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Abstract  
Purpose of the Review Magnetoencephalography (MEG) is a functional neuroimaging technique that records neurophysiol-
ogy data with millisecond temporal resolution and localizes it with subcentimeter accuracy. Its capability to provide high 
resolution in both of these domains makes it a powerful tool both in basic neuroscience as well as clinical applications. In 
neurology, it has proven useful in its ability to record and localize epileptiform activity. Epilepsy workup typically begins 
with scalp electroencephalography (EEG), but in many situations, EEG-based localization of the epileptogenic zone is inad-
equate. The complementary sensitivity of MEG can be crucial in such cases, and MEG has been adopted at many centers as 
an important resource in building a surgical hypothesis. In this paper, we review recent work evaluating the extent of MEG 
influence of presurgical evaluations, novel analyses of MEG data employed in surgical workup, and new MEG instrumenta-
tion that will likely affect the field of clinical MEG.
Recent Findings MEG consistently contributes to presurgical evaluation and these contributions often change the plan for 
epilepsy surgery. Extensive work has been done to develop new analytic methods for localizing the source of epileptiform 
activity with MEG. Systems using optically pumped magnetometry (OPM) have been successfully deployed to record and 
localize epileptiform activity.
Summary MEG remains an important noninvasive tool for epilepsy presurgical evaluation. Continued improvements in 
analytic methodology will likely increase the diagnostic yield of the test. Novel instrumentation with OPM may contribute 
to this as well, and may increase accessibility of MEG by decreasing cost.

Keywords Magnetoencephalography · Electroencephalography · Equivalent current dipole · Beamformer · High-frequency 
oscillation · HFO · Optically pumped magnetometry · OPM

Introduction

The epilepsy presurgical evaluation has as its goal the esti-
mation of the epileptogenic zone (EZ), the smallest brain 
volume whose ablation will result in remission of seizures 
[1]. The EZ is not measured directly and can only be esti-
mated confidently after an ablative procedure, but is esti-
mated empirically by several other zones whose locations 
and dimensions are known more or less definitely. These 
include, among others, the ictal onset zone (IOZ), the brain 
volume capable of generating electrographic seizures; the 

irritative zone (IZ), the brain volume capable of generating 
interictal epileptiform discharges; and the symptomatogenic 
zone, the brain volume capable of generating the patient’s 
ictal semiology. The strength of a presurgical hypothesis 
correlates with the degree of overlap between the various 
estimating zones. Although MEG is in principle capable of 
recording seizures, this is relatively rare, as MEG instru-
mentation (with a fixed helmet that requires that the patient 
lie or sit in one position) precludes the prolonged record-
ings that facilitate seizure capture on EEG. For this reason, 
MEG contributes to the presurgical evaluation primarily by 
estimating the IZ and not the IOZ.

IZ evaluation typically begins with scalp EEG, but further 
investigation with MEG is often warranted, for three reasons 
of decreasing significance. The first is that EEG and MEG 
have complementary sensitivities, with EEG more sensitive 
to radial sources, such as those arising from gyral crests of 
the cerebral convexities, whereas MEG is more sensitive 
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to tangential sources, such as those arising from sulci, as 
well as obliquely oriented gyri such as the temporal tip [2, 
3•]. MEG can therefore detect epileptiform activity not seen 
well (or at all) on EEG. The second reason is that MEG-
based localization can be more accurate and precise than 
that based on EEG. This is due both to the smaller cortical 
area required to produce a spike on MEG compared to EEG 
[4], and the relative transparency of interposed tissues such 
as dura and skull to MEG compared to EEG [5–7]. The third 
advantage, which is least intrinsic to MEG, derives from 
methodologic factors: first, it is routinely implemented with 
a high number of sensors (further improving accuracy of 
localization), and second, its analyses are mapped to the 
patient’s MRI, providing a technique called magnetic source 
imaging (MSI). MSI results are therefore generally interpret-
able in terms of centimeter- and millimeter-scale individual 
anatomy, as opposed to the lobar or sublobar localization 
provided by routine scalp EEG [8•].

The American Clinical MEG Society (ACMEGS) has 
published multiple documents, including clinical practice 
guidelines, outlining the use of MEG for epilepsy presurgi-
cal evaluations, including specific clinical scenarios in which 
MEG is recommended [9–12]. In 2020 ACMEGs published 
a series of review articles exploring various aspects of clini-
cal MEG and we have drawn on five of these extensively for 
the current paper [13–17]. For an article-length overview of 
clinical MEG practice, the reader is referred to Laohathai 
et al. [18•].

MEG and Surgical Outcomes

Research validating MEG for epilepsy evaluations focuses 
on comparing the MEG IZ against various other zones, some 
of which have been mentioned above. The most common 
comparator zone is the EZ; as mentioned, this can only be 
measured with a surgical intervention, and specifically one 
that has succeeded. Comparing the MEG IZ with the EZ 
therefore involves comparing the IZ as estimated by MEG 
to the volume of resected brain, and categorizing the surgi-
cal intervention as concordant or discordant with the MEG 
IZ. For a given series of patients, a confusion matrix can 
then be constructed, with which the performance of MEG 
concordance with resection as a predictor may be judged. 
In this analysis, a patient with concordant MEG and resec-
tion with a positive surgical outcome would be coded as a 
“true positive,” for example, and a patient with discordant 
MEG and resection with a poor surgical outcome would be 
coded as a “true negative.” Studies in the early 2000s, such 
as Fischer et al. [19], found that concordance between MEG 
and surgical resection was a significant predictor of positive 
surgical outcome, and this has largely been borne out by 
subsequent publications.

Mouthaan et al.[20•]. performed a meta-analysis of eight 
MSI and three electrographic source imaging (ESI) studies 
published between 2005 and 2016, that reported results with 
concordance of each to resection with respect to surgical 
outcome. Of the eight MEG papers, seven [21–27] reported 
that concordance with resection was a significant predictor 
of surgical outcome and one [28] did not. The aggregated 
MEG data indicated that concordance with surgical resec-
tion was a significant predictor of surgical outcome (odds 
ratio = 4.7), with a sensitivity of 83% and specificity of 22%. 
Concordance of MSI and concordance of ESI with surgical 
resection were not found to differ significantly with respect 
to predicting surgical outcome. Several studies [29, 30•, 31, 
32, 33•] published since the Mouthaan review also reported 
MEG IZ-resection concordance to be a significant predictor 
of surgical outcome.

The next most common comparator zone is the intracra-
nial ictal onset zone (IIOZ); this corresponds to the brain 
volume capable of creating seizures recorded with intracer-
ebral or subdural electrodes. Papers emphasizing this com-
parison [34] note that there is a significant selection bias 
implicit in using the EZ as a comparator. Specifically, this 
restricts the analysis to a segment of the population able to 
undergo resection. We reviewed twelve papers that reported 
this comparison. Of these, seven [24, 26, 29, 31, 35–37] 
examined whether MEG IZ-IIOZ concordance was predic-
tive of surgical outcome, and all found that it did. For the 
remaining papers, MEG IZ-IIOZ concordance was either 
an additional finding in a study reporting an EZ comparison 
[25, 33•, 38•], or part of a study aiming to identify specific 
MEG characteristics predictive of either the EZ or the IIOZ 
[34, 39•]. Predictive characteristics evaluated include meas-
ures of dipole clustering [33•, 34] and the timepoint chosen 
for dipole modeling [39•], and these features were found to 
be significant predictors of the specified zone.

The other main question in MEG literature pertinent to 
surgical outcome asks, with what frequency do MEG find-
ings change surgical management? Two approaches have 
been used to answer this. The first is, given a cohort that 
has undergone both EEG and MEG, to scrutinize the sub-
set for whom the basic workup with scalp EEG has been 
non-localizing, and ask how many of them had localizing 
findings on MEG. This fraction can be termed the “diag-
nostic gain” from MEG. Reported diagnostic gains from 
MEG are variable; early studies reported diagnostic gains 
of between 35 and 63% [40–43]. More recent work reported 
more modest (and consistent) gains of 16.8% [44] and 18% 
[45]. The second, and more arduous approach, is to modify 
the presurgical planning conference procedure and insti-
tute a multi-step presentation: first formulate a plan based 
on all non-MEG modalities, then review the MEG results, 
and finally note how often the plan changes based on those 
results. Changes in plan include added or changed location 
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of implanted electrodes, as well as skipping phase 2 evalua-
tion for resection or for no intervention. An early study with 
this design [46] reported that MEG changed the surgical 
plan in 33% of cases; more recent studies [47, 48] reported 
frequencies of 33% and 57%, respectively.

Though MEG has been shown to be a good predictor of 
surgical success, this should not be construed as a measure-
ment of its localization accuracy. There are many factors 
that determine a good surgical outcome, in addition to MEG 
source location. It must be remembered that MEG localizes, 
in most instances, interictal sources and not seizure origins 
(i.e., the IZ and not the IOZ). As mentioned above, the IZ is 
an imperfect estimator of the EZ. Accordingly, that a patient 
continues to have seizures after resection does not mean that 
the interictal spike source was mislocated. A better question 
to ask, in terms of localization accuracy, would be whether 
the same spike persists after surgery.

MEG Methods for Mapping the Irritative 
Zone: Solutions to the Inverse Problem

Whole head MEG instrumentation became available in the 
late 1990’s, making it possible to view the entire distribution 
of magnetic fields associated with an epileptiform event. 
Typically the epileptologist would identify candidate wave-
forms in the simultaneously acquired EEG and then look at 
contour plots (iso-field lines) of the MEG amplitudes at the 
same time point. Depending on the sensor coil configura-
tion a focal event might display as a single high intensity 
region (transverse gradient) or a small zero field region with 
extrema on either side (axial gradient). In either case a rough 
estimate of the source location could be determined visually. 
A better estimate of the three dimensional location of the 
source may be obtained by modeling the observed activ-
ity with that produced by a suitable current geometry in a 
volume conductor and then changing model parameters to 
minimize the differences between the measurements and the 
model values. This is process is referred to as solving the 
inverse problem. It is unfortunately an ill-posed problem 
with non-unique solutions that requires some level of a priori 
information and investigator input.

Early modeling work in biomagnetism involved the equiv-
alent current dipole (ECD) in an infinite conductive half 
space or cylinder. Baule and McFee [49] noted that for axi-
ally symmetric volumes, including spheres, a dipole at the 
center as well as radially oriented dipoles would not produce 
an external magnetic field. This result was also described by 
Grynszpan and Geselowitz in a 1973 paper [50]. They fur-
ther noted that for tangentially oriented dipoles, the external 
field is unchanged by the presence of concentric inhomo-
geneities such as shells of differing conductivity or even 
spherical holes removed from the center. Cohen and Hosaka 

[51] treated the model as being composed of two currents; 
that of the dipole itself, and the so-called “volume return 
currents” or just “volume currents.” They observed that if 
only radial fields are being measured, the contribution of 
the volume currents can be ignored as only the tangential 
field components will be nonzero. In the later 1970’s, Cuffin 
and Cohen [52, 53] made several studies of modeling error 
due to deviations from sphericity in the volume conductor 
and also whether a single point source dipole could serve as 
an equivalent when there were more dipoles some distance 
apart. Their results for prolate spheroids suggested that for 
radial measurements near the source dipole the volume cur-
rent contributions could still be neglected, and for oblate 
spheroids the radial field components were small everywhere 
compared to those produced by the dipole itself. The case for 
more distributed sources (in this case aligned dipoles) were 
not as encouraging, as the field distribution will still appear 
quite similar to that of a single equivalent dipole but the 
model will produce significant errors, especially in depth, if 
only one dipole is employed.

By the end of the 1980’s, the single ECD (SECD) in a 
homogeneous conductive sphere had become the standard 
forward solution for use with magnetic field measurements 
that arose from a patch of active cortex, e.g., a focal epilep-
tic source. The solution in Cartesian coordinates published 
by Sarvas in 1987 [54] combined with the Marquardt algo-
rithm [55] to minimize the error between the measured and 
calculated values is the most common source localization 
method used with MEG for epilepsy [9, 56]. Alternate mod-
els attempt to improve on the volume conductor by incor-
porating MRI data to utilize a realistic head shape rather 
than a simple sphere and then use the boundary element 
method (BEM) to solve the forward problem [57]. To over-
come the limitations of an SECD, multiple dipoles [58, 59] 
or distributed currents [7] as in the minimum norm estimates 
(MNE) are employed, especially when the recorded field 
pattern is more diffuse. In 1997, Van Veen [60] applied the 
beamformer method to EEG and MEG data using a grid con-
structed in the brain space with dipole sources evaluated at 
each grid node. The algorithm minimizes the dipole moment 
co-variance matrix at each location to determine likely con-
tributors. This spatial filtering technique does not require 
knowledge of the number of dipoles nor of their locations in 
advance. It creates a grid of potential source currents within 
the brain, the nodes of which are often referred to as ‘virtual 
sensors’ as if there were electrodes at each grid location. As 
of 2023, ECD analysis is dominant in clinical MEG practice 
and is endorsed by ACMEGS, with use of other analyses 
recommended only in a supplementary fashion [9, 13].

The field of source modeling is too broad for a compre-
hensive review in this section, and we refer the reader to 
Tenney et al.[13]. for a good overview of the various meth-
ods in use beyond the SECD. We will focus the remaining 
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discussion on significant work since that review. Recent 
efforts to improve modeling for MEG in general and for 
epilepsy in particular often focus on removing investiga-
tor/physician bias and automating the process as much as 
possible. Many reports from the last five years or so use the 
beamformer approach in conjunction with other signal pro-
cessing or statistical methods, and we will here present some 
of the more significant recent papers based on this analysis.

Shibata et al. [61] used a beamformer to create voxel 
sources for interictal events and then measured the duration 
that the individual currents exceeded predefined threshold 
values. These sources were then randomly resampled and 
those that were reproducible were defined to represent tem-
poral spread images (TSI) which were determined to be as 
accurate as the ECD models with the same data sets. Wile-
nius et al. [62] used a beamformer to evaluate 17 parietal 
lobe epilepsy patients and applied a kurtosis metric to auto-
matically detect spike activity in the virtual sensors. They 
report that there were no significant differences between 
the locations determined using this method and those 
determined using the standard ECD model. Another paper 
describing kurtosis applied to beamformed data [63] found 
retrospectively that kurtosis used to identify spike activity in 
3-min segments of beamformed MEG data was concordant 
with overlap relative to the resected region in 5 out 8 patients 
with Engel 1 surgical outcomes and concordant at the lobar 
level for the remaining 3. Another retrospective study of 28 
pediatric patients [64] employed beamforming and band-
pass (80–200 Hz) filter-based ripple detection to examine 
ripple propagation from the virtual sensors and compared 
the detected locations with those obtained from intracranial 
EEG. In 27 cases, there were no significant distance errors 
for either the ripple zone or the propagation onset locations 
between the two estimates. Another pediatric retrospective 
study [65] used a beamformer on 10-min segments of MEG 
in 30 patients (35 hippocampi) to estimate virtual sensor 
activity in the hippocampus; stereotactic EEG (SEEG) was 
available for comparison. Nineteen of these deep sources 
showed epileptiform activity in the MEG determined virtual 
sensors in agreement with the SEEG. The authors suggest 
that the observance of epileptic activity in virtual sensors 
may help to guide the placement of SEEG electrodes for 
these deep structures.

A particularly useful study [66•] comparing activity 
estimated from beamformed MEG virtual sensors with that 
recorded simultaneously from SEEG electrodes used inde-
pendent component analysis (ICA) to identify those virtual 
sensors with maximal activity. For most of the patients 
(9/12) where the activity was reasonably confined, i.e., 
not broadly spread in both time and space, there was good 
agreement between the two measuring modalities, especially 
when a zero-lag condition was evaluated. The virtual sen-
sor ICA determined time series were well correlated with 

the adjacent SEEG electrodes (ρ = 0.27– − 0.57) and were 
located within 20 mm of same. Interestingly, virtual sensor 
depth was not a limiting factor suggesting that this combi-
nation of techniques may be complementary in that regard 
although the authors caution that their MEG system has 
magnetometers rather than the more common gradiometers 
whose sensitivity drops off more rapidly as source depth 
increases. A follow-up study from this same group [67] used 
some of the same MEG/SEEG data as well as simulated data 
to compare the ICA and beamformer methods with regard 
to network dynamics. In this case, ICA was used to com-
pute sources from the MEG data and then the ECD model 
was used to localize these sources. The beamformer was 
applied (without ICA) and a kurtosis-based detector was 
used to identify interictal epileptiform discharges. Correla-
tions between the two methods and the SEEG data were then 
used to compare performance which indicated that the ICA 
method had the greater correlation with SEEG time series 
but the beamformer had better spatial localization for the 
simulated data but more similar results with respect to the 
patient data. The authors concluded that neither method by 
itself was clearly better, but the combination represented a 
useful complementarity.

While beamformers are seeing greater and greater appli-
cation in epilepsy modeling, other methods remain in use 
or are seeing new implementations. A Bayesian multiple 
dipole method (SESAME) was recently compared [68] with 
the standard ECD model as well as RAP-MUSIC and a 
depth weighted minimum norm (wMNE) distributed source 
model. This iterative method normally increases the dipole 
count as iterations increase but in this study the model was 
terminated at the last iteration employing a single dipole. 
The ECD model as usual required an expert user, but the 
other three models are all at least semi-automated. Using 
the ECD results as the baseline the investigators found that 
for 22 patients, the SESAME process had a median Euclid-
ean distance difference of 9 mm, while RAP-MUSIC was 
11 mm, and wMNE was 16 mm. They concluded that these 
automated, less subjective methods were at least feasible 
with regard to replacing the need for both time and expertise 
in modeling epilepsy data.

Long-range temporal correlations (LRTCs) in the brain 
are thought to be modulated by the ratio of neuronal exci-
tation to inhibition and may be estimated by calculating 
detrended fluctuation analysis (DFA) scaling exponents. 
Auno and colleagues [69] used DFA to evaluate interictal 
MEG recordings in patients with parietal lobe epilepsy. 
They used MRI data to create 200 brain parcels and sLO-
RETA to estimate average time series in each parcel. The 
parcel time series were then used to compute DFA expo-
nents which were then projected back onto the MR images. 
The largest exponents were assumed to be correlated with 
increased excitability or epileptiform activity and these 
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parcel centroid locations were compared to previously 
determined ECD locations as well as resection regions. 
Results were significant only for those patients with type 
II focal cortical displasia, but the authors concluded that 
this method may be helpful in localizing the epileptogenic 
zone using spontaneous MEG.

The modeling methods so far described do not explic-
itly offer an estimate of the extent of the epileptogenic 
region. An effort to address this called fast spatiotemporal 
iteratively reweighted edge sparsity minimization (FAST-
IRES) has recently been used with MEG data (Jiang et al. 
2022) [70•]. Using both simulated and clinical data (8 
patients), the algorithm performed well with cortical 
sources. Intracranial EEG recordings were used to identify 
seizure onset zone (SOZ) electrodes whose location and 
extent were then compared to the FAST-IRES estimates. 
The average location error was 17 mm and the average 
spatial dispersion (weighted sum of minimum distances 
between SOZ electrodes and each point in the FAST-
IRES solution) was 21.3 mm. This improved to 15.5 and 
20.8 mm for the six patients who had post-surgical Engel I 
outcomes. A method for objectively defining MEG data as 
containing interictal activity has been described by Fujita 
et al. [71]. The primary purpose of this work was to enlist 
phase amplitude coupling (PAC) metrics to improve the 
automated diagnosis of epilepsy. Resting state MEG was 
divided into 2.4-s epochs and cortical current estimates 
were calculated for delta, theta, alpha, beta, low gamma 
and high gamma frequency bands. Eight PAC values were 
estimated by computing the ratio of the phase in the four 
lower bands relative to the amplitudes in the two gamma 
bands. Ninety patients and ninety control subjects were 
evaluated using a shallow neural network (SNN) and a 
deep convolutional neural network (DCNN), both meth-
ods augmented with the PAC values in addition to previ-
ously used power and functional connectivity measures 
which had successfully discriminated patients from con-
trols. The addition of the PACs significantly improved the 
DCNN discrimination to 90%. The study did not address 
the specific role that the PACs might have but the authors 
note that previous work has identified abnormal PACs in 
the SOZ [72] and that while not significant, the theta/low 
gamma and theta/high gamma PAC values were higher in 
the patient group suggesting that this measure may have 
some value in defining the SOZ using interictal MEG.

The ill-posed nature of the MEG inverse problem and 
the non-unique solutions remain as challenges for epilepsy 
mapping that generally require additional information and 
physician input. However, the increasing performance of 
deep learning methods and artificial intelligence coupled 
with the availability of large data sets hold the promise of 
future improvements in accuracy and automated processing.

MEG and HFOs

Special claims have been made with respect to epilepti-
form high-frequency activity (HFA). Epileptiform HFA 
has two basic forms. The first is as an electrographic sei-
zure onset feature, in which case “fast” is typically defined 
as beta range and higher (> 12 Hz), and the second is as 
a discrete burst (high-frequency oscillation, HFO) that 
may occur either during a seizure or interictally, in which 
case “fast” is defined as high gamma range and above 
(> 80 Hz). Intracranial seizure onset HFA indicates that 
the IOZ has been particularly well localized [73], and its 
presence predicts superior outcomes [74]. HFOs, in turn, 
are split, according to frequency, into ripples (80–250 Hz) 
and fast ripples (> 250 Hz). Whereas ripples are often 
physiologic and are implicated specifically in information 
processing and memory consolidation [75], fast ripples 
are rarely physiologic [76]. Animal studies indicate that 
HFOs reflect the activation of small neural populations, on 
the order of 1–5 mm in diameter [77, 78], much smaller 
than the several square centimeters known to be activated 
for a spike detected on scalp EEG [79]. This motivates 
the main claim for HFOs that they are more anatomically 
constrained and, therefore, are more specific, estimators 
of the EZ. Indeed, an influential early study found that 
resection of intracranial HFOs was predictive of superior 
surgical outcome, but resection of intracranial spikes was 
not [80]. Subsequent studies have had more equivocal 
results [81, 82].

These latter results notwithstanding, much work has 
been done to develop noninvasive methods for recording 
and localizing HFOs. Work over the last 10 years has dem-
onstrated that this is feasible with MEG, but this work has 
had to contend with two fundamental challenges: distin-
guishing physiologic from pathologic HFOs (low specific-
ity), and detecting HFOs despite their low signal- to-noise 
ratio (SNR; low sensitivity). The first problem is particu-
larly acute, as work on noninvasive HFOs has focused 
on ripples, and not the more pathological fast ripples; it 
appears this is due to concerns that fast ripples are too 
focal to be detected non-invasively [83]. We reviewed sev-
enteen papers for this section (references 64 and 84–100); 
all but Velmurungan et al.[84]. analyzed interictal HFOs. 
Interestingly, only seven of the papers [85–91] directly 
controlled for this confound. The most common strategy 
was to use only HFOs coinciding with epileptiform dis-
charges, but Xiang et al. [90, 91]. utilized kurtosis and 
skewness (statistical properties of the MEG signal) to 
identify pathologic HFOs. A proposed third approach [76], 
to compare observed ripple rates with a “physiologic HFO 
atlas” based on documented normal brain tissue, has yet to 
be adopted in a MEG HFO study. To solve the SNR issue, 
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most groups [64, 86, 89, 90, 92–98] use an automated 
HFO detector, with or without verification by an expert 
reviewer. Low SNR motivated all groups to use an inverse 
solution other than ECD for localization. Beamformer 
analyses were utilized most frequently [64, 84, 85, 87, 88, 
90, 92, 95, 98, 99], followed by wavelet maximum entropy 
on the mean (wMEM) [86, 89, 94, 96] and accumulated 
source imaging [90, 97, 100].

The substantive clinical questions for MEG HFOs are 
analogous to those discussed for conventional interictal dis-
charges. Two specific questions arise: 1) is the MEG HFO 
zone (MHZ) a superior estimator of the EZ and 2) in com- 
parison to scalp EEG, is it a superior estimator of the intrac-
ranial HFO zone? Eight of the papers reviewed [64, 84, 88, 
89, 95, 98–100] reported surgical outcome as a function of 
MHZ resection. For three papers [84, 95, 98], the utility of 
MHZ resection was reported only qualitatively and without 
comparator, and all 3 reported that MHZ resection was con-
sistent with good outcome, but do not support stronger or 
more specific conclusions. The remaining papers compared 
MHZ resection with resection of some other zone, e.g., scalp 
EEG HFO zone [99], MEG IZ [64, 100], zones oscillating in 
other frequency bands [88], zones including HFO propaga-
tion [64], or zones with HFOs not coinciding with spikes 
[89]. All of these studies reported significant superiority 
of MHZ resection as a predictor of surgical outcome with 
respect to the comparator.

Five papers [64, 89, 94, 96, 99] compared the HFO zones 
detected by MEG and scalp EEG with intracranial findings. 
For two papers [94, 96], the intracranial zone was not the 
HFO zone but a hybrid zone “region of interest” (ROI) 
comprising neuroimaging abnormalities and IEEG seizure 
onsets, among others. These studies both reported lower sen-
sitivity but higher specificity for MEG in detecting the ROI. 
Of the remaining three, two [64, 96] reported good concord-
ance between MEG and HD-EEG HFO zones and the intrac-
ranial HFO zone, without a significant difference between 
the two. Tamilia et al. [89], by contrast, found that the MHZ 
(as defined by ripples on spikes) was more specific than the 
scalp HFO zone for identifying the intracranial HFO zone.

In summary, as of 2023, considerable work has been done 
to demonstrate the feasibility of recording HFOs on MEG, 
but HFO analysis remains highly heterogeneous in meth-
odology, and the question of the added value of HFOs in 
presurgical workup remains open.

MEG for Functional Mapping

The discussion to this point has focused on MEG applica-
tions in developing the surgical hypothesis, specifically, 
elucidating the IZ and EZ for the purpose of ablation or 
modulation of the latter. A standard presurgical evaluation, 

however, includes not only designation of areas to be tar-
geted for treatment, but also designation of eloquent areas 
that could adjoin or overlap with those targeted areas [101]. 
Functional mapping, i.e., localization of neurologic func-
tion via neurophysiology or neuroimaging, is done to assess 
the risks associated with an ablative procedure, whenever 
the hypothesized EZ is thought to adjoin or overlap elo-
quent cortex. Sensorimotor mapping is indicated for cases 
with hypotheses near the central sulcus, visual mapping 
for hypotheses near occipital cortex, auditory mapping 
for hypotheses near Heschl’s gyrus, memory mapping for 
hypotheses near the mesial temporal lobe, and language 
mapping for hypotheses near the dominant frontal or tem-
poral lobes [10, 102].

Functional mapping can be either invasive or nonin-
vasive. Invasive functional mapping is typically done via 
direct cortical stimulation, either intraoperatively, or at 
the bedside, in patients with implanted electrodes; the 
intracarotid amobarbital (Wada) test (IAT) is the main 
non-electrical invasive functional testing modality. With 
invasive mapping, the location of the intervention is 
taken to be well-localized, i.e., its location is known to 
the clinician with high confidence. For electrical stimu-
lation, not only is the intervention well-localized, but it 
is also anatomically precise, i.e., the stimulation deliv-
ered affects only a small volume of brain. Because of 
these considerations, the invasive modalities are gener-
ally regarded as the gold standard [103]; work over the 
last two decades scrutinizing the predictive value of these 
tests has, however, raised questions regarding whether 
this status is merited [103–105]. The primary drawback 
of the invasive tests is, not surprisingly, their invasive 
nature, which reduces their accessibility and necessarily 
involves some morbidity [106, 107]. Significant work, 
therefore, has gone into developing noninvasive modali-
ties for functional mapping, and evaluating their perfor-
mance in comparison to the invasive ones.

Noninvasive modalities for functional mapping include 
MEG, functional magnetic resonance imaging (fMRI), 
single-photon emission computed tomography (SPECT), 
positron emission tomography (PET), and transcranial 
magnetic stimulation (TMS) [101, 103]. Because of 
its relative accessibility, integration with the structural 
information provided by diffusion tensor imaging, and 
independence of both ionizing radiation and radioligands, 
fMRI has become the most widely-used noninvasive 
modality for presurgical functional mapping [108]. MEG 
has two advantages that motivate its use in functional 
mapping. The first is its independence of neurovascu-
lar coupling. The blood oxygenation level-dependent 
(BOLD) signal, upon which fMRI is based, is known to be 
altered in hyper- or hypovascular lesions, and therefore, 
functional mapping in tumor cases is susceptible to both 
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false positives and false negatives [109]; for tumor cases, 
therefore, MEG mapping may be superior. Secondly, as 
noted, has superior time resolution that allows deeper 
characterization of dynamic processes characteristic of 
higher cognitive function. Processes such as language 
and memory, in particular, for which function depends on 
the dynamic interaction among several networked nodes 
[110], will likely benefit from the deeper characterization 
MEG allows [14].

ACMEGs has published statements endorsing the use 
of MEG for presurgical functional mapping and detailing 
its indications [10, 111], and in 2020 published a series 
of review articles on the main modalities: somatosensory 
[15], visual [16], auditory [17], and language [14] evoked 
fields. These and the comprehensive review by Kreidenhuber 
et al. [102] remain authoritative and are detailed beyond the 
scope possible here, so the remaining discussion will focus 
on work since their publication.

Because of the dominance of the IAT for language lat-
eralization and the interest in supplanting it with a non-
invasive alternative, language mapping has been the most 
active domain for MEG functional mapping work. Bowyer 
et al.[14]. review several studies establishing good con-
cordance between MEG functional mapping results and the 
IAT. A significant challenge has been that the main inverse 
solution, the SECD, is likely ill-suited for characterizing 
language, which is known to be implemented by a network 
of brain regions [14]. Recent work has therefore focused 
on developing alternate inverse solutions appropriate for 
language mapping. Two groups have implemented meth-
ods based on mapping task-related beta-frequency changes 
[112, 113], another implemented a modified SECD meth-
odology [114], and a third used a graph-theoretic approach 
[115]. At this time, no methodology has replaced the SECD 
for language mapping, however.

The Advent of Optically Pumped 
Magnetometry

For more than thirty years, conventional clinical MEG 
instrumentation has been based on sensors utilizing 
superconducting quantum interference devices (SQUIDs) 
[7]. Because SQUIDs depend on superconductivity 
to sense magnetic fields, they operate only at exceed-
ingly low temperatures and must be housed in a liquid 
helium dewar. This arrangement imposes two limitations 
on SQUID-based MEG. The first is the dewar distances 
the sensors from the scalp and brain, which necessarily 
decreases the amplitude of the magnetic signal recorded 
[116]. Lower amplitude, in turn, reduces the device’s sen-
sitivity. Secondly, the SQUID instrumentation requires 

that the sensor array be housed in a rigid, fixed structure 
that requires that the patient lie still for the duration of the 
study. This necessarily imposes a limit on the duration of 
studies possible with SQUID MEG systems. Over the last 
5 years, however, clinical systems utilizing sensors based 
on optically-pumped magnetometry (OPM) have become 
available [117, 118•, 119]; see Tierney et al. [116]. for a 
synopsis of the underlying physics. OPM sensors operate 
at room temperature and therefore do not require a rigid 
dewar housing. Because of this, the sensors are closer to 
the scalp, offering higher signal amplitudes, and can be 
assembled into helmets that can move with the patient. 
In principle, this may allow significantly longer MEG 
studies, greatly increasing the chances for ictal recordings 
[117, 119]. Individual magnetometers can even be used 
intra-orally to record from deep structures [120]. Another 
advantage of OPM systems pertains to cost. SQUID-
based MEG facilities typically have liquid Helium supply 
as a significant component of their operating costs, and 
there have been significant disruptions to this supply in 
2022–2023 [121, 122]; the authors are aware of at least 
one US MEG center that was forced to suspend operation 
temporarily in 2022 due to insufficient helium supply. 
In summary, the prospect of room-temperature on-scalp 
MEG with OPM raises hopes for improved studies, due 
to increased duration and decreased sensor distance from 
scalp, as well as increased accessibility of MEG due to 
reduced cost.

Conclusions

Because it has anatomic sensitivity that is complementary 
to that of EEG, and due to the methodology of MSI, MEG 
is an important noninvasive tool in building a surgical 
hypothesis for cases of refractory focal epilepsy. It is addi-
tionally established as a tool in evaluating eloquent brain 
areas via measurement and localization of evoked fields. 
Work continues in the refinement of new algorithms for 
solving the inverse problem, and the development of new 
room temperature magnetometers based on OPM raises 
the prospects for longer studies and increased availability 
of MEG.
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