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ABSTRACT 

 In this paper, we present the clinical indications and advances in the use of 

magnetoencephalography (MEG) to map the primary sensorimotor (SM1) cortex in 

neurosurgical patients non-invasively. We emphasize the advantages of MEG over the 

SM1 mapping using functional magnetic resonance imaging. Recommendations to the 

referring physicians and the clinical magnetoencephalographers to achieve 

appropriate SM1 cortex mapping using MEG are proposed. We finally provide some 

practical advice for the use of corticomuscular coherence, cortico-kinematic 

coherence, and mu-rhythm suppression in this indication. MEG should now be 

considered as a method of reference for presurgical functional mapping of the SM1 

cortex. 

  



1. Introduction 

 In 2011, the American Clinical Magnetoencephalography Society (ACMEGS) 

established (among others) Clinical Practice Guidelines (CPGs) for the use of 

magnetoencephalography (MEG) for presurgical functional brain mapping.1 These 

CPGs represented “minimum standards” for the routine clinical use of MEG in this 

indication and covered the investigation of the somatosensory, motor, visual, 

auditory, and language systems.1 They were motivated by the growth of clinical MEG 

centers in the United States (and worldwide) over the last two decades and aimed at 

providing a set of practical recommendations that should help laboratories and 

clinicians practice clinical MEG more uniformly and consistently.2 In 2017, the 

ACMEGS has also published a position statement about the existence of sufficient 

credible evidence to support the routine use of MEG in the presurgical mapping of 

eloquent cortex of patients undergoing surgical treatment of operable lesions or 

medically intractable localization-related epilepsy.3 

 In the present paper, we review the current state of clinical practice in MEG 

and advances in the field with specific focus on the use of MEG for presurgical 

functional mapping of the primary sensorimotor (SM1) cortex. The three basic aims 

of this paper are: 

(i) To present the current clinical role and indications of presurgical 

functional mapping of the SM1 cortex using MEG and to elaborate on the 

information that should be communicated by referring physicians to 

clinical magnetoencephalographers (and vice-versa). 

(ii) To describe the research progresses made in the field since the first 

ACMEGS CPGs. 



(iii) To provide practical advices about protocols that can be used to perform 

presurgical functional mapping of the SM1 cortex using MEG.  

This paper should be viewed as an experts’ opinion and as such, there are 

several considerations that will not be addressed here as they were properly 

covered in the seminal ACMEGS CPGs or they should be covered in future CPGs 

related to functional mapping of the SM1 cortex using MEG. 

 

2. Current clinical roles of MEG in sensorimotor mapping  

2.1. Roles and Clinical Indications 

 A non-invasive presurgical functional mapping of the SM1 cortex is 

recommended in neurosurgical patients with brain lesions located close to or at the 

central sulcus. In this context, the aim of the functional mapping procedure is to 

determine as precisely as possible the anatomical relationship between the primary 

motor (M1) and sensory (S1) cortices and the brain lesion in order to optimally tailor 

the surgical resection, assess related functional risk(s), and contribute to the decision-

making process. In more specialized clinical centers, other possible clinical 

indications can be the guidance of non-invasive (e.g., transcranial magnetic 

stimulation4) and invasive (e.g., electrical epidural cortex stimulation5) cortical 

stimulation procedures in order to provide accurate stimulation target(s) in patients 

with or without brain lesion(s). Also, results of functional SM1 cortex mapping can be 

integrated into stereotactic radiosurgery planning systems in order to minimize the 

radiation dose applied on functionally eloquent cortices and reduce undesirable 

radiosurgery-related side effects.6-8  

 

 



2.2. Why MEG ? 

 Functional magnetic resonance imaging (fMRI) is by far the most widely used 

neuroimaging technique for non-invasive presurgical functional mapping of the SM1 

cortex. Still, clinicians ought to keep in mind that fMRI suffers from several 

limitations for presurgical functional mapping in patients with brain disorders. First, 

this technique relies on the integrity of the neurovascular coupling that can be altered 

in various brain disorders, potentially leading to false positive or negative results.9-12 

Second, its relatively poor temporal resolution (at the level of the seconds) due to 

hemodynamic response time hampers fine discrimination of the sensory and the motor 

components in fMRI activation maps.13 Consequently, fMRI activation maps may be 

much more challenging to interpret in patients with brain lesions than in healthy 

subjects.10,13 In this context, MEG is increasingly considered as an attractive 

alternative to fMRI for presurgical functional mapping in patients with brain 

disorders.3 Indeed, this neurophysiological technique provides direct information 

about neuronal activity with a millisecond temporal resolution and does not rely on 

the neurovascular coupling.  

 Several studies have previously shown that a combination of fMRI and MEG 

increases the localization reliability of the SM1 cortex and that MEG may be superior 

to fMRI in some patients with unclear fMRI localization.11,13-21 Also, although a uni- 

or bimodal approach has been proven sufficient for functional mapping of the SM1 

cortex in many patients, fMRI or MEG results can be confusing or challenging to 

interpret in some patients.13,22 Such situation may occur in patients with lesion-

induced anatomical distortion, atypical localization of hand sensorimotor function 

(see, e.g. ref 23), false negative/positive results (see, e.g. ref 24) or discordant results 

when used in combination (see, e.g. ref 13,22,25). In those particular patients, it can be 



difficult to assess the benefit-risk ratio associated with resective surgery using such 

uni- or bimodal mapping approach without further non-invasive functional 

neuroimaging or intracranial mapping procedures.  

 The above considerations emphasize that MEG presents an additional key 

strength over fMRI, which is the ability to investigate in one single MEG session 

different neurophysiological processes (i.e., evoked magnetic responses, induced 

magnetic responses, coupling between peripheral and cortical signals, and cortico-

cortical coupling) that can be altered or affected differently by brain disorders or 

patients’ clinical status. Thus, MEG provides the unique opportunity to acquire 

several MEG “functional localizers” in a reasonable time for the patients. Here, a 

“functional localizer” is defined as a given validated MEG method to localize the 

SM1 cortex regardless of the source reconstruction methods used (i.e., equivalent 

current dipole modeling, minimum norm estimate, spatial filtering approaches); i.e., 

electrical peripheral nerve stimulation13,17,25-31, tactile stimulation20,32, readiness and 

motor evoked fields16,17,28,33,34, rolandic mu rhythm desynchronization/suppression 

(alpha or beta band)25,28,35,36 or cortico-muscular coherence (CMC)25,26. The 

anatomical convergence of the different MEG functional localizers at the central 

sulcus has been demonstrated in healthy subjects and contributes to the assessment of 

the confidence level in functional mapping results (compared with a uni- or bimodal 

approach) and to determine the clinical need to undergo further intracranial mapping 

procedures.25 Such approach also increases the yield of MEG in case of failure, 

inaccurate or atypical localization of one MEG functional localizer or fMRI 

mapping.25 Associating multiple MEG functional localizers represents an elegant 

approach to overcome (i) the difficulty of MEG to reliably discern the anterior (M1 

cortex) and the posterior (S1 cortex) banks of the central sulcus due to its limited 



spatial resolution (about 5 mm), (ii) the issue of somatosensory or motor specificity of 

some of these MEG functional localizers, and (iii) the certain degree of inaccuracy of 

each MEG functional localizer related to various methodological issues. As an 

example, one study failed using equivalent current dipole modeling to identify 

spatially distinct distribution between motor and tactile evoked fields in a large group 

of patients with lesions close to the central suclus.34 Also, this approach provides a 

compromise to the absence of consensus in the clinical MEG literature about which 

MEG functional localizers and source reconstruction methods should be used in a 

specific clinical situation. Finally, it is a way to indicate functional reorganization 

associated with the brain lesion as it will induce an increase in the spread of the 

different sensorimotor functional localizers. 

 Therefore, when available, MEG should be considered in the clinical 

indications described in 2.1. alone or in combination with fMRI. MEG is mandatory 

when fMRI shows atypical sensorimotor maps in patients with brain lesions. Also, 

several MEG functional localizers of the SM1 cortex should be considered for 

presurgical functional mapping, especially in patients with atypical mapping of the 

SM1 cortex when using one single MEG functional localizer. 

 Of note, the ACMEGS survey of the prevailing clinical MEG practices in the 

USA published in 2011 revealed that MEG is much less often used for presurgical 

functional mapping of the SM1 cortex than for epilepsy mapping (>800 MEG 

investigations done for epilepsy in 2007 and 2008 in 15 clinical MEG centers 

compared with >450 investigations of motor-related or somatosensory evoked fields). 

Furthermore, most recordings of somatosensory evoked fields were actually done to 

provide a “biological reference” validating the source reconstructions obtained for 

epilepsy mapping rather than to identify surgical landmarks per se. Similar results 



where found in the European survey published in 2017 (542 MEG investigations done 

for epilepsy in 2014 in 12 clinical MEG centers compared with 244 investigations 

done for functional brain mapping in 10 of those 12 clinical MEG centers).37 These 

data highlight that, despite its worldwide increased availability, MEG is actually 

underexploited for presurgical functional mapping in neurosurgical patients. This 

appears quite surprising considering the advantages of MEG over fMRI described 

above for this indication. Therefore, efforts need to be done to promote at national 

and international levels the major interests of MEG in this clinical indication among 

neurologists and neurosurgeons. In that respect, the position statement of the 

ACMEGS on “the value of magnetoencephalography (MEG)/magnetic source 

imaging (MSI) in non-invasive presurgical mapping of eloquent cortices of patients 

preparing for surgical interventions” represents a major achievement.3 

  

3. Update of the clinically pertinent research progresses  

 Since the formulation of the first ACMEGS CPGs, three main research 

progresses have been made in the field of functional SM1 cortex mapping using 

MEG: (i) the validation of the spatiotemporal signal space separation method (tSSS) 

for the subtraction of high-amplitude MEG artifacts caused by nearby or internal 

sources of interference, (ii) the development and validation of the cortico-kinematic 

coherence (CKC) method to pinpoint the SM1 cortex, and (iii) the identification of 

the sensorimotor resting state network (RSN) using source-space beta-band-envelope 

correlation. tSSS and CKC are now considered as robust and validated clinical MEG 

tools, while the mapping of SM1 cortex using MEG RSNs is, by analogy with resting 

state functional magnetic resonance imaging (fMRI), at the stage of being recognized 

as a method with future potential clinical usefulness. 



3.1.  Spatiotemporal signal space separation  

 One of the limitations of MEG is its high sensitivity to magnetic interferences. 

Effective passive (e.g., magnetically shielded room) and active (e.g., active 

interference cancellation system, internal or external) shielding systems are used to 

drastically attenuate environmental magnetic artifacts (e.g., power line interference, 

moving metallic objects, etc.). By contrast, nearby or subject-related sources of 

interference (e.g., heart beats, implanted stimulator, dental braces, neurosurgical 

implants, CranioFix, etc.) are more difficult to abate. Unfortunately, these latter 

magnetic interferences are often encountered in neurosurgical patients in need of non-

invasive presurgical functional mapping, and especially in patients requiring a second 

surgery.25,38,39  

 Apart from spatial filtering approaches that improve SM1 cortex source 

localization in subjects with metallic implants27, the tSSS method has been 

specifically designed to overcome this issue. First, the conventional signal space 

separation (SSS) method—based on sensor geometry and Maxwell’s equations—

separates measured MEG signals into brain-related signals, external interference 

signals, and remaining intermediate components.40-42 Second, artifacts generated by 

nearby or internal sources of interference are identified based on the high correlation 

they generate between brain-related signals and intermediate components.41 Finally, 

identified intermediate components are regressed out of the brain-related MEG 

signals.41  

 The tSSS method has been shown to substantially reduce the high-amplitude 

magnetic artifacts associated with implanted vagal nerve stimulator, which typically 

hampered proper interpretation of MEG data obtained in epileptic patients with such 

stimulator.43-47 Also, some studies have validated that this approach makes it possible 



to obtain reliable MEG functional mapping of the SM1 cortex using either 

somatosensory and movement evoked fields or CKC (see 2.2.) in subjects with dental 

braces39 or ferromagnetic material located on the scalp.38,39 These findings therefore 

extend the clinical applicability of MEG in this clinical indication, making it feasible 

to investigate SM1 processing in patients hitherto not eligible for MEG recording. 

Although tSSS is originally available for one type of MEG system (i.e., Elekta Oy, 

Helsinki, Finland), it has been adapted to another commonly available MEG system 

(i.e., CTF Inc., Vancouver, Canada).48 Finally, other methods have been developed 

and tested to remove magnetic interferences from MEG signals such as, e.g., the blind 

source separation method, which has the advantage of being system independent.49,50 

Future progresses in this field of MEG signal processing will also increase the 

applicability of MEG for clinical indication. 

 

3.2. Corticokinematic coherence 

During repetitive limb movements, electroencephalographic (EEG) and MEG 

cortical activity is coherent with movement kinematics.51-54 This coupling 

phenomenon was termed CKC. Up to now, CKC has been mainly used for MEG 

functional mapping of the SM1 hand area in healthy subjects and patients with brain 

lesions but data are also available for foot mapping in healthy subjects.55 The main 

advantages of CKC in the clinical context rely on its simplicity, robustness, and 

reliability at the individual level compared with other validated MEG functional 

localizers such as, e.g., CMC. CKC sources can be localized at the individual level 

with conventional dipole modeling in the time-domain using the cross-

correlogram25,51 or using more advanced source reconstruction methods such as 

dynamic imaging of coherent sources (DICS).56 



In a typical CKC setting, participants perform repetitive flexion-extensions of 

the fingers or of the index finger at ~3-Hz for ~3 min, while their cortical signals are 

recorded with MEG and their finger kinematics is recorded with an accelerometer.51,57 

Coherence is then computed between MEG and acceleration signals. CKC typically 

peaks at finger movement frequency and its first harmonic, with its main cortical 

source located in the SM1 hand area contralateral to finger movements.51,57 CKC can 

also be estimated based on other kinetic, kinematics or EMG signals.58 Indeed, apart 

from acceleration or velocity signals, CKC has been reported based on (i) pressure 

signals, (ii) force signals, and (iii) rectified EMG signals.58 CKC can therefore be 

investigated with typical surface EMG (sEMG) electrodes that are available in most 

of the clinical MEG settings. Of notice, CKC has also been demonstrated during goal-

directed hand action tasks52,59 and slower finger movement rates (at 1~ Hz and 2 

Hz).60 Importantly, the movement rate had no influence on CKC level and source 

location.60 This finding is of particular interest in the clinical context because patients 

with motor deficit or movement disorder might struggle to perform fast repetitive 

movements and moving at a slower rate would undoubtedly ease their task and reduce 

potential movement-related artifacts. Still, the only disadvantage associated with 

decreasing the movement rate is that recording length has to be increased to maintain 

the amount of movement cycles.60  

CKC is also observed during passive movements (i.e., when participants’ limb 

is moved by an experimenter or a device), with similar coherence level and source 

location compared with active tasks.55,61 This finding is also of high interest for the 

clinical application of CKC since it does not require any additional cooperation from 

the participants than staying still in the MEG scanner. Passive movements should 

therefore be considered in young children, in patients who struggle to perform 



repetitive movements, and in patients with implanted ferromagnetic material (e.g., 

CranioFix®) located close to the MEG sensors to avoid as much as possible any head 

movement artifact synchronized with active movements of the limbs. Still, in this 

latter situation, specific signal preprocessing approaches (e.g., tSSS) might help 

uncover proper CKC (see 3.1.).38 If needed, patient’s cooperation can be increased by 

presenting a movie during the passive movement task, which is highly relevant in 

young children. Passive movements can be elicited either by an investigator moving 

the distal part of the limbs (see, e.g., ref 61) or by a stimulator such as, e.g., the 

pneumatic artificial muscle stimulator.55 This latter stimulator is of particular interest 

in the clinical setting since it makes possible to investigate CKC in a robust and 

reliable manner at various fixed frequencies, which is ideal for within (e.g., 

longitudinal studies) and between patients’ comparisons. Also, such a movement 

actuator provides brain responses robust enough to identify the index and hallux SM1 

cortex based on only 1 min of MEG recording.55 

The neurophysiological basis of the CKC phenomenon has been investigated by 

comparing active and passive index finger movements with various tactile input levels 

as well as by assessing coupling directionality (with renormalized partial directed 

coherence; rPDC).61,62 These investigations showed that CKC is mainly driven by 

proprioceptive inputs to the SM1 cortex. Indeed, CKC and rPDC levels were 

independent of the motor output, while rPDC levels were influenced by the amount of 

tactile afferences (i.e., increased afferent coupling with increasing tactile input) but 

not CKC levels. These findings are in agreement with the fact that both S1 

(Brodmann areas 3a and 2) and M1 cortices receive proprioceptive feedback during 

both active and passive hand movements.63 These data also suggest that, apart from 

presurgical functional mapping of the SM1 cortex, CKC is an interesting method to 



investigate the pathophysiology of nervous system disorders that affect proprioceptive 

pathways. 

To sum up, active and passive CKC should now be considered as valid and 

robust MEG functional localizers of the SM1 cortex. Considering its simplicity, 

robustness, and reliability, CKC should be considered in future CPGs about MEG 

functional mapping of the SM1 cortex and integrated in the list of available and 

validated MEG functional localizers of the SM1 cortex.  

 

3.3. Resting state functional connectivity 

Evidence suggests that presurgical functional mapping of the SM1 cortex could 

rely on resting-state brain dynamics. Indeed, brain activity at rest is spatially and 

temporally structured into large-scale neural networks known as resting state 

networks (RSNs; for a review, see ref 64). Nodes of these networks (such as bilateral 

SM1 cortices for the motor network) can be uncovered with functional connectivity 

measures. Such approach would be of particular clinical interest in young children, 

patients with strong motor deficits, and patients inducing movement-related artifacts.  

 RSNs share some close topological properties with functional brain 

networks.64 A particular RSN that has been robustly identified using fMRI65 is the 

SM1 network. This RSN (among other classical fMRI RSNs) has also been disclosed 

using MEG and source-space beta-band power envelope correlation.66-68 It displays a 

typical inter-hemispheric resting-state functional connectivity (rsFC) between left and 

right SM1 cortices, so that SM1 cortex in one hemisphere can be identified using 

seed-based rsFC from the homologous SM1 cortex. This result established for healthy 

subjects suggests that SM1 cortex could be mapped in the affected hemisphere of 

neurosurgical patients using rsFC from the homologous area in the non-affected 



hemisphere, as demonstrated by several fMRI studies.69-72 Indeed, such resting-state 

fMRI mapping approach has been validated in neurosurgical patients against task-

based motor fMRI and intracranial stimulations; the results showing that it might even 

be more reliable than task-based fMRI.70,73,74 Considering the limitations of fMRI in 

patients with brain disorders (see 2.2.), it would be of particular clinical interest to 

determine if rsFC-based functional mapping of the SM1 cortex could be accurately 

performed using a neurophysiological technique with a good spatial resolution such as 

MEG. Interestingly, among the RSNs disclosed by MEG rsFC using envelope 

correlation and a seed-based approach, the SM1 network has been shown to be the 

most robust at the individual level.75 Accordingly, rsFC-based mapping might indeed 

be of high clinical interest. A pilot MEG study76 performed in ten patients with focal 

brain lesions located close to the central sulcus has illustrated the feasibility and the 

potential clinical interest (mapping in agreement with some classical MEG functional 

localizer(s) in 8 patients) of this rsFC MEG approach (Figure 1). Still, further 

dedicated studies are clearly needed before introducing it in the clinical 

armamentarium of MEG methods to map the SM1 cortex. This approach should 

indeed be validated (as done for resting state fMRI) against task-based sensorimotor 

MEG and intracranial stimulations before using it in clinics.  

 

—Place Figure 1 about here— 

 

4. Recommendations for clinical practice 

4.1. Recommendations for the referring physicians 

 MEG can be used to map the hand, foot, and face SM1 cortical areas using 

various functional MEG localizers (see Table 1). The referring physicians should 



therefore clearly indicate to the magnetoencephalographer at the time of referral 

which area(s) of the SM1 cortex need(s) to be located and what is the clinical 

indication of the functional mapping procedure (see 2.1.). Information about patient’s 

clinical status that could influence the MEG data acquisition should also be provided 

upon referral. This information should comprise patient’s neurological (and especially 

sensorimotor), cognitive or behavioral status, as well as the location and the type of 

brain lesion. Referring physicians should also bear in mind that MEG is highly 

sensitive to implanted ferromagnetic materials (e.g., braces, dental works, CranioFix®, 

neurosurgical clips, vagal nerve stimulator, ventricular shunt, etc.) and that such 

materials generate high-amplitude magnetic artifacts that can hamper proper MEG 

investigation. They should therefore ask patients whether they carry such implanted 

materials to identify those that will be at risk of inducing such magnetic artifacts. 

Special care should also be taken when it comes to patients who already underwent 

intracranial surgical procedures as they might produce magnetic artifacts due to 

implanted ferromagnetic material. The magnetoencephalographer should therefore be 

warned at referral about any potential implanted ferromagnetic material and, in any 

case, referring physicians should clearly indicate if the patient already underwent 

neurosurgical procedures. Of notice, this does not mean that MEG cannot be 

performed in such patients but special care needs to be taken during MEG data 

acquisition (e.g., type of MEG functional localizer used) and data processing (see 

3.1.). 

 

4.2. Recommendations for the clinical magnetoencephalographer 

 As stressed in 4.1., it is mandatory that clinicians involved in MEG 

acquisition, analysis, and interpretation be informed of the patients’ clinical status and 



of the clinical indication of the functional mapping procedure. Clinical 

magnetoencephalographers should make available to referring clinicians a structured 

and comprehensive medical examination request form for such MEG investigation to 

maximize the chance of getting all the mandatory information. Such form could also 

be established at the clinical MEG societies level to harmonize clinical MEG referrals 

across MEG centers. Also, based on the considerations developed in 2.2, clinical 

MEG centers should make available to their patients referred for functional SM1 

cortex mapping several validated functional localizers that have been properly and 

formally tested in-house in a sufficiently large group of healthy subjects prior to 

clinical use. Magnetoencephalographers should master the advantages, limits, and 

neurophysiological bases of each functional localizer under use for this application at 

their center. Some of the validated MEG functional localizers that can be used in this 

clinical indication have been described in details in the first ACMEGS CPGs.1 Others 

will be detailed below.  

 

 5. Practical advices 

 Based on the above considerations, several MEG functional localizers are 

recognized for functional mapping of the SM1 cortex (see 2.2. for a list of 

references):  

i. Somatosensory evoked fields following electrical peripheral nerve stimulation, 

ii. Somatosensory evoked fields following mechanical (i.e., tactile) passive 

stimulation, 

iii. Readiness and motor evoked fields, 

iv. CMC, i.e., the coupling between cortical and sEMG signals during isometric 

contraction, 



v. CKC of active or passive continuous movements, 

vi. Rolandic mu (alpha or beta band) rhythm desynchronization/suppression to 

volitional movements. 

 Depending on the area of the SM1 cortex (i.e., face, hand, and foot 

representation) that needs to be located, different MEG functional localizers can be 

used (Table 1). Practical recommendations for i-iii have been developed in details in 

the ACMEGS CPGs. These methods are indeed classically used to obtain MEG 

functional localizers for presurgical SM1 cortex mapping. Here, we will further 

develop the practical advices for iv-vi, which are either methods requiring special 

practical considerations (iv and vi) or newly developed SM1 cortex MEG functional 

localizer (v). Of notice, the general considerations for interpretation of iv-vi do not 

differ substantially from those described in the seminal ACMEGS CPGs.1 Advices 

will be developed for the functional mapping of the hand area but they can easily be 

extrapolated to the face or foot areas. 

 

5.1. Corticomuscular coherence 

5.1.1. Neurophysiological bases 

- During sustained isometric contraction, sEMG signals, representing algebraic sum 

of motor unit action potentials, are coherent with MEG signals recorded from the 

SM1 cortex. This coupling between muscle and cortical activities, referred to as 

CMC, typically occurs at 15–40 Hz over the SM1 cortex contralateral to muscle 

contraction.  

- When studied with MEG, CMC mainly reflects corticospinal communication from 

the M1 cortex, with minimal influence of peripheral afferents. 



- CMC studies have mainly focused on the upper limbs but there are studies that 

have investigated other body parts (lower limbs or face muscles) and that have 

shown that CMC occurs in a somatotopic manner along the M1 cortex. 

- For unknown reasons, CMC is too weak to be detected in 5 min in ~10–30 % of 

healthy individuals.64 Increasing the recording time may help recovering 

significant CMC at the expense of participants’ cooperation. 

5.1.2. Motor task 

- Steady isometric contraction for ~5 min. 

- If available and depending on the muscles under investigation, contraction should 

be performed against a force transducer to provide feedback (visual or auditory) of 

the desired force level to the participant. 

- Force level should be ~8–15% of the maximal voluntary contraction force. Low 

contraction force is recommended to avoid muscle fatigue. 

- Set target force based on patients' maximal voluntary contraction test: 2–3 

maximum contractions, each lasting for 3–4 s, with 2-min rest periods in-between. 

Use the highest force value.  

- In absence of force signal, free-weights (steady work against gravity) or isometric 

co-contraction of both agonist and antagonist muscles (e.g., contracting wrist 

flexors and extensors simultaneously) can be used. 

- For mapping of the hand area of the M1 cortex, pinch (thumb-index finger 

opposition) is typically used.  

- Allow few training trials before actual recording. 

- Participants should avoid eye movements and excessive blinking, and focus on 

maintaining the isometric contraction as steady as possible. 

 



5.1.3. Recording 

- Band pass of 0.03 to 300 Hz with 1000 Hz sampling rate or higher. 

- Record raw data. All signal processing is done post hoc. 

- Use continuous head position tracking if available. 

- Record sEMG from the superficial agonist muscles and, preferably, from all 

accessible synergist muscles to yield multiple cortical source estimates (one for 

each sEMG signal). 

- Use monopolar sEMG recording with one common reference on inactive area (e.g., 

over bony area) and electrode(s) over the target muscles. Compared to bipolar 

recordings, monopolar recordings are less sensitive to variations in electrode 

placement, and provide ~20% stronger CMC level. 

- When available, record force signal to provide real-time feedback, but also to 

discard unsuccessful segments of the data post hoc. 

5.1.4. Data Analysis and preprosessing 

5.1.4.1. Preprocessing 

- When available, use appropriate methods to suppress external interferences and to 

compensate for head movements (e.g., signal-space separation). 

- Band-pass filter MEG signals between 1–195 Hz. 

- Inspect visually all MEG, sEMG and force signals, and discard all unsuccessful 

channels. 

5.1.4.2. CMC analysis 

- Split data into 1000-ms epochs with 800-ms epoch overlap (frequency resolution 

of 1 Hz).  

- Discard MEG epochs contaminated by eye movements, muscle activity, head 

movement, and system artifacts. 



- Normalize individual sEMG epochs by their root mean square (RMS) value. This 

normalization ensures that CMC estimation is minimally affected by changes in 

contraction strategy. 

- Compute power- and cross-spectra, as well as cross-correlograms, between all 

MEG and RMS-normalized sEMG signals. 

- Apply a ±2.5 Hz spectral smoothing. A multitapering approach with 5 tapers can 

be used to that effect.  

- Rectification of the sEMG signal(s) is not recommended. 

- Compute coherence spectra as in ref 775.  

- Inspect the coherence spectra. CMC should peak at ~20 Hz. 

5.1.4.3. Source localization 

- Use the cross-correlograms or the cross-spectrum for source analysis. 

- Band-pass filter the cross-correlograms at 10–45 Hz, and fit an equivalent current 

dipole (ECD) at the timing of the most prominent peak among a fixed selection of 

~40 sensors over the SM1 cortex contralateral to muscle contraction. 

- Alternatively, fit an ECD at the ~20-Hz peak of the cross-spectrum. The cross-

spectrum is complex; both real and imaginary parts can be used. 

- A spherical head model fitted to individual MRI can be used for ECD estimation.  

- ECDs can be visualized on the coregistered individual MRIs. 

 

5.2. Corticokinematic coherence 

5.2.1. Neurophysiological bases 

See 3.2. 

5.2.2. Motor task 

- Self-paced active flexion-extensions of the finger(s) or the toe(s) at 3 Hz. 



- Passive flexion-extensions of the index finger or the big toe by an experimenter at 

1–3 Hz or a stimulator at 1–12 Hz. 

- Movement frequency has to be as constant as possible. 

- Passive movement amplitude can be limited to few millimeters. 

- For active movements, experiment duration needs to be adapted to movement 

frequency (1 Hz, 6–10 min; 2 Hz, 4–8 min; ≥ 3 Hz, 2–3 min). 

- For passive movements generated by a precise movement actuator, the movement 

frequency can be set to 1–12 Hz with a minimum of 1-min recording duration, but 

~3-min is recommended. 

- Earplugs should be used to block auditory noise synchronized with the movements. 

- The moving limb should not be visible to the subject to avoid any visual contact 

with the moving limb.  

- During passive movements, participants can watch a movie to maximize the 

cooperation and keep their vigilance high. 

5.2.3. Recording 

- Band pass of 0.03 to 300 Hz with 1000 Hz sampling rate or higher. 

- Record raw data. All signal processing is done post hoc. 

- Use continuous head position tracking if available. 

- Record movement kinematics synchronously with MEG signals with either a 

MEG-compatible accelerometer placed on the index finger, or sEMG with 

electrodes placed so that they capture the movement frequency from EMG 

amplitude modulation (see CMC part for more information about how to place the 

sEMG electrodes). 

- The testing paradigm should be repeated to assess reproducibility and ensure 

consistent results. 



5.2.4. Data analysis 

5.2.4.1. Preprocessing 

- When available, use appropriate methods to suppress external interferences and to 

correct for head movements (e.g., signal space separation). 

- In case of motion artifacts in the sEMG signals, band-pass the sEMG signals at 

10–195 Hz, otherwise use same filter as for the MEG/EEG signals. 

5.2.4.2. Data analysis 

- Split data into epochs long of ~6 movements cycles and 80 % overlap. i.e. for 3-Hz 

movements, epochs are 2000-ms-long with 1600-ms overlap, leading to a frequency 

resolution of 0.5 Hz. 

- Discard epochs contaminated by eye movements, muscle activity, head movement 

and system artifacts. 

- Compute power- and cross-spectra, as well as cross-correlogram between all MEG 

and movement kinematics signals.  

- Compute coherence spectra as in ref 775. 

- Inspect the coherence spectra. CKC should peak at movement frequency and twice 

movement frequency. 

5.2.4.3. Source localization  

- Use the cross-correlograms or the cross-spectrum for source analysis 

- Filter the cross-correlogram using a band-pass filter that encompasses the coherent 

frequencies (usually, from half the movement frequency to > 5 times movement 

frequency; if movement artifacts are too strong, rise the lower cut off to 1.5 times 

movement frequency). 

- Fit an ECD at the main peak of the filtered cross-correlogram function. 



- Alternatively, fit an ECD at the peaks of the cross-spectrum. The cross-spectrum is 

complex; both real and imaginary parts can be used. 

- If required, use a subselection of (>40) MEG sensors centered over the SM1 cortex 

contralateral to the moving limb. 

- ECDs can be visualized on the coregistered individual MRIs. 

 

5.3. Rolandic mu rhythm desynchronization/suppression to volitional movements 

5.3.1. Neurophysiological bases 

- The rolandic mu rhythm is characterized by two main frequency components 

peaking at ~10 Hz (alpha component) and ~20 Hz (beta component) that appear to 

be related to different functional processes: the alpha component mainly (but not 

exclusively) reflects somatosensory cortical processes, while the beta component 

appears predominantly involved in motor cortex function. 

- The two components of the mu rhythm are transiently suppressed during movements 

and subsequently enhanced shortly after movements offset. 

- The 20-Hz-movement-related modulation is organized in a somatotopic manner 

along the precentral gyrus while this is less clear for the 10 Hz modulation, which 

has been shown to mainly occur close to the hand region of the postcentral gyrus 

regardless of the body part moved. 

- Movement-related suppression seems to represent an active state of the sensorimotor 

network while, movement-related enhancement is thought to reflect cortical 

inhibition, active cortical stabilization or suppression, or an active motor process 

keeping responsiveness to future movements (the "status quo" hypothesis). 

5.3.2. Motor task 

- Single self-paced or auditorily-/visually-cued brisk movements of the fingers (e.g., 



fingers extensions), toes (e.g., toes extensions) or lips (e.g., lips pouting). 

- 100–200 movements should be performed at an interval of about 3 s (2.5–3.5 s 

random inter-movement interval when cued). 

- When cued, participants should react as quickly as possible while avoiding any 

anticipation or counting. 

- Participants should keep their eyes opened and avoid looking at the moving limb. 

5.3.3. Recording 

- Band pass of 0.03 to 300 Hz with 1000 Hz sampling rate or higher. 

- Record raw data. All signal processing is done post hoc. On-line averages are 

recommended to check the responses during the recording. 

- Use continuous head position tracking if available. 

- Optimally, sEMG should be used to capture movement onsets. This is necessary for 

self-paced movements. 

5.3.4. Data analysis 

5.3.4.1. Preprocessing 

- When available, use appropriate methods to suppress external interferences and to 

correct for head movements (e.g., signal space separation). 

 5.3.4.2. Data analysis 

- Split data into 3500-ms epochs extracted from -1500 to 2000 ms relative to 

movement onsets if available or sensory cues otherwise. 

- Discard epochs contaminated by eye movements, muscle activity, head movement 

and system artifacts. 

- Apply a Morlet wavelet-based time-frequency decomposition to the remaining 

epochs with a standard time-frequency compromise (7-cycle wavelets).  

- Compute the evolution of the average power of the wavelet coefficients.  



- Identify the timing of minimal power, relative to a reference interval (chosen from –

1000 to –500 ms with respect to movement onset), separately at ~10 Hz and ~20 Hz. 

5.3.4.3. Source localization 

- For both frequency components, use a distributed source model (e.g., minimum 

norm estimate) or a spatial filter approach (e.g., minimum variance beamformer) to 

estimate the mean power at the identified timing and in the baseline. 

- Use a whole-brain-covering source space. 

- For both frequency components, visualize the ratio between the power at the 

identified timing and that in the baseline on individual anatomical MRI. Local 

power minima should localize at the SM1 cortex, usually bilaterally.  

- ECDs can be visualized on the coregistered individual MRIs. 

 

6. Conclusions 

 MEG is a neurophysiological technique that, when combined with structural 

MRI, makes it possible to map noninvasively the functionally eloquent cortices by 

investigating different features of human cortical activity. Considering the available 

literature and the clear advantages of MEG over fMRI, MEG should now be 

considered as a method of reference for presurgical functional brain mapping. Recent 

advances generalize the use of MEG functional mapping of the SM1 cortex to patients 

who could hitherto not be considered candidates for such MEG mapping procedure. 

Efforts should be made to promote and disseminate the knowledge about the manifest 

interests and strengths of MEG for this clinical indication. 
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9. Legend of the figure 
9.1. Figure 1. 
 Functional mapping of the SM1 cortex obtained in one patient with a 

hypersignal MRI lesion at the level of the SM1 hand area. Location of classical MEG 

functional localizers (left axial slice and insert zoom; MNES: median nerve electrical 

stimulation, CMC: corticomuscular coherence, CKC: cortico-kinematic coherence) is 

compared with those of the resting state functional connectivity (rsFC) localizer (right 

axial slice and insert zoon) relying on beta-band envelope correlation. The seed (white 

round) used to compute rsFC was located at the SM1 hand area in the non-affected 

hemisphere. Good anatomical correspondence was observed between classical MEG 

functional localizers and MEG rsFC maximum in the affected hemisphere. This figure 

is provided by courtesy of Nicolas Coquelet et Evelien Carrette.  

 


