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SUMMARY: Magnetoencephalography is a non-invasive method for the study of electromagnetic brain activ-

ity in humans. Using multi-channel recordings the topography of the magnetic field can be recorded over the

scalp with a temporal resolution of less than one millisecond. The method is suitable for the description and lo-

calization of cortical brain functions. The magnetic field strength that can be measured currently at up to 300

sensors is in the range of a few femto-Tesla (10-15 T) to some pico-Tesla (10-12 T). In order to measure these low

magnetic fields, highly sensitive detectors are used. Appropriate shielded equipment is additionally employed

to reduce effects of noise. Besides brain responses evoked by internal and external events (event related mag-

netic fields), state-dependant oscillatory brain activity can be recorded (spontaneous activity). Slow cortical os-

cillations in the range of 1 to 4 Hz are generated by damage of brain tissue and in the surrounding of brain tu-

mors. In neurosurgery these activities can be used to monitor therapeutic success. Furthermore, oscillatory ac-

tivities provide information about cortical regions involved in motor control. The measurement of motor relat-

ed activities allows for the identification of recovery processes and reorganization after brain injury. Event re-

lated magnetic brain responses are used in presurgical diagnosis and planning of treatment in epilepsy. In ad-

dition, they can be utilized to assess alterations in the functional organization of the cortex following injuries,

tumor growth and neurosurgical interventions.
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Applicazioni della magnetoencefalografia in neurochirurgia

RIASSUNTO: La magnetoencefalografia è una procedura non invasiva per lo studio dell’attività elettroma-

gnetica del cervello umano. Utilizzando le rilevazioni multi-canale è possibile ottenere attraverso lo scalpo la

rilevazione topografica del campo magnetico con rapporto temporale inferiore a un millisecondo e quindi la

descrizione e la mappatura delle funzioni della corteccia cerebrale. L’intensità del campo magnetico viene mi-

surata impiegando fino a 300 sensori in un range che va da alcuni femto-Tesla (10-15 T) ad alcuni pico-Tesla

(10-12 T). Per poter rilevare questi campi magnetici a bassa intensità si utilizzano rilevatori altamente sensibi-

li. Un adeguato sistema di schermatura è inoltre utilizzato per ridurre gli effetti del rumore. Oltre alle risposte

cerebrali evocate da eventi interni ed esterni (campi magnetici evento-dipendenti) si può registrare anche l’at-

tività oscillatoria stato-dipendente dell’encefalo (attività spontanea). Oscillazioni corticali di bassa entità con

una variazione da 1 a 4 Hz sono causate da danni al tessuto cerebrale e localizzate nelle vicinanze di tumori

cerebrali. In neuroscienze queste attività possono essere utilizzate per valutare se c’è stato successo terapeuti-

co. Per questo motivo l’attività oscillatoria fornisce informazioni sui distretti cerebrali coinvolti nel controllo
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INTRODUCTION

The human brain is organized with respect to anato-

my, histology, and function. Functional organization

of the brain implies that specific brain functions are

localized in dedicated brain areas. Although the gross

organization of mature’s brain function is virtually

the same between individuals, there are still some in-

tersubject variations. This becomes more evident for

areas that are responsible for high cognitive func-

tions, such as language(23). When brain surgery is

planned, a detailed representation of brain functions

is required in order to anticipate and minimize iatro-

genetic impairments, and maintain or even improve

patients’ quality of life. Especially in case of brain tu-

mors, where the tumor’s growing displaces gyri and

sulci, the knowledge of brain regions’ functional sig-

nificance becomes crucial as well as the correspon-

ding topology of fiber tracts. Moreover, reorganiza-

tion of brain functions has also to be considered in

slowly growing tumors. It has been shown for exam-

ple that language-specific areas shift from their orig-

inal positions due to brain lesions(8,11). Planning a pa-

tient’s surgery, it is therefore not enough to rely on

the knowledge about the localization of brain func-

tions based on atlases obtained from normal subjects.

In presurgical diagnosis, the localization of brain

functions and thus the results and conclusions from

the examination rely only on single subject data

rather than on data from a group of patients. The

Signal-to-Noise Ratio (SNR) is thus relatively poor

and disadvantageous in comparison with large group

studies, where the environmental noise and the brain

background activity not related to the function of in-

terest is largely averaged out. The objectivity and re-

liability of the presurgical examinations are therefore

limited. Moreover, another difficulty in presurgical

diagnosis arises from the fact that results and their in-

terpretation are required immediately after finishing

the examination, leaving only little time for more so-

phisticated analyses.

Functional brain mapping techniques provide clues

on the functional neuroanatomy of cognitive func-

tions. This information can be used in an individual

patient to delineate the brain areas subserving a cere-

bral function that might be compromised by surgery

in a nearby location, or to target a functional neuro-

surgical procedure(20). Positron Emission Tomography

(PET) and functional Magnetic Resonance Imaging

(fMRI) are the most widely used brain mapping tech-

niques. While they offer excellent localization accu-

racy, they present a poor temporal resolution missing

the real time dynamics of normal or pathological cor-

tical activity. Electroencephalography (EEG) and

Magnetoencephalography (MEG) offer the sufficient

sub-millisecond temporal resolution to reveal func-

tional organization and temporal exploration of com-

plex cognitive functions. In comparison to EEG,

MEG has further the advantage of better localiza-

tion(17). It records non-invasively magnetic fields out-

side the head, which are generated by mass neuronal

activity of the brain(13). Using state-of-the-art tech-

niques, the magnetic field is spatially sampled at up

to 300 sensor positions in the vicinity of the head. In

contrast to other techniques, like PET, fMRI and

Transcranial Magnetic Stimulation (TMS), MEG is

completely passive allowing the study of brain func-

tion without applying any kind of possibly harmful

radiation or other form of energy to the subject.

In clinical practice, MEG has so far been used main-

ly for the detection and localization of paroxysmal

epileptiform abnormalities in evaluating patients for

epilepsy surgery. Its use in other fields of neuro-

surgery is under debate. MEG has been successfully

used to localize the primary sensory cortices (visual,

auditory, or somatosensory), and areas involved with

receptive language function. In the present paper, we

critically review the current experience with MEG

applications in neurosurgery, and we discuss the per-

spectives on how to improve its application for the fi-

nal assistance of the physician and the overall benefit

of patients. We start with the technical and physio-

logical basis of MEG and its application in the local-

ization of brain functions. Examples of the applica-

tion of MEG in prediagnostic surgery are also pro-

vided.
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motorio. La rilevazione di attività collegate alla sfera motoria consente di definire se sono in corso processi

di guarigione e di riorganizzazione successivi a traumi cerebrali. Le risposte cerebrali evento-dipendenti pos-

sono essere impiegate nella diagnosi prechirurgica e nella pianificazione dei trattamenti antiepilettici. Inoltre

possono anche essere usate per valutare le alterazioni avvenute nella corteccia cerebrale in seguito a traumi,

a crescita della massa tumorale o a neurochirurgia.

PAROLE CHIAVE: Linguaggio, Magnetoencefalografia, Neurochirurgia, Tumore.



PHYSIOLOGICAL BASIS 

OF MEG-SIGNALS 

AND ITS MEASUREMENT

Information processing in the brain is re-

lated to electrical activity of neurons.

Electrical activities emerge on a micro-

scopic level and add up to a macroscopi-

cally recordable signal, if about 10.000

neurons are active in synchrony(14). Syn-

chronicity is only one prerequisite for a-

chieving a macroscopic signal. In addi-

tion, neurons also have to be located close

to each other and oriented in parallel(14).

The neurons fulfilling the requirements

for brain signals, measurable at a macro-

scopic level, are cortical pyramidal cells.

The longitudinal axes of these cells are

oriented highly in parallel and extend per-

pendicular to the cortical surface. Pyrami-

dal cells are assumed to be the main con-

tributors to the MEG and EEG signals.

In pyramidal cells, information is trans-

mitted from the soma to subsequent neu-

rons via the axon by means of action po-

tentials. Depolarization at the dendritic

part of the neurons causes an electrical

current across the membrane giving rise

for intracellular (primary current, modelled as dipole

vector) and extracellular currents (secondary or vol-

ume current) (Figure 1). Secondary currents spread

not only across brain tissue but also flow through the

cerebro-spinal fluid, skull and scalp. According to

Ohm’s law, there is a decay of voltage along the cur-

rent path. In EEG, the voltage changes due to currents

on the head surface are measured. In MEG, the mag-

netic fields associated with brain currents are record-

ed. Following Biot-Savart’s law, currents generate a

magnetic field circular to the direction of the current

flow. At a certain sensor near the head surface, the

superposition of magnetic fields generated by the to-

tal current distribution of primary and secondary cur-

rents is captured. The secondary currents are affected

by the electrical and geometrical properties of the dif-

ferent tissue layers surrounding the brain (cerebro-

spinal fluid, skull and scalp). Assuming a spherical

head with concentric shells for the different tissue

layers, it can be shown that the magnetic fields meas-

ured near the head surface do not depend on the con-

ductivity of the different shells. Contrarily, the volt-

age distribution on the scalp measured with EEG is

sensitive to the layers thickness and its conductivities

even if a spherical head is assumed. The big advan-

tage of MEG compared to EEG becomes evident:

while EEG based solutions are more susceptible to

the correct head model choice, MEG is not. However,

MEG is sensitive only to tangentially oriented pri-

mary currents and relatively insensitive to radially

oriented sources and sources located near the center

of the head(37).

TECHNICAL ASPECTS 

OF MAGNETOENCEPHALOGRAPHY

The strength of the magnetic fields that are generated

by neuroelectric brain currents (in the range of micro

Ampere) ranges between a few femto-Tesla (fT = 10-15

T) to some pico-Tesla (pT = 10-12 T) and are roughly

one billionth of the earth’s magnetic field. Special su-

perconducting detectors are required to measure these

low magnetic fields, and optimally all possible

sources of interference should be eliminated. To

achieve superconductivity, sensors are housed by a
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Figure 1. A. The anatomical structure of neurons comprises the dendrit-
ic arbor, soma und axon. B. The activation of a neuron at the dendrites is
accompanied by an influx of Na+-ions in the cell yielding a current sink
relative to the extracellular space (�-Pol). In the surrounding of the
synaptic cleft outwards directed compensatory trans-membrane currents
(Itrans, black arrow) emerge representing a current source (�-Pol). Dis-
placements of charges are related to intra- (Iprimary, blue arrows) and ex-
tracellular currents (Isecondary, green arrows). C. According to Biot-
Savart’s law magnetic fields (red arrows) are generated by the currents.
However, secondary currents do not contribute to the externally meas-
ured magnetic field as long as the shape of the head can be modelled by
a conducting sphere.



Dewar filled with liquid helium (Figure 2), which

cools the electronic circuits down to - 270 °C by con-

stant evaporation. To suppress external magnetic dis-

turbances, the measurements are usually performed

in a shielded room (Figure 2). Further means of noise

suppression involve the usage of filters and recording

techniques that enhance the sensitivity to nearby

sources and dampen the sensitive to sources further

away from the head (gradiometers).

Current MEG systems are equipped with up to 300

sensors that cover large parts of the brain. From the to-

pography of the magnetic field in the vicinity of the

head, the origin of the magnetic brain activity can be

estimated in three-dimensional space. In order to re-

late the localized activity to certain brain structure,

anatomical Magnetic Resonance (MR) images are

coregistred with the MEG. To this aim localization

coils are attached to the patient’s head (Figure 3). Prior

to the examination alternating current of different fre-

quencies is sent to the coils. The magnetic field of the

activated coils is recorded by the MEG sensors, and

the coil position is calculated. In a second step, coils

are replaced by vitamin E capsules and the patient is

sent to the MR scanner. Vitamin E capsules are clear-

ly visible in the MR scans. Coil and marker positions

are matched by translation and rotation of the MEG

coordinate system to the reference system of the MR.

By applying the same spatial transformation source lo-

calization results in MEG can be superimposed on

Magentic Resonance Imaging (MRI) scans and brain

areas related to the magnetic activity can be identified.

THE INVERSE PROBLEM 

AND ITS SOLUTION

Applications of MEG in neurosurgery primarily aim

at the localization of neuronal activity’s generators.

However, any given magnetic field distribution can be

generated by an infinite number of source configura-

tions(35). The task of determining the neural generators

from the MEG measurements, referred to as the bio-

magnetic inverse problem, is not unambiguously solv-

able at the theoretical level. In practice, the non-

uniqueness of the solutions is often benign, as in many

situations there is little difference between the possi-

ble solutions if reasonable constraints are imposed.

Therefore, additional constraints and a priori knowl-

edge allows the estimation of the underlying neural

distribution that explains the recorded MEG signals.

In principle there are two types of inverse solutions:

focal point-like sources and extended sources. Focal

sources model MEG signals by a few Equivalent Cur-

rent Dipoles (ECDs)(30). Their positions, orientations
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Figure 2. A. A subject is prepared for a measurement with a 151 channel Magnetoencephalography: MEG system (CTF Inc.,
Vancouver, Canada). Human subjects can be scanned in fully supine and seated positions. B. The MEG system is placed in the
magnetically shielded room. The shielded room is designed by using layers of non-ferrous metals and special alloys that attenuate
(absorb) the large magnetic and electric stray fields which may originate from a multitude of outside sources.

BA



and strengths are estimated from the data by dipole-

fitting algorithms. The assumption of focal activation

is valid when studying representations in primary ar-

eas (i.e. primary motor cortex). However, this as-

sumption might not be applicable for the determina-

tion of neuronal sources of higher cognitive process-

es like speech perception and production, where the

brain activations are more distributed over an extend-

ed area. In these cases, ECD methods perform poor-

ly(27). Distributed source localization methods have

been proposed to overcome this problem. These meth-

ods provide images of magnetic neural activations

throughout a predefined source space(15). Beamformer

approaches make an alternative family of MEG

source estimation methods, designed to provide an

estimate of source current at a fixed location. Al-

though numerous inverse solutions, each using im-

plicit or explicit different constraints, have been pro-

posed for tackling the biomagnetic inverse problem,

no method so far has established itself as the method

of choice. The practical question thus remains: how

consistent are these solutions and how successfully

represent the underlying neural activity.

The complexity of human head models influences the

neuromagnetic fields and the MEG inverse source lo-

calizations. Although the problem is less critical than

in EEG, still different layers of tissue between the

source and the sensor locations, such as, scalp, fat,

skull and muscle severely influence the MEGs

recordings, and thus the localization accuracy of

MEG. Most techniques for solving the inverse MEG

problem require accurate forward modelling, describ-

ing how neuronal currents lead to magnetic fields at

the Superconducting Quantum Interference Device

(SQUID) sensors. In practice, simplified head ge-

ometries are applied. However, these models describe

the head geometry and its electrical properties only

up to a certain degree introducing additional localiza-

tion errors. During the last years, more accurate solu-

tions to the forward problem have been proposed us-

ing anatomical information obtained from high-reso-

lution volumetric images with MR or X-ray Com-

puted Tomography (CT) imaging.

THE MEG LOCALIZATION ACCURACY

At a more practical level, there is a large number of

variables that affect the localization accuracy of

MEG. In general, the localization error strongly in-

creases with the increase of simultaneously active

sources. Additional sources that negatively affect lo-

calization accuracy can be attributed to technical and

biological noise. Whether two simultaneously acti-

vated sources can be separated from each other de-

pends very much on the location of the sources, their

orientation and their temporal activation profile. The

spatial resolution of two simultaneously active
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Figure 3. The coils attached on the subject’s head. Often left and right preauricular points and nasion are used. In addition, two ex-
tra coils placed on the left and right subject’s forehead allowing more accurate co-registration.



sources is in the range of one centimeter under favor-

able conditions. The accuracy with which a single

source can be localized is much better, and for super-

ficial sources might reach 1-2 mm. Technical distur-

bances of the MEG signal might arise from signal

drifts attributable to the recording system. Another

ubiquitous source of interference is the 50 or 60 Hz

power line frequency. Furthermore, magnetic parti-

cles in the body of the patient like tooth braces and

other kind of ferromagnetic implants or objects are

sources of disturbance. While the effect of the above

variables on the localization accuracy might be esti-

mated from phantom studies(17,24,25,27), effects of biolog-

ical noise are more difficult to assess. Biological

noise originates from head and eye-movements as

well as from heart and muscular activity. Brain

processes that are not related to the task that is stud-

ied are also regarded as noise sources blurring the

brain activity that is under examination. In general,

any decrease of the SNR of the magnetic brain activ-

ity causes a worsening of the localization accuracy.

Further sources of localization errors are introduced

by the co-registration procedures. Small shifts of the

vitamin E capsules due to careless preparation of the

patient, but also due to skin shifts during head fixa-

tion in the MR scanner can introduce considerable

co-registration errors. Patient’s head movements dur-

ing the MEG recording session can cause localization

errors, too. Recent techniques allow the continuous

head localization within a recording session, control-

ling and correcting the head movements during the

measurements and reducing the problem of head-

movements to some extent. 

OPTIMIZING THE MEG

LOCALIZATION ACCURACY

To optimize the MEG localization accuracy: (1) high

quality equipment is necessary that is under constant

maintenance and regular calibration, (2) careful pa-

tient preparation is mandatory, involving positioning

of coils and markers for co-registration and thorough

positioning of the patient, such that movements dur-

ing the measurements are minimized, and (3) stan-

dardized tasks should be developed that allow the op-

timal study of specific brain functions and the com-

parison of the results with normal data. It can be also

helpful to include(4) control tasks for which the corre-

sponding neural generators are not affected by the tu-

mor and can be easily localized with high precision.

The employment of this type of functional markers

might serve as control for the quality of co-registra-

tion. Finally, (5) objective and robust analysis meth-

ods that provide also information on the reliability of

the obtained results are crucial. 

APPLICATION FOR THE LOCALIZATION

OF SENSORY AND MOTOR CORTEX

For the localization of the primary somatosensory ar-

eas, patients are stimulated tactilely and the magnetic

brain responses are recorded. To obtain a reasonably

good SNR, the stimulation is repeated many times

and the elicited brain responses are averaged off-line.

Under optimal conditions, the absolute localization

accuracy is assumed to be around 2-5 mm. For the lo-

calization of primary motor cortex, patients usually

perform self-paced finger movements and the brain

responses locked to movement-onset are analyzed.

While primary somatosensory areas can be localized

with good accuracy, the localization of motor cortex

seems to be more difficult. The motor evoked mag-

netic field is composed of components that represent

activities generated in premotor cortex, primary mo-

tor cortex and somatosensory areas. In a study by

Castillo et al.(4), subjects were asked to respond with a

full hand extension, followed by a passive return to

the original resting position, immediately after they

felt a brief pressure pulse on their right index finger.

Somatosensory and motor evoked fields of six surgi-

cal candidate patients with perirolandic brain lesions

were analyzed. Their results were compared to the lo-

calization results obtained by subdural recordings of

brain activity from four patients that underwent sur-

gery after median nerve electrical stimulation and

electrical stimulation of the precentral gyrus. For the

localization, an ECD model was used. The Authors

claimed a high agreement of the non-invasively re-

sults obtained with MEG with those obtained by us-

ing the invasive recordings. Using their approach,

they localized with high accuracy the primary so-

matosensory cortex and the primary motor cortex

contralateral to the stimulation and the finger move-

ment respectively. They concluded that their approach

could be helpful in the optimization of surgical proce-

dures when perirolandic areas are compromised.

Other recent reports are in contrast with the afore-

mentioned findings. Lin et al.(18) collected MEG data

from affected and unaffected hemispheres of patients

during the performance of voluntary finger flexion
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movements. The data were analyzed using single

ECDs. They concluded that “... single-dipole local-

ization for the analysis of motor data is not suffi-

ciently sensitive and is non-specific and thus not clin-

ically useful”. Since source localization results for

somatosensory cortex did not significantly differ

from those for motor cortex they suggested that for

example the cortical representation of mouth move-

ments could be inferred by identifying the mouth rep-

resentation in primary somatosensory cortex using

tactile stimulation. Also the use of more advanced in-

verse solutions, like beamformer modelling, has been

suggested as an alternative to the widely used single-

dipole approach(22).

The controversy related to the localization of primary

motor cortex indicates that there is high variability ei-

ther in patients’ responses or in localization precision

of the analyses procedures giving good results in

some studies but not in others. It is evident that this

lack of reliability in the brain function’s localization

challenges the presurgical diagnostic procedure using

MEG, in particular if no measure of quality is provid-

ed with the localization results. It is thus strongly sug-

gested to give together with the localization results

some information about their reliability. For example,

specifying the confidence volume of a source local-

ization result indicating the brain volume that con-

tains the true generator position with a probability of

95%, may help to get an idea about the information

content given to the neurosurgeon. Furthermore,

methods both for the recording and the analysis need

to be standardized in order to make sure that methods

which work well in one lab yield the same results in

another lab independently from the operator, the ana-

lyst of the data, or the co-registration procedure.

Systematic research is needed to explore optimal de-

signs and robust analysis procedures. Studies assess-

ing the localization of brain sources should fulfill a

minimal standard in order to allow the comparison

and proper interpretation of results. To reduce the ef-

fects of unsystematic errors, the recordings should be

repeated many times and averaged thereafter. Results

should be verified using alternative paradigms and

imaging methods. For example, results obtained in

MEG could be confirmed by fMRI and vice versa us-

ing the same stimulation and task(21). Although the us-

age of alternative approaches conflicts with the re-

quest to provide results fast and cheap, it is also clear

that unreliable results that cannot be judged are of no

use for neurosurgery.

For the localization of motor functions in presurgical

diagnosis, only movement-evoked fields have so far

been used. It is evident that by looking at other meas-

ures, such as the cortico-muscular coherence, we can

assess the primary motor cortex localization with

higher precision(1,10). During isometric contraction, for

example in a finger grip task, the myoelectric activi-

ty of the finger muscles (abductor pollicis brevis) os-

cillates in the frequency range of beta band with a

constant phase coupling with respect to the motor

cortex(10). Extracting brain activity from the MEG sig-

nal that is in coherence with the muscular activity, we

can identify the location of the primary motor cortex.

Although this signal has also reported to suffer from

considerable intersubject variability(28), it still pro-

vides additional, useful information that might cor-

roborate findings from evoked motor fields. Finally,

new developments in the analysis of cortico-motor

coherence can give more robust estimates for the to-

pography and thus the localization of the generators

of cortico-motor coherence. Since the recording time

to get this information is less than five minutes, this

approach represents an excellent means to improve

the accuracy for the localization of motor cortex.

APPLICATION FOR THE LOCALIZATION

OF LANGUAGE CORTEX

Diverse functional brain imaging techniques have

demonstrated language laterization in normal sub-

jects(29,34) both left- and right-handed(33) and tumor pa-

tients(5,32). While the hemispheric dominance is well

pronounced for speech production, it is usually less

clear for speech understanding. In neurosurgery, one

of the most important questions in presurgical diag-

nosis is to which hemisphere language functions are

lateralized in an individual patient. A potential loss of

language capabilities due to surgery can alter dramat-

ically the patient’s quality of life. If it is to be decided

a complete tumor resection or a preservation of lan-

guage, a more conservative strategy should be chosen

saving the language function. Incomplete resection of

tumors in the vicinity of language areas have also

been proposed to allow for reorganization processes

shifting language function to the non-dominant hemi-

sphere, which seem to be much more difficult to take

place after complete resection(8). 

The gold standard for determining the dominant

hemisphere for language is the Wada Test(36). In this

test one hemisphere is anaesthetized by infusing bar-

biturate agents in one of the two carotids. Then the pa-
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tient has to perform language-related tasks. The same

procedure is repeated for the other hemisphere. De-

pending on whether the patient makes mistakes dur-

ing the first or the second infusion the lateralization of

language can be inferred. Although the Wada Test is a

well-established preoperative technique, there have

been a number of concerns regarding its use(6,7,38).

Functional mapping techniques, such as MEG, pro-

vide a realistic alternative to the Wada Test. The idea

that language mapping with MEG can be clinically

useful in brain surgeries has been emerging during the

past decades in a series of studies(2,3,31). More recently,

Papanicolaou et al.(26) evaluated the sensitivity and se-

lectivity of MEG for determining hemispheric domi-

nance for language functions. MEG findings were

compared to the outcome of the Wada Test. In the

Wada Test four language-related tasks were used. A

failure in at least two out of the four tasks during

anaesthesia of one hemisphere was regarded as a pos-

itive test result. Whenever a positive result was found

only for one hemisphere a lateralization of language

to this hemisphere was assumed. In case of positive

results on either side or in case of no positive results,

a bilateral language representation was assumed.

During the second part of the experiment involving

the MEG measurements, patients performed a memo-

ry recognition task for spoken words. They were ex-

posed to a series of auditory stimuli in the form of

words. Patients were instructed to attend to each word

and determine whether it had been presented earlier in

the list. Event Related Fields (ERF) were recorded

and averaged off-line. The resulting ERFs consisted

in all cases of an early and a late brain response (Fig-

ure 4 A). A dipole was fitted to the averaged data for

each sample-point. Source solutions were considered

to be satisfactory if they were associated with a cor-

relation coefficient of at least 0.9 between the ob-

served and the best predicted magnetic field distribu-
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BA Figure 4. A. Tracking of
averaged Event Relat-
ed Fields (ERF) wave-
forms recorded from
the entire set of 148
magnetometer sensors
during a typical MEG
recording session. Only
the upper tracking was
further processed. The
other two (at the center
and at the lower part)
were not further an-
alyzed due to exces-
sive contamination by
large-amplitude rhyth-
mic background activi-
ty (central), and signif-
icant lateral asymme-
try (lower), respective-
ly. B. Typical activation
profiles obtained in pa-
tients with left (upper) or
right-hemisphere dom-
inance (lower), or bihem-
ispheric representation
of language function
(center). Each activa-
tion profile represents
sources computed af-
ter initial sensory activa-
tion (> 200 ms poststimu-
lus onset) and were ac-
tually localized within
1.5 cm from the sagittal
slice selected for display
(The figure is reprint
with permission from
Papanicolaou et al.(26)).



tion. The number of dipoles that were localized in the

left and in the right hemisphere was summed (Figure

4 B) and a lateralization index was estimated. Com-

paring MEG-based findings of language lateralization

with the result of the Wada Test yielded a good corre-

spondence. Results yielded a sensitivity of 98% and

specificity of 83%. These values seem to be quite high

and support the validity of this approach. However, al-

though a correlation of 0.9 between the predicted and

the observed field appears to be quite high, there is

still 20% of variance not explained by the model.

Since language processing involves a number of

brain processes going on in parallel single dipole

model appears not to be sufficient. In addition, one

has to assume that cortical areas involved in language

processing are more extended than representations of

single limbs in somatosensory cortex. For these rea-

sons, the appropriateness of single dipole modelling

is questionable. Similar studies to the one of Papa-

nicolaou et al.(26) have been conducted by Grummich

et al.(12), and Ganslandt et al.(9). In these reports, MEG

mapping data were combined with fMRI results.

They concluded that the measurement by both MEG

and fMRI increases the degree of reliability of lan-

guage area localization and thus the reliability of the

presurgical procedure.

CRITICAL REVIEW

To justify the usefulness of MEG in presurgical diag-

nosis, different perspectives have to be taken into ac-

count. The benefit might be different for researchers

than physicians or patients. Health agencies’ and in-

surance companies’ viewpoint should also be consid-

ered. From a scientific perspective, one might argue

that there is sufficient evidence that brain function

can be localized with good accuracy even in single

individuals. As mentioned above, high levels of sen-

sitivity and specificity have been reported. With re-

spect to the localization of language, there are some

studies indicating that MEG can possibly replace the

Wada Test. However, despite some years of research

there are still no standardized procedures that fulfill

the requirements of an approved diagnostic tool with

high objectivity, reliability, and validity. It would be

thus very helpful for the physician to know for every

single case how strongly he can rely on the presented

results. Providing this information might help over-

come the reservations in adopting MEG as a standard

clinical tool. The appraisal of the usefulness of MEG

in neurosurgery given by the current literature might

be too optimistic due to the bias towards successful

studies in the publication of scientific research.

Studies showing no positive contribution of function-

al imaging methods in presurgical diagnosis are vir-

tually not publishable.

From the perspective of the health care system, in-

cluding health agencies and insurances, not only a po-

tentially positive contribution to the outcome of a

therapy is relevant but also financial aspects become

important. Looking at the US health care system, the

necessity of having non-invasive functional imaging

tools available in the planning of neurosurgery has

been acknowledged by defining a Current Procedural

Terminology (CPT) code that allows for the billing of

the diagnostic procedure. However, looking at maxi-

mal costs that can be reimbursed the picture becomes

less optimistic: from 2005 to 2006 refunds have been

halved. The policy of insurance companies is even

worse (Figure 5). Interestingly, the presurgical diag-

nostic procedure based on the technique of fMRI,

which presents similar limitations with MEG in terms

of sensitivity and specificity, seems to be well accept-

ed by the insurance companies.

The patient’s perspective is to obtain the best avail-
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Figure 5. The clinical policy bulletin of Aetna insurance com-
pany regarding the clinical usefulness of MEG and other mag-
netic source imaging techniques.



able diagnosis with the lowest risk. Even in cases

where the clinical use is not predictable beforehand -

like it might be the case for presurgical diagnosis

based on functional imaging - a patient might prefer

to get the diagnosis, especially if this is with no risk.

Limiting factors, however, might be the examination

cost in cases where the overall budget for diagnosis

and therapy is limited.

PERSPECTIVES OF MEG

FOR THE LOCALIZATION 

OF BRAIN FUNCTIONS

IN NEUROSURGERY

Limited sensitivity of functional imaging based pre-

surgical diagnosis can be overcome by the combina-

tion of different neuroimaging techniques. A multi-

modal approach for the cross-validation of findings

might even be helpful to

get new information that

cannot be yielded using

one approach alone. The

different imaging modali-

ties differ largely with re-

spect to spatial and tempo-

ral resolution and with re-

spect to what conclusions

can be drawn from the re-

sults. While MEG has an

excellent temporal resolu-

tion, MRI and fMRI have

a high spatial resolution.

Diffusion Tensor Imaging

(DTI) techniques provide

information of the fiber

connections’anatomy. TMS

like coherence analysis in

MEG and fMRI are help-

ful to understand the func-

tional connectivity. We

will here present two ex-

amples that may indicate

the future direction of pre-

surgical diagnosis:

1. MEG-based navigated

transcranial magnetic

stimulation. Stimulating

patients above primary

motor cortex using TMS,

the homuncular organi-

zation of primary motor

cortex (M1) can be inferred. Since in tumor patients

the location of primary motor cortex might be relo-

cated due to space demanding growth of a tumor, it

is not easily possible to identify motor cortex effi-

ciently. Even if the accuracy of MEG and fMRI lo-

calization results is not optimal, they might serve

as a first guess for the positioning of the TMS

coils. By stimulating not only at the presumed mo-

tor cortex localization but also in its near sur-

rounding, results can be verified and refined(19).

2. Localizing the language-related areas and fibers.

Impairments of functions due to neurosurgery do

not only arise by damaging and resecting the cor-

tical areas but also by dissecting fiber connection

transmitting information to and from this area. In

language, the arcuate fasciculus plays an important

role for the communication between Wernike’s and

Broca’s area that are relevant for speech under-
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Figure 6. A. A fractional anisotropy
map demonstrating higher anisotropic
components, such as the arcuate fas-
ciculus (red arrow) and cortico-spinal
tract (white arrow), as white areas.
B. A color vector map showing the
fibers in the antero-posterior orienta-
tion, including the arcuate fasciculus
(red arrow) and cortico-spinal tract
(white arrow), which appear as green
and blue areas, respectively. C.Three-
dimensional reconstructions of func-
tional information, including fMRI acti-
vation during a language task (red),
MEG dipoles from the MEG language
task (blue) and results of arcuate fas-
ciculus tractography (orange) (The
figure is reprint with permission from
Kamada et al.(16)).

A B
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standing and production respectively. Fiber con-

nections can be inferred by using DTI technique

(Figure 6). Although this method does not visual-

ize fiber tracts per se, the preferred diffusion di-

rection can at least give some indication about the

topology of white matter connections(16). In order to

reconstruct the ‘fiber connections’ from the diffu-

sion images a seed point or area has to be specified

through which the ‘fibers’ pass. Functional imag-

ine using MEG or fMRI is one way to define the

seed areas. Kamada et al.(16) have used MEG for the

localization of Wernike’s area and fMRI for the

identification of Broca’s area. Using these areas as

starting points for fiber tracking they were able to

reconstruct the arcuate fasciculus. Localization re-

sults have been verified intraoperatively. Stimu-

lating Broca’s area speech arrest was induced.

While stimulating at the fundus of the resection

area, that was supposed to be the area of the arcu-

ate fasciculus according to DTI based tractogra-

phy, paranomia was observed (Figure 7).

CONCLUSIONS

There is strong consensus that the primary soma-

tosensory area can be localized with high spatial ac-

curacy. The localization of motor functions and the

lateralization of language are however less clear.

Good equipment and careful performance of the

measurements are prerequisites for good localization

accuracy. Standardized procedures for the study of

certain brain functions as well as for the analysis of

the recorded MEG data are largely missing. An agree-

ment on tasks that optimally allow the localization of

brain functions is necessary. Furthermore, objective

data analysis procedures are required that minimize

the intervention of the examiner. These measures

should keep the time for the examination and evalua-

tion short and might reduce costs that hinder a broad

application of MEG in presurgical diagnosis. For the

cross-validation of findings and also for the inference

of new insights different paradigms and multiple im-

aging modalities should be combined. It is evident,
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igation system demonstrating that resection reached the AF (The figure is reprint with permission from Kamada et al.(16)).

Figure 7. A. Photograph
showing intraoperative find-
ings. Cortical stimulation to
the inferior frontal gyrus
(Broca’s area) and the infe-
rior part of the medial fron-
tal gyrus (Broca’s area) (yel-
low circle) and the primary
motor cortex (blue circle)
generated speech arrest
and inhibition of voluntary
hand movement, respect-
ively. Subcortical stimula-
tion to the bottom of the re-
section cavity (red circle)
elicited paranomia without
speech arrest. B. A 3D func-
tional neuronavigation re-
construction of data from
an MRI of the patient’s en-
tire head showing the acti-
vation on fMRI during the
language task (red) as well
as the AF (yellow) and MEG
dipoles from the MEG lan-
guage task (blue). The pink
circle and blue-square indi-
cate the corticotomy and
the simulated operative win-
dow, respectively. Small yel-
low, red, and blue circles de-
signate the stimulus points,
which are the same as
those in panel A. C.D. Two
dimensional MR images
on the functional neuro-nav-

C D

A B



that these suggestions conflict with the request for

cheap and fast diagnostic procedures. Therefore, much

effort has to be put in optimization of the diagnosis

procedure. Multicenter, presurgical diagnostic studies

are necessary to verify the benefit of functional im-

aging techniques by comparing the neurosurgery out-

come and the therapeutic success with and without

the use of these methods.
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