low should be considered with caution

CI – confidence interval.

X-axis corresponds to the lateral to medial direction, y-axis corresponds to the posterior to anterior

direction.
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4.1 | Somatotopy gradient

The existence of a robust within-limb somatotopy in the primary

motor cortex (M1), obtained with TMS, is still debated, although

“homunculus-like” TMS motor cortical maps were described from the

earliest years of TMS mapping (Gentner & Classen, 2006; Metman

et al., 1993). A commonly reported output for different muscles' TMS

MCRs interaction is the distances/shifts between the COGs

(Dubbioso et al., 2017; Schabrun et al., 2009; Tyč, Boyadjian, Allam, &

Brasil-Neto, 2012) or hotspots (Bashir et al., 2013; Lüdemann-

Podubecká & Nowak, 2016) of these different muscles' MCRs. To the

best of our knowledge, the clearest recent demonstration of the

somatotopy gradient of the hand TMS MCRs has been made using

“along-sulcus” TMS mapping, when one investigates MEPs produced

by stimulation only along the central sulcus, taking into account its

shape (Dubbioso et al., 2017; Raffin et al., 2015; Raffin &

F IGURE 9 Correlation matrices for inter-muscle topography parameters in the individual space (for different muscle cortical representation
(MCR) pairs: 1—APB-ADM, 2—ADM-EDC, 3—APB-EDC) across days. Diagonal elements in the matrix indicate within-muscle MCR comparison,
while off-diagonal elements indicate between-muscle MCR comparison. COG, center of gravity; EMD, earth mover's distance; FWER, family-wise
error rate
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Siebner, 2019). We aimed to confirm and extend such a somatotopy

gradient among the investigated hand muscle MCR COGs using a

large grid approach. We observed that APB MCR COGs are more lat-

eral compared to ADM and EDC MCR COGs. Interestingly, in two of

our participants all three muscle MCRs were shifted rostrally, so it

was impossible to trace MEPs along the central sulcus in a substantial

part of the “hand knob” (see example in Figure 5). In this case, we

believe that such placement of points might correspond to a “dorsal
premotor” sub-type of TMS MCRs, as opposed to the “M1” sub-type
(Dubbioso, Sørensen, Thielscher, & Siebner, 2019). This supports fur-

ther the notion that in order to obtain a comprehensive motor map-

ping in a variety of subjects one should use an extended grid to

capture individual profiles of MCRs. Considering M1 division to the

“new” caudal M1 (having more monosynaptic connections with the

spinal motoneurons) and the “old” rostral M1 (Lemon, 2019;

Rathelot & Strick, 2006) we investigated whether the “along-sulcus”
MCRs (where presumably mostly “new” M1) would be more segre-

gated compared to the “whole” MCRs. On the contrary, we found

that the mediolateral somatotopy gradient is greater for the “whole”
TMS mapping approach compared to the “along-sulcus” one. So, at

least for our data, it appears that additional features relating to whole

M1 TMS mapping do not mask the within-limb TMS somatotopy com-

pared to the along-sulcus-only approach and might in fact provide

additional topographic aspects.

We also checked the COG somatotopy gradient for the MNI ver-

sion of the MCRs and showed that APB MCR is again the most lateral

one. Comparing MNI MCRs across subjects, we found that the ADM

MCR area tends to be smaller than the APB and EDC MCR areas, and

for EDC, this difference is significant. While in the “classical homuncu-

lus” the forearm representation is not only more medial but also

smaller than the hand one, such a direct “homunculus” interpretation

might be speculative (Nazarova & Blagovechtchenski, 2015;

Schieber, 2001) and is not completely accurate even for the very same

data from the original Penfield & Boldrey article (Penfield &

Boldrey, 1937), as shown in the recent re-analysis (Catani, 2017). For

TMS mapping, to our knowledge, no clear difference has been

reported for the sizes of the proximal upper limb muscle MCRs versus

intrinsic hand muscle MCRs (Devanne et al., 2006). Considering that

MNI normalization, being routine for many brain mapping techniques

such as fMRI or magnetoencephalography is still not a common proce-

dure for TMS mapping (see examples of TMS data MNI normalization

(Grab et al., 2018; Kraus & Gharabaghi, 2016; Niskanen et al., 2010;

Weiss et al., 2013), we believe that this confirmation of the within-

hand TMS somatotopy gradient and MCR size differences in MNI

space may be useful for future studies using multiple muscle TMS

mapping across subjects. There is a possibility that the difference

between EDC and ADM TMS MCRs can be partially attributed to the

parameters of TMS based on 110% of APB RMT, since it was

reported that the degree to which the MCR area depends on stimula-

tion intensity may vary among muscles (Thordstein, Saar, Pegenius, &

Elam, 2013). However, we believe that this cannot be a major cause

of the MCR area difference because no substantial difference among

hand distal muscle RMTs either in healthy subjects (Schabrun &

Ridding, 2007; Ziemann, Ili�c, Alle, & Meintzschel, 2004), or stroke

patients (in the contralesional hemisphere) (Nazarova et al., 2021) was

found in previous studies. Importantly, the difference between EDC

and ADM MCRs is not prone to cross-talk between muscles, because

they are located far from each other in the upper limb (Selvanayagam,

Riek, & Carroll, 2012).

4.2 | Reliability of single-muscle MCRs

A good understanding of TMS MCR reliability ranges is crucial for the

TMS mapping application in longitudinal studies for the assessment of

motor cortex plasticity. Here, we investigated both relative reliability,

allowing stratifying subjects/patients based on their MCRs, and abso-

lute reliability, reflecting the minimal change of TMS MCR parameters,

which may be traced with the current nTMS mapping approach.

4.2.1 | Relative reliability

In the early TMS mapping studies without navigation, the relative reli-

ability of the MCR parameters was shown to be primarily high

(Malcolm et al., 2006; Plowman-Prine et al., 2008; Wolf et al., 2004).

These observations were further confirmed using non-individual brain

nTMS (Cavaleri et al., 2018; Jonker et al., 2019; Sankarasubramanian

et al., 2015; van de Ruit et al., 2015), as well as individual brain nTMS

(Forster et al., 2014; Kraus & Gharabaghi, 2016; Sollmann et al., 2013;

Zdunczyk et al., 2013). The problem is that only COG location reliabil-

ity was always reported in TMS mapping papers, while the inclusion

of other parameters was inconsistent. Using individual brain nTMS

mapping it was shown that MCR parameters such as areas and vol-

umes may be less reliable compared to COGs and mean MEP per

MCR (Kraus & Gharabaghi, 2016). Previously, the calculations of MCR

parameters were based on variable custom-made scripts, so we aimed

at accessing the reliability of MCR parameters obtained using the

TMSmap software (Novikov et al., 2018), which we suggested as a

possible unifying approach for the fast and easy quantitative assess-

ment of TMS motor mapping results. We observed high ICC values

for all the investigated standard metrics of TMS MCRs (areas, vol-

umes, mean MEPs, hotspot, and COG locations), with the highest ICC

values for COGs and hotspots (ICC > =0.9). However, for the normal-

ized MNI data, the ICC for hotspots and COGs was substantially lower

because of the lower data variance among the brains after normaliza-

tion, but still generally remained good.

4.2.2 | Absolute reliability

Absolute reliability (which may be reported by SEM, SDC, or limits of

agreement) is crucial for the method's use on an individual level in

clinical practice or sport (Atkinson & Nevill, 1998; Beaulieu, Flamand,

et al., 2017). The absolute reliability of TMS motor mapping results

has been described in the literature less frequently than the relative
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one (Jonker et al., 2019; Ngomo et al., 2012; Potter-Baker

et al., 2016; van de Ruit et al., 2015). To the best of our knowledge,

previous TMS motor mapping studies reporting classic absolute reli-

ability metrics, were performed using non-individual MRI navigation,

except one study (Ngomo et al., 2012). Yet the importance of consid-

ering individual anatomy in TMS motor mapping has been emphasized

(Bashir et al., 2013; Raffin et al., 2015). When absolute reliability was

reported, it was recommended to be interpreted “with caution on an

individual level” (Jonker et al., 2019). In our study, we provide a com-

prehensive range of SDC values for different MCR parameters for

three hand muscles. We can also interpret SDC as being generally

sizeable: a particularly thought provoking SDC was found for the

hotspot coordinates (around 1 cm), it also corresponds with a recent

finding that hotspot may be considered as an area rather than a point

taking into account MEPs variability and EF-spread (Reijonen

et al., 2020). Hotspot is a crucial parameter for TMS motor mapping

studies (Bashir et al., 2013; Rossini et al., 2015; Sollmann et al., 2013),

where shifts of just several millimeters between hotspots of different

MCRs are reported (Bashir et al., 2013). Hotspot is also highly relevant

for a wide range of TMS applications with repetitive sessions of stim-

ulation, including therapeutic TMS. Thus, we suggest that for longitu-

dinal TMS design (either for diagnostic or therapeutic purposes) it is

important to recheck the hotspot location with a roughly 1 cm radius,

at least every several days.

4.2.3 | Muscle-specificity

We were interested in the possibility of reliably tracing muscle-

specific features of different muscle MCRs. Thus, we introduced a

term “muscle-specificity” of the TMS MCR parameter, which we

defined as the possibility to predict a given muscle among others (but

only when using the data across subjects), using a certain MCR param-

eter. We observed that among standard parameters of single-muscle

MCRs only mean MEP tended to be muscle-specific. Additionally, we

investigated the reliability of a more novel parameter of the EP, which

we previously implemented in the TMSmap software (Novikov

et al., 2018), similar to the EP probed with the along-sulcus mapping

approach (Raffin et al., 2015; Raffin & Siebner, 2019). We showed

that the difference between the EPs, reflected in the EMD values

(Novikov et al., 2018; Rubner et al., 1998) of the same muscle

between days being smaller than for the different muscles MCR EPs

between days. We believe that the idea of the MCR EP is important

because it relates to the key phenomenon of motor cortex

organization—convergence (Schieber, 2001), manifested in the well-

known fact that different neurons in M1 may be involved in a given

muscle activity depending on the goal/motor task or other conditions

(Capaday, Ethier, Van Vreeswijk, & Darling, 2013). Moreover, using

fMRI it has been shown that a single-muscle MCR is not homoge-

neous in its brain connectivity patterns (Smith et al., 2017). A similar

approach of discrete peak calculation in an MCR was proposed

recently (Elgueta-Cancino, Marinovic, Jull, & Hodges, 2019;

Massé-Alarie et al., 2017), but it has been already shown to be

less reliable than the standard TMS MCR metrics (Cavaleri

et al., 2018). We also consider EPs comparison using EMD to be

more direct than discrete peak calculation because while using

EMD one does not need to define an arbitrary threshold level of

the peak, and it is possible to account for the complex two-

dimensional shape of the MCR. However, further validation of

the MCR EP comparison using EMD in an interventional longitu-

dinal TMS mapping studies is necessary.

4.2.4 | Reliability of the MCR overlaps

While we confirmed the somatotopy gradient between APB MCR ver-

sus ADM and EDC MCRs, using COG comparison, the relative reliabil-

ity of the shifts between different muscle MCR COGs and hotspots is

very poor and these metrics are not muscle-specific. We evaluated

MCR overlap reliability as another parameter of the within-limb

somatotopy. Extensive overlaps among different muscle MCRs were

described from the early TMS studies (Devanne et al., 2006; Melgari,

Pasqualetti, Pauri, & Rossini, 2008; E. M. Wassermann et al., 1993).

Such overlaps reflect yet another key principle of M1 organization—

its divergence, meaning that the output of a single M1 neuron may

reach multiple spinal motoneurons, resulting in the activation of dif-

ferent limb segments (Schieber, 2001). It was demonstrated both non-

invasively by TMS (Gerachshenko, Rymer, & Stinear, 2008) and

invasively by microstimulation (M. Graziano, 2006), that the stimula-

tion of the same cortical point may evoke activity in different muscles

depending on a number of factors such as limb position

(M. Graziano, 2006), anticipated movement (Gerachshenko

et al., 2008; Uehara, Morishita, Kubota, & Funase, 2013), and so forth.

Moreover, it was recently reported that in pathological cases, such as

a tetraplegia, the “hand knob” in the precentral gyrus may be tuned

not only to other upper limb segments but to the entire body (Willett

et al., 2020). There is also some proof that the extent of TMS MCR

overlaps may change in pathological conditions like dystonia or

chronic pain (Schabrun et al., 2009; Schabrun et al., 2015). We

observed that the overlaps between different muscle MCRs, and, to a

lesser extent, EMDs between the different muscle MCRs, were more

reliable and tended to be muscle-specific. To our knowledge, this is

the first demonstration of the reliability of the inter-muscle interac-

tions for multiple muscle TMS motor mapping using individual

MRI data.

Another hypothesis about MCR overlaps is that they may be a

neural substrate underlying muscle synergies (Beaulieu, Flamand,

et al., 2017; Capaday et al., 2013; Pitkänen et al., 2017; Schabrun

et al., 2009; Schabrun et al., 2015). For normal synergies, there are

many clues about cortical involvement and one of the most striking

example was obtained using a prolonged electrical stimulation of the

motor cortex, which yields synergistic motor patterns both in animals

(Brown & Teskey, 2014; Graziano et al., 2002, Graziano et al., 2012;

Graziano, Taylor, & Moore, 2002) and humans (Desmurget

et al., 2014). As for the after-stroke pathological synergies, it has been

discussed that their primary source may lay in the medulla
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(Karbasforoushan, Cohen-Adad, & Dewald, 2019; McPherson

et al., 2018; Zaaimi, Dean, & Baker, 2018), but there are also data that

the MCR overlap might at least partly represent a cortical manifesta-

tion for this phenomenon as well (Giszter, 2015; Huffmaster, Van

Acker, Luchies, & Cheney, 2018; Klochkov, Khizhnikova, Nazarova, &

Chernikova, 2017). Importantly, being a prominent phenomenon in

humans, pathological synergies do not have a good animal model

(Klochkov et al., 2017; Krakauer & Carmichael, 2017). So, it is pretty

unavoidable to primarily use non-invasive techniques like TMS to

study them. Therefore, finding the high reliability of MCR overlaps

and their muscle-specificity may be encouraging for new studies

where such overlaps may be used as a traceable parameter reflecting

training/rehabilitation dedicated to synergy manipulation.

5 | METHODOLOGICAL CONSIDERATIONS
AND FUTURE STUDIES

An important strength of this study is the simultaneous investigation

of multiple muscle MCRs. To our knowledge, this is the first work

where the absolute reliability of multiple muscle MCRs was probed,

using individual brain navigated TMS mapping for the whole motor

cortex, in addition to the along-sulcus TMS mapping (Dubbioso

et al., 2017; Raffin et al., 2015). Another feature of this study is its

robust mapping design: we used up to 350 points per subject, because

the literature about the necessary number of points for TMS motor

mapping is contradictory: while some parameters of MCR were

reported to be reliably traced already with 60 stimuli (van de Ruit

et al., 2015), there have also been indications that accuracy of MCR

parameters continued to increase without saturation up to a much

higher number of stimuli (Nazarova et al., 2019; Sinitsyn et al., 2019).

Another methodological strength of our study is the homogenous

group of male participants with no special motor skills. Yet it may also

be viewed as a limitation, meaning that in a more diverse multi-gender

population the reliability of motor parameters may be less pro-

nounced, thus a separate reliability study in females, taking, for

instance, into account the menstrual cycle, may be needed. Another

issue is that we probed only hand muscles and thus the reliability for

distal versus proximal upper limb muscle MCRs is left for further

investigation. Also, we did not employ any motor task to assess motor

abilities, thus, the question of the functional relevance of TMS within-

limb somatotopy and its reliability should be investigated in the

future. It would also be interesting to add an assessment of the

evoked movements in parallel with EMG recording, using

accelerometry as in (Zartl, Kapfer, & Muellbacher, 2014) or motion

capture.

A technical limitation of the study is that when tracing several

muscle MCRs, the characteristics of the MCR parameters distribution

(such as normality or homoscedasticity) may vary across muscles, so,

for instance, the question of the logarithmic transformation for the

parameters has to be carefully considered. Also, as we have men-

tioned above, we used the same intensity for all the muscles MCRs

creation based on the RMT of APB muscle, which may be considered

as a technical limitation. However, we have chosen this approach

because: (a) the difference among hand distal muscles' thresholds is

not significant based on the literature (Nazarova et al., 2021;

Schabrun & Ridding, 2007; Ziemann et al., 2004), (b) multiple hotspots

and RMTs hunting is time consuming, and (c) an approach when the

intensity is based on just one of the investigated muscles RMT is used

in clinical nTMS mapping (e.g., Sollmann et al., 2017).

One general limitation applicable not only to our work but to all

TMS studies, is the spatial resolution of TMS. We assume that the

simultaneous activation of several muscles by TMS at one point is a

result of several key factors: (a) the non-focality of TMS itself: indeed,

while a peak of the EF is confined to just several millimeters, a spread

of the induced EF leads to the activation of neighboring cortical areas

with lower intensities (Wassermann et al., 2008); (b) the primarily indi-

rect TMS effect on the pyramidal neurons (Seo, Schaworonkow,

Jun, & Triesch, 2016; Spampinato, 2020); (c) the co-location of the

cortical neuronal populations, innervating different spinal motoneu-

rons pools (Capaday et al., 2013; Schieber, 2001); and (d) the cross-

talk between the muscles at the peripheral level when using surface

EMG (Selvanayagam et al., 2012). TMS focality depends on the coil

configuration and on the intensity, shape and direction of the pulse

(Koponen, Nieminen, Mutanen, Stenroos, & Ilmoniemi, 2017; Rossini

et al., 2015; Sommer et al., 2006, 2018; Tugin et al., 2020). We uti-

lized the figure-of-eight coil used for nTMS presurgical mapping

(Krieg, 2017) and a biphasic pulse shape, allowing to use less intensity

(Raffin et al., 2015). We used a biphasic pulse shape because it is the

most common in TMS mapping studies with patients (Lüdemann-

Podubecká & Nowak, 2016; Takahashi, Vajkoczy, & Picht, 2013).

However, considering that a biphasic pulse may activate two distinct

neuronal pools (Sommer et al., 2018); it may be informative to investi-

gate how the reliability of the within-limb TMS somatotopy differs

when using monophasic current configurations. Yet another aspect to

consider is a more advanced induced EF modeling using several com-

partments for the head models (Stenroos & Koponen, 2019), which

may be especially warranted when investigating structurally affected

brains, such as brain with a cortical stroke lesion or tumor (Minjoli

et al., 2017).

6 | CONCLUSIONS

Until now, the use of nTMS mapping for longitudinal purposes in fun-

damental and clinical studies remains challenging, especially when

multiple MCRs are probed. In this work, we confirmed the existence

of the somatotopy gradient for the hand MCR COGs for the whole

motor cortex nTMS mapping in addition for the along-sulcus TMS

mapping approach. Adding to previous reliability studies, we con-

firmed a high relative reliability of the standard MCR parameters for

three hand muscles and present a range of SDC values for the MCR

parameters. We provide novel evidence that inter-muscle MCR inter-

action can be reliably traced using MCR area overlaps, while shifts

between the COGs and hotspots of different muscle MCRs are not

suitable for this purpose. Our work has also a practical perspective—a
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high reliability of MCR overlaps allows us to suggest them as a possi-

ble cortical biomarker for tracking the neuronal changes associated

with the training/rehabilitation aimed at the modifications of muscle

synergies.

ACKNOWLEDGMENTS

nTMS data were obtained in the Research Center of Neurology, Mos-

cow by MN while she was working there in the years 2012–2016.

Authors are deeply grateful to prof. M.A. Piradov for his support during

nTMS data collection. Authors are also grateful to I. Gusarovas and

D. Pozdeeva for software testing and help with the experiments. We

are also grateful to Dr. Eini Niskanen for her recommendations consid-

ering MNI data normalization. The work of MN was partly supported

by Russian Science Foundation grant 19-75-00104. The work of EI

was supported by Russian Science Foundation grant 19-75-00104.

DATA AVAILABILITY STATEMENT

Data supporting the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Maria Nazarova https://orcid.org/0000-0001-5347-5948

Pavel Novikov https://orcid.org/0000-0003-4102-1580

Ekaterina Ivanina https://orcid.org/0000-0002-4488-3015

Ksenia Kozlova https://orcid.org/0000-0001-5305-9370

Larisa Dobrynina https://orcid.org/0000-0001-9929-2725

Vadim V. Nikulin https://orcid.org/0000-0001-6082-3859

REFERENCES

Atkinson, G., & Nevill, A. M. (1998). Statistical methods for assessing mea-

surement error (reliability) in variables relevant to sports medicine.

Sports Medicine, 26, 217–238. https://doi.org/10.2165/00007256-

199826040-00002

Bashir, S., Perez, J. M., Horvath, J. C., & Pascual-Leone, A. (2013). Differen-

tiation of motor cortical representation of hand muscles by navigated

mapping of optimal TMS current directions in healthy subjects. Journal

of Clinical Neurophysiology, 30, 390–395. https://doi.org/10.1097/

WNP.0b013e31829dda6b

Beaulieu, L. D., Flamand, V. H., Massé-Alarie, H., & Schneider, C. (2017).

Reliability and minimal detectable change of transcranial magnetic

stimulation outcomes in healthy adults: A systematic review.

Brain Stimulation, 10, 196–213. https://doi.org/10.1016/j.brs.2016.
12.008

Beaulieu, L. D., Massé-Alarie, H., Ribot-Ciscar, E., & Schneider, C. (2017).

Reliability of lower limb transcranial magnetic stimulation outcomes in

the ipsi- and contralesional hemispheres of adults with chronic stroke.

Clinical Neurophysiology, 128, 1290–1298. https://doi.org/10.1016/j.
clinph.2017.04.021

Beddo, V. C., & Kreuter, F. (2004). A handbook of statistical analyses using

SPSS. Journal of Statistical Software, 11. 85–108. https://doi.org/10.
18637/jss.v011.b02

Brown, A. R., & Teskey, G. C. (2014). Motor cortex is functionally orga-

nized as a set of spatially distinct representations for complex move-

ments. The Journal of Neuroscience: The Official Journal of the Society

for Neuroscience, 34(41), 13574–13585. https://doi.org/10.1523/

JNEUROSCI.2500-14.2014

Capaday, C., Ethier, C., Van Vreeswijk, C., & Darling, W. G. (2013). On

the functional organization and operational principles of the motor

cortex. Frontiers in Neural Circuits, 7, 1–15. https://doi.org/10.3389/
fncir.2013.00066

Catani, M. (2017). A little man of some importance. Brain, 140,

3055–3061. https://doi.org/10.1093/brain/awx270

Cavaleri, R., Schabrun, S. M., & Chipchase, L. S. (2017). The number of

stimuli required to reliably assess corticomotor excitability and primary

motor cortical representations using transcranial magnetic stimulation

(TMS): A systematic review and meta-analysis. Systematic Reviews, 6,

48. https://doi.org/10.1186/s13643-017-0440-8

Cavaleri, R., Schabrun, S. M., & Chipchase, L. S. (2018). The reliability and

validity of rapid transcranial magnetic stimulation mapping. Brain

Stimulation, 11, 1291–1295. https://doi.org/10.1016/j.brs.2018.

07.043

Chervyakov, A. V., Bakulin, I. S., Savitskaya, N. G., Arkhipov, I. V.,

Gavrilov, A. V., Zakharova, M. N., & Piradov, M. A. (2015). Navigated

transcranial magnetic stimulation in amyotrophic lateral sclerosis. Mus-

cle & Nerve, 51, 125–131. https://doi.org/10.1002/mus.24345

de Carvalho, M., Miranda, P. C., Luis, M. L. S., & Ducla-Soares, E. (1999).

Cortical muscle representation in amyotrophic lateral sclerosis

patients: Changes with disease evolution. Muscle & Nerve, 22,

1684–1692. https://doi.org/10.1002/(SICI)1097-4598(199912)22:

12<1684::AID-MUS10>3.0.CO;2-X

Desmurget, M., Richard, N., Harquel, S., Baraduc, P., Szathmari, A.,

Mottolese, C., & Sirigu, A. (2014). Neural representations of

ethologically relevant hand/mouth synergies in the human precentral

gyrus. Proceedings of the National Academy of Sciences, 111(15),

5718–5722. https://doi.org/10.1073/pnas.1321909111
Devanne, H., Cassim, F., Ethier, C., Brizzi, L., Thevenon, A., & Capaday, C.

(2006). The comparable size and overlapping nature of upper limb dis-

tal and proximal muscle representations in the human motor cortex.

European Journal of Neuroscience, 23, 2467–2476. https://doi.org/10.
1111/j.1460-9568.2006.04760.x

Dubbioso, R., Raffin, E., Karabanov, A., Thielscher, A., & Siebner, H. R.

(2017). Centre-surround organization of fast sensorimotor integration

in human motor hand area. NeuroImage, 158, 37–47. https://doi.org/
10.1016/j.neuroimage.2017.06.063

Dubbioso, R., Sørensen, P. J., Thielscher, A., & Siebner, H. R. (2019). Does

Transcranial magnetic stimulation (TMS) primarily target premotor or

motor cortex in precentral gyrus? Clinical Neurophysiology, 130, e2.

https://doi.org/10.1016/j.clinph.2018.09.035

Elgueta-Cancino, E., Marinovic, W., Jull, G., & Hodges, P. W. (2019). Motor

cortex representation of deep and superficial neck flexor muscles in

individuals with and without neck pain. Human Brain Mapping, 40,

2759–2770. https://doi.org/10.1002/hbm.24558

Forster, M.-T., Limbart, M., Seifert, V., & Senft, C. (2014). Test-retest reli-

ability of navigated Transcranial magnetic stimulation of the motor

cortex. Operative Neurosurgery, 10, 51–56. https://doi.org/10.1227/
NEU.0000000000000075

Gentner, R., & Classen, J. (2006). Modular Organization of Finger Move-

ments by the human central nervous system. Neuron, 52, 731–742.
https://doi.org/10.1016/j.neuron.2006.09.038

Gerachshenko, T., Rymer, W. Z., & Stinear, J. W. (2008). Abnormal

corticomotor excitability assessed in biceps brachii preceding pronator

contraction post-stroke. Clinical Neurophysiology, 119, 683–692.
https://doi.org/10.1016/j.clinph.2007.11.004

Ghasemi, A., & Zahediasl, S. (2012). Normality tests for statistical analysis:

A guide for non-statisticians. International Journal of Endocrinology and

Metabolism, 10, 486–495. https://doi.org/10.5812/ijem.3505

Giszter, S. F. (2015). Motor primitives-new data and future questions. Cur-

rent Opinion in Neurobiology, 33, 156–165. https://doi.org/10.1016/j.
conb.2015.04.004

Grab, J. G., Zewdie, E., Carlson, H. L., Kuo, H. C., Ciechanski, P., Hodge, J.,

… Kirton, A. (2018). Robotic TMS mapping of motor cortex in the

developing brain. Journal of Neuroscience Methods, 309, 41–54.
https://doi.org/10.1016/j.jneumeth.2018.08.007

18 NAZAROVA ET AL.

https://orcid.org/0000-0001-5347-5948
https://orcid.org/0000-0001-5347-5948
https://orcid.org/0000-0003-4102-1580
https://orcid.org/0000-0003-4102-1580
https://orcid.org/0000-0002-4488-3015
https://orcid.org/0000-0002-4488-3015
https://orcid.org/0000-0001-5305-9370
https://orcid.org/0000-0001-5305-9370
https://orcid.org/0000-0001-9929-2725
https://orcid.org/0000-0001-9929-2725
https://orcid.org/0000-0001-6082-3859
https://orcid.org/0000-0001-6082-3859
https://doi.org/10.2165/00007256-199826040-00002
https://doi.org/10.2165/00007256-199826040-00002
https://doi.org/10.1097/WNP.0b013e31829dda6b
https://doi.org/10.1097/WNP.0b013e31829dda6b
https://doi.org/10.1016/j.brs.2016.12.008
https://doi.org/10.1016/j.brs.2016.12.008
https://doi.org/10.1016/j.clinph.2017.04.021
https://doi.org/10.1016/j.clinph.2017.04.021
https://doi.org/10.18637/jss.v011.b02
https://doi.org/10.18637/jss.v011.b02
https://doi.org/10.1523/JNEUROSCI.2500-14.2014
https://doi.org/10.1523/JNEUROSCI.2500-14.2014
https://doi.org/10.3389/fncir.2013.00066
https://doi.org/10.3389/fncir.2013.00066
https://doi.org/10.1093/brain/awx270
https://doi.org/10.1186/s13643-017-0440-8
https://doi.org/10.1016/j.brs.2018.07.043
https://doi.org/10.1016/j.brs.2018.07.043
https://doi.org/10.1002/mus.24345
https://doi.org/10.1002/(SICI)1097-4598(199912)22:12%3C1684::AID-MUS10%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1097-4598(199912)22:12%3C1684::AID-MUS10%3E3.0.CO;2-X
https://doi.org/10.1073/pnas.1321909111
https://doi.org/10.1111/j.1460-9568.2006.04760.x
https://doi.org/10.1111/j.1460-9568.2006.04760.x
https://doi.org/10.1016/j.neuroimage.2017.06.063
https://doi.org/10.1016/j.neuroimage.2017.06.063
https://doi.org/10.1016/j.clinph.2018.09.035
https://doi.org/10.1002/hbm.24558
https://doi.org/10.1227/NEU.0000000000000075
https://doi.org/10.1227/NEU.0000000000000075
https://doi.org/10.1016/j.neuron.2006.09.038
https://doi.org/10.1016/j.clinph.2007.11.004
https://doi.org/10.5812/ijem.3505
https://doi.org/10.1016/j.conb.2015.04.004
https://doi.org/10.1016/j.conb.2015.04.004
https://doi.org/10.1016/j.jneumeth.2018.08.007


Graziano, M. S. A., Taylor, C. S. R., & Moore, T. (2002). Complex

movements evoked by microstimulation of precentral cortex. Neu-

ron, 34(5), 841–851. http://dx.doi.org/10.1016/s0896-6273(02)

00698-0.

Graziano, M. (2006). The organization of behavioral repertoire in motor

cortex. Annual Review of Neuroscience, 29, 105–134. https://doi.org/
10.1146/annurev.neuro.29.051605.112924

Graziano, M. S. A., Aflalo, T. N. S., Cooke, D. F. (2005). Arm movements

evoked by electrical stimulation in the motor cortex of monkeys. Jour-

nal of Neurophysiology, 94, (6), 4209–4223. http://dx.doi.org/10.1152/
jn.01303.2004.

Huffmaster, S. L. A., Van Acker, G. M., Luchies, C. W., & Cheney, P. D.

(2018). Muscle synergies obtained from comprehensive mapping of

the cortical forelimb representation using stimulus triggered averaging

of EMG activity. Journal of Neuroscience, 38, 8759–8771. https://doi.
org/10.1523/JNEUROSCI.2519-17.2018

Jonker, Z. D., van der Vliet, R., Hauwert, C. M., Gaiser, C., Tulen, J. H. M.,

van der Geest, J. N., … Selles, R. W. (2019). TMS motor mapping: Com-

paring the absolute reliability of digital reconstruction methods to the

golden standard. Brain Stimulation, 12, 309–313. https://doi.org/10.
1016/j.brs.2018.11.005

Karbasforoushan, H., Cohen-Adad, J., & Dewald, J. P. A. (2019). Brainstem

and spinal cord MRI identifies altered sensorimotor pathways post-

stroke. Nature Communications, 10, 1–7. https://doi.org/10.1038/

s41467-019-11244-3

Klochkov, A. S., Khizhnikova, A. E., Nazarova, M. A., & Chernikova, L. A.

(2017). Pathological upper limb synergies of poststroke patients.

Zhurnal Vysshei Nervnoi Deyatelnosti Imeni I.P. Pavlova, 67, 273–287.
https://doi.org/10.7868/S00444677I7030066

Koo, T. K., & Li, M. Y. (2016). A guideline of selecting and reporting

Intraclass correlation coefficients for reliability research. Journal of Chi-

ropractic Medicine, 15, 155–163. https://doi.org/10.1016/j.jcm.2016.

02.012

Koponen, L. M., Nieminen, J. O., Mutanen, T. P., Stenroos, M., &

Ilmoniemi, R. J. (2017). Coil optimisation for transcranial magnetic

stimulation in realistic head geometry. Brain Stimulation, 10, 795–805.
https://doi.org/10.1016/j.brs.2017.04.001

Krakauer, J. W., & Carmichael, S. T. (2017). Broken movement: The neurobi-

ology of motor recovery after stroke. (24–36). The MIT Press. https://

doi.org/10.7551/mitpress/9310.001.0001.

Kraus, D., & Gharabaghi, A. (2015). Projecting navigated TMS sites on the

Gyral anatomy decreases inter-subject variability of cortical motor

maps. Brain Stimulation, 8, 831–837. https://doi.org/10.1016/j.brs.

2015.03.006

Kraus, D., & Gharabaghi, A. (2016). Neuromuscular plasticity: Dis-

entangling stable and variable motor maps in the human sensorimotor

cortex. Neural Plasticity, 2016, 1–13. https://doi.org/10.1155/2016/
7365609

Krieg, S. M. (Ed.). (2017). Navigated Transcranial magnetic stimulation in

neurosurgery. München, Germany: Springer International.

Krieg, S. M., Lioumis, P., Mäkelä, J. P., Wilenius, J., Karhu, J., Hannula, H., …
Picht, T. (2017). Protocol for motor and language mapping by navi-

gated TMS in patients and healthy volunteers; workshop report. Acta

Neurochirurgica, 159, 1187–1195. https://doi.org/10.1007/s00701-

017-3187-z

Lemon, R. (2019). Recent advances in our understanding of the primate

corticospinal system. F1000Research, 8, 2–8. https://doi.org/10.

12688/f1000research.17445.1

Lüdemann-Podubecká, J., & Nowak, D. A. (2016). Mapping cortical hand

motor representation using TMS: A method to assess brain plasticity

and a surrogate marker for recovery of function after stroke? Neurosci-

ence and Biobehavioral Reviews, 69, 239–251. https://doi.org/10.

1016/j.neubiorev.2016.07.006

Malcolm, M. P., Triggs, W. J., Light, K. E., Schechtman, O., Knandekar, G., &

Gonzalez Rothi, L. J. (2006). Reliability of motor cortex transcranial

magnetic stimulation in four muscle representations. Clinical Neurophysi-

ology, 117, 1037–1046. https://doi.org/10.1016/j.clinph.2006.02.005
Massé-Alarie, H., Bergin, M. J. G., Schneider, C., Schabrun, S., &

Hodges, P. W. (2017). “Discrete peaks” of excitability and map overlap

reveal task-specific organization of primary motor cortex for control of

human forearm muscles. Human Brain Mapping, 38, 6118–6132.
https://doi.org/10.1002/hbm.23816

McGregor, K. M., Carpenter, H., Kleim, E., Sudhyadhom, A., White, K. D.,

Butler, A. J., … Crosson, B. (2012). Motor map reliability and aging: A

TMS/fMRI study. Experimental Brain Research, 219, 97–106. https://
doi.org/10.1007/s00221-012-3070-3

McPherson, J. G., Ellis, M. D., Harden, R. N., Carmona, C., Drogos, J. M.,

Heckman, C. J., & Dewald, J. P. A. (2018). Neuromodulatory inputs to

motoneurons contribute to the loss of independent joint control in

chronic moderate to severe hemiparetic stroke. Frontiers in Neurology,

9, 1–12. https://doi.org/10.3389/fneur.2018.00470
Melgari, J.-M., Pasqualetti, P., Pauri, F., & Rossini, P. M. (2008). Muscles in

“concert”: Study of primary motor cortex upper limb functional topog-

raphy. PLoS One, 3, e3069. https://doi.org/10.1371/journal.pone.

0003069

Metman, L. V., Bellevich, J. S., Jones, S. M., Barber, M. D., & Streletz, L. J.

(1993). Topographic mapping of human motor cortex with transcranial

magnetic stimulation: Homunculus revisited. Brain Topography, 6,

13–19. https://doi.org/10.1007/BF01234122
Minjoli, S., Saturnino, G. B., Blicher, J. U., Stagg, C. J., Siebner, H. R.,

Antunes, A., & Thielscher, A. (2017). The impact of large structural

brain changes in chronic stroke patients on the electric field caused by

transcranial brain stimulation. NeuroImage: Clinical, 15, 106–117.
https://doi.org/10.1016/j.nicl.2017.04.014

Nazarova, M., & Blagovechtchenski, E. (2015). Modern brain mapping -

what do we map nowadays? Frontiers in Psychiatry, 6, 1–4. https://doi.
org/10.3389/fpsyt.2015.00089

Nazarova, M., Novikov, P., Ivanina, E., Kozlova, K.,

Blagovechtchenski, E., & Nikulin, V. (2019). Absolute and relative reli-

ability of the motor somatotopy—How could we report the results of

nTMS? Brain Stimulation, 12, 506–507. https://doi.org/10.1155/

2016/7365609

Nazarova, M., Novikov, P., Nikulin, V., & Ivanova, G. (2020). Diagnostic

capabilities of transcranial magnetic stimulation to predict motor

recovery after a stroke. Neuromuscular Diseases, 10, 64–74. https://
doi.org/10.17650/2222-8721-2020-10-1-64-74

Nazarova, M., Kulikova, S., Piradov, M. A., Limonova, A. S.,

Dobrynina, L. A., Konovalov, R. N., … Nikulin, V. V. (2021). Multimodal

assessment of the motor system in patients with chronic ischemic

stroke. Stroke, 52(1), 241–249. https://doi.org/10.1161/STROKEAHA.

119.02883

Ngomo, S., Leonard, G., Moffet, H., & Mercier, C. (2012). Comparison of

transcranial magnetic stimulation measures obtained at rest and under

active conditions and their reliability. Journal of Neuroscience Methods,

205, 65–71. https://doi.org/10.1016/j.jneumeth.2011.12.012

Niskanen, E., Julkunen, P., Säisänen, L., Vanninen, R., Karjalainen, P., &

Könönen, M. (2010). Group-level variations in motor representation

areas of thenar and anterior tibial muscles: Navigated transcranial

magnetic stimulation study. Human Brain Mapping, 31, 1272–1280.
https://doi.org/10.1002/hbm.20942

Novikov, P., Nazarova, M., & Nikulin, V. (2018). TMSmap—Software for

quantitative analysis of TMS mapping results. Frontiers in Human Neu-

roscience, 12, 1–12. https://doi.org/10.3389/fnhum.2018.00239

Orloff, J. & Bloom, J. (2014). Bootstrap confidence intervals. Retrieved

from MIT OpenCourseWare website: https://ocw.mit.edu/courses/

mathematics/18-05-introduction-to-probability-and-statistics-spring-

2014/readings/MIT18_05S14_Reading24.pdf

Penfield, W., & Boldrey, E. (1937). Somatic motor and sensory representa-

tion in the cerebral cortex of man as studied by electrical stimulation.

Brain, 60(4), 389–443. https://doi.org/10.1093/brain/60.4.389

NAZAROVA ET AL. 19

http://dx.doi.org/10.1016/s0896-6273(02)00698-0
http://dx.doi.org/10.1016/s0896-6273(02)00698-0
https://doi.org/10.1146/annurev.neuro.29.051605.112924
https://doi.org/10.1146/annurev.neuro.29.051605.112924
http://dx.doi.org/10.1152/jn.01303.2004
http://dx.doi.org/10.1152/jn.01303.2004
https://doi.org/10.1523/JNEUROSCI.2519-17.2018
https://doi.org/10.1523/JNEUROSCI.2519-17.2018
https://doi.org/10.1016/j.brs.2018.11.005
https://doi.org/10.1016/j.brs.2018.11.005
https://doi.org/10.1038/s41467-019-11244-3
https://doi.org/10.1038/s41467-019-11244-3
https://doi.org/10.7868/S00444677I7030066
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/j.brs.2017.04.001
https://doi.org/10.7551/mitpress/9310.001.0001
https://doi.org/10.7551/mitpress/9310.001.0001
https://doi.org/10.1016/j.brs.2015.03.006
https://doi.org/10.1016/j.brs.2015.03.006
https://doi.org/10.1155/2016/7365609
https://doi.org/10.1155/2016/7365609
https://doi.org/10.1007/s00701-017-3187-z
https://doi.org/10.1007/s00701-017-3187-z
https://doi.org/10.12688/f1000research.17445.1
https://doi.org/10.12688/f1000research.17445.1
https://doi.org/10.1016/j.neubiorev.2016.07.006
https://doi.org/10.1016/j.neubiorev.2016.07.006
https://doi.org/10.1016/j.clinph.2006.02.005
https://doi.org/10.1002/hbm.23816
https://doi.org/10.1007/s00221-012-3070-3
https://doi.org/10.1007/s00221-012-3070-3
https://doi.org/10.3389/fneur.2018.00470
https://doi.org/10.1371/journal.pone.0003069
https://doi.org/10.1371/journal.pone.0003069
https://doi.org/10.1007/BF01234122
https://doi.org/10.1016/j.nicl.2017.04.014
https://doi.org/10.3389/fpsyt.2015.00089
https://doi.org/10.3389/fpsyt.2015.00089
https://doi.org/10.1155/2016/7365609
https://doi.org/10.1155/2016/7365609
https://doi.org/10.17650/2222-8721-2020-10-1-64-74
https://doi.org/10.17650/2222-8721-2020-10-1-64-74
https://doi.org/10.1161/STROKEAHA.119.02883
https://doi.org/10.1161/STROKEAHA.119.02883
https://doi.org/10.1016/j.jneumeth.2011.12.012
https://doi.org/10.1002/hbm.20942
https://doi.org/10.3389/fnhum.2018.00239
https://ocw.mit.edu/courses/mathematics/18-05-introduction-to-probability-and-statistics-spring-2014/readings/MIT18_05S14_Reading24.pdf
https://ocw.mit.edu/courses/mathematics/18-05-introduction-to-probability-and-statistics-spring-2014/readings/MIT18_05S14_Reading24.pdf
https://ocw.mit.edu/courses/mathematics/18-05-introduction-to-probability-and-statistics-spring-2014/readings/MIT18_05S14_Reading24.pdf
https://doi.org/10.1093/brain/60.4.389


Pitkänen, M., Kallioniemi, E., Julkunen, P., Nazarova, M., Nieminen, J. O., &

Ilmoniemi, R. J. (2017). Minimum-norm estimation of motor represen-

tations in navigated TMS mappings. Brain Topography, 30, 711–722.
https://doi.org/10.1007/s10548-017-0577-8

Plowman-Prine, E. K., Triggs, W. J., Malcolm, M. P., & Rosenbek, J. C.

(2008). Reliability of transcranial magnetic stimulation for mapping

swallowing musculature in the human motor cortex. Clinical Neuro-

physiology, 119, 2298–2303. https://doi.org/10.1016/j.clinph.2008.

06.006

Potter-Baker, K. A., Janini, D. P., Frost, F. S., Chabra, P., Varnerin, N.,

Cunningham, D. A., … Plow, E. B. (2016). Reliability of TMS metrics in

patients with chronic incomplete spinal cord injury. Spinal Cord, 54,

980–990. https://doi.org/10.1038/sc.2016.47
Raffin, E., Pellegrino, G., Di Lazzaro, V., Thielscher, A., & Siebner, H. R.

(2015). Bringing transcranial mapping into shape: Sulcus-aligned map-

ping captures motor somatotopy in human primary motor hand area.

NeuroImage, 120, 164–175. https://doi.org/10.1016/j.neuroimage.

2015.07.024

Raffin, E., & Siebner, H. R. (2019). Use-dependent plasticity in human pri-

mary motor hand area: Synergistic interplay between training and

immobilization. Cerebral Cortex, 29, 356–371. https://doi.org/10.

1093/cercor/bhy226

Rathelot, J. A., & Strick, P. L. (2006). Muscle representation in the macaque

motor cortex: An anatomical perspective. Proceedings of the National

Academy of Sciences of the United States of America, 103, 8257–8262.
https://doi.org/10.1073/pnas.0602933103

Reijonen, J., Pitkänen, M., Kallioniemi, E., Mohammadi, A.,

Ilmoniemi, R. J., & Julkunen, P. (2020). Spatial extent of cortical motor

hotspot in navigated transcranial magnetic stimulation. Journal of Neu-

roscience Methods, 346, 108893. https://doi.org/10.1016/j.jneumeth.

2020.108893

Romero, M. C., Davare, M., Armendariz, M., & Janssen, P. (2019). Neural

effects of transcranial magnetic stimulation at the single-cell level.

Nature Communications, 10, 1–12. https://doi.org/10.1038/s41467-
019-10638-7

Rossi, S., Hallett, M., Rossini, P. M., & Pascual-Leone, A. (2009). Safety,

ethical considerations, and application guidelines for the use of trans-

cranial magnetic stimulation in clinical practice and research. Clinical

Neurophysiology, 120, 2008–2039. https://doi.org/10.1016/j.clinph.

2009.08.016

Rossini, P. M., Burke, D., Chen, R., Cohen, L. G., Daskalakis, Z., Di Iorio, R.,

… Ziemann, U. (2015). Non-invasive electrical and magnetic stimula-

tion of the brain, spinal cord, roots and peripheral nerves: Basic princi-

ples and procedures for routine clinical and research application. An

updated report from an I.F.C.N. committee. Clinical Neurophysiology,

126, 1071–1107. https://doi.org/10.1016/j.clinph.2015.02.001
Rubner, Y., Tomasi, C., & Guibas, L. J. (1998). Metric for distributions with

applications to image databases. Proceedings of the IEEE International

Conference on Computer Vision, 59–66. https://doi.org/10.1109/

iccv.1998.710701

Ruohonen, J., & Karhu, J. (2010). Navigated transcranial magnetic stimula-

tion. Neurophysiologie Clinique, 40, 7–17. https://doi.org/10.1016/j.

neucli.2010.01.006

Sankarasubramanian, V., Roelle, S. M., Bonnett, C. E., Janini, D.,

Varnerin, N. M., Cunningham, D. A., … Plow, E. B. (2015). Reproducibil-

ity of transcranial magnetic stimulation metrics in the study of proxi-

mal upper limb muscles. Journal of Electromyography and Kinesiology,

25, 754–764. https://doi.org/10.1016/j.jelekin.2015.05.006
Schabrun, S. M., Hodges, P., Vicenzino, B., Jones, E., & Chipchase, L.

(2015). Novel adaptations in motor cortical maps. Medicine & Science

in Sports & Exercise, 47, 681–690. https://doi.org/10.1249/MSS.

0000000000000469

Schabrun, S. M., & Ridding, M. C. (2007). The influence of correlated affer-

ent input on motor cortical representations in humans. Experimental

Brain Research, 183(1), 41–49. https://doi.org/10.1007/s00221-007-
1019-8

Schabrun, S. M., Stinear, C. M., Byblow, W. D., & Ridding, M. C. (2009).

Normalizing motor cortex representations in focal hand dystonia. Cere-

bral Cortex, 19, 1968–1977. https://doi.org/10.1093/cercor/bhn224
Schieber, M. H. (2001). Constraints on Somatotopic Organization in the

Primary Motor Cortex. Journal of Neurophysiology, 86, 2125–2143.
https://doi.org/10.1152/jn.2001.86.5.2125

Selvanayagam, V. S., Riek, S., & Carroll, T. J. (2012). A systematic method

to quantify the presence of cross-talk in stimulus-evoked EMG

responses: Implications for TMS studies. Journal of Applied Physiology,

112, 259–265. https://doi.org/10.1152/japplphysiol.00558.2011
Seo, H., Schaworonkow, N., Jun, S. C., & Triesch, J. (2016). A multi-scale

computational model of the effects of TMS on motor cortex.

F1000Research, 5, 1945. https://doi.org/10.12688/f1000research.

9277.1

Sinitsyn, D. O., Chernyavskiy, A. Y., Poydasheva, A. G., Bakulin, I. S.,

Suponeva, N. A., & Piradov, M. A. (2019). Optimization of the navi-

gated TMS mapping algorithm for accurate estimation of cortical mus-

cle representation characteristics. Brain Sciences, 9, 88. https://doi.

org/10.3390/brainsci9040088

Smith, J. A., Albishi, A., Babikian, S., Asavasopon, S., Fisher, B. E., &

Kutch, J. J. (2017). The motor cortical representation of a muscle is

not homogeneous in brain connectivity. Experimental Brain Research,

235, 2767–2776. https://doi.org/10.1007/s00221-017-5011-7
Sollmann, N., Hauck, T., Obermüller, T., Hapfelmeier, A., Meyer, B.,

Ringel, F., & Krieg, S. M. (2013). Inter- and intraobserver variability in

motor mapping of the hotspot for the abductor policis brevis

muscle. BMC Neuroscience, 14, 94. https://doi.org/10.1186/1471-

2202-14-94

Sollmann, N., Tanigawa, N., Bulubas, L., Sabih, J., Zimmer, C., Ringel, F., …
Krieg, S. M. (2017). Clinical factors underlying the inter-individual vari-

ability of the resting motor threshold in navigated Transcranial mag-

netic stimulation motor mapping. Brain Topography, 30(1), 98–121.
https://doi.org/10.1007/s10548-016-0536-9

Sommer, M., Alfaro, A., Rummel, M., Speck, S., Lang, N., Tings, T., &

Paulus, W. (2006). Half sine, monophasic and biphasic transcranial

magnetic stimulation of the human motor cortex. Clinical Neurophysiol-

ogy, 117, 838–844. https://doi.org/10.1016/j.clinph.2005.10.029
Sommer, M., Ciocca, M., Chieffo, R., Hammond, P., Neef, A., Paulus, W., …

Hannah, R. (2018). TMS of primary motor cortex with a biphasic pulse

activates two independent sets of excitable neurones. Brain Stimula-

tion, 11, 558–565. https://doi.org/10.1016/j.brs.2018.01.001
Spampinato, D. (2020). Dissecting two distinct interneuronal networks in

M1 with transcranial magnetic stimulation. Experimental Brain

Research, 238, 1693–1700. https://doi.org/10.1007/s00221-020-

05875-y

Stenroos, M., & Koponen, L. M. (2019). Real-time computation of the

TMS-induced electric field in a realistic head model. NeuroImage.

http://dx.doi.org/10.1016/j.neuroimage.2019.116159.

Takahashi, S., Vajkoczy, P., & Picht, T. (2013). Navigated transcranial mag-

netic stimulation for mapping the motor cortex in patients with

rolandic brain tumors. Neurosurgical Focus, 34, E3. https://doi.org/10.

3171/2013.1.FOCUS133

Thordstein, M., Saar, K., Pegenius, G., & Elam, M. (2013). Individual effects

of varying stimulation intensity and response criteria on area of activa-

tion for different muscles in humans. A study using navigated trans-

cranial magnetic stimulation. Brain Stimulation, 6, 49–53. https://doi.
org/10.1016/j.brs.2012.01.004

Tugin, S., Souza, V., Nazarova, M., Nieminen, J., Novikov, P., Tervo, A., …
Ilmoniemi, R. J. (2020). P51 effect of stimulus orientation and intensity

on short-interval intracortical inhibition (SICI) and facilitation (SICF).

Clinical Neurophysiology, 131, e41. https://doi.org/10.1016/j.clinph.

2019.12.162

20 NAZAROVA ET AL.

https://doi.org/10.1007/s10548-017-0577-8
https://doi.org/10.1016/j.clinph.2008.06.006
https://doi.org/10.1016/j.clinph.2008.06.006
https://doi.org/10.1038/sc.2016.47
https://doi.org/10.1016/j.neuroimage.2015.07.024
https://doi.org/10.1016/j.neuroimage.2015.07.024
https://doi.org/10.1093/cercor/bhy226
https://doi.org/10.1093/cercor/bhy226
https://doi.org/10.1073/pnas.0602933103
https://doi.org/10.1016/j.jneumeth.2020.108893
https://doi.org/10.1016/j.jneumeth.2020.108893
https://doi.org/10.1038/s41467-019-10638-7
https://doi.org/10.1038/s41467-019-10638-7
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1016/j.clinph.2015.02.001
https://doi.org/10.1109/iccv.1998.710701
https://doi.org/10.1109/iccv.1998.710701
https://doi.org/10.1016/j.neucli.2010.01.006
https://doi.org/10.1016/j.neucli.2010.01.006
https://doi.org/10.1016/j.jelekin.2015.05.006
https://doi.org/10.1249/MSS.0000000000000469
https://doi.org/10.1249/MSS.0000000000000469
https://doi.org/10.1007/s00221-007-1019-8
https://doi.org/10.1007/s00221-007-1019-8
https://doi.org/10.1093/cercor/bhn224
https://doi.org/10.1152/jn.2001.86.5.2125
https://doi.org/10.1152/japplphysiol.00558.2011
https://doi.org/10.12688/f1000research.9277.1
https://doi.org/10.12688/f1000research.9277.1
https://doi.org/10.3390/brainsci9040088
https://doi.org/10.3390/brainsci9040088
https://doi.org/10.1007/s00221-017-5011-7
https://doi.org/10.1186/1471-2202-14-94
https://doi.org/10.1186/1471-2202-14-94
https://doi.org/10.1007/s10548-016-0536-9
https://doi.org/10.1016/j.clinph.2005.10.029
https://doi.org/10.1016/j.brs.2018.01.001
https://doi.org/10.1007/s00221-020-05875-y
https://doi.org/10.1007/s00221-020-05875-y
http://dx.doi.org/10.1016/j.neuroimage.2019.116159
https://doi.org/10.3171/2013.1.FOCUS133
https://doi.org/10.3171/2013.1.FOCUS133
https://doi.org/10.1016/j.brs.2012.01.004
https://doi.org/10.1016/j.brs.2012.01.004
https://doi.org/10.1016/j.clinph.2019.12.162
https://doi.org/10.1016/j.clinph.2019.12.162
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