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Abstract: Magnetoencephalography (MEG), in which magnetic fields generated by brain activity are
recorded outside of the head, is now in routine clinical practice throughout the world. MEG has
become a recognized and vital part of the presurgical evaluation of patients with epilepsy and patients
with brain tumors. We review investigations that show an improvement in the postsurgical outcomes
of patients with epilepsy by localizing epileptic discharges. We also describe the most common clinical
MEG applications that affect the management of patients, and discuss some applications that are close
to having a clinical impact on patients. Hum Brain Mapp 30:1813–1823, 2009. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Magnetoencephalography (MEG) has become an indis-
pensible diagnostic technology and aids in treatment deci-
sions for patients. Although MEG has been applied most
commonly to neurosurgical patients, and particularly in
patients with epilepsy and brain tumors, it also reveals

how the brain processes information normally, such as in
language and memory. MEG is now a widely accepted
diagnostic tool in evaluating patients with epilepsy who are
not responding to antiseizure medications (also known as
medically refractory epilepsy). Recent clinical studies,
reviewed below, demonstrate that taking MEG into account
in the clinical management can improve the postsurgery
outcomes of these patients. In this mini review we concen-
trate on the clinical applications of MEG that currently
affect clinical management of patients, including mapping
eloquent cortex and epileptic discharges. We also briefly
review some clinical research studies that currently are per-
formed on patients to study the underlying neural mecha-
nisms for brain disorders such as schizophrenia, but are not
used for clinical decisions. As the utility of MEG continues
to evolve, the distinction between these categories is chang-
ing. Some applications that are on the cusp of clinical use
are reviewed here alongside those that are in clinical prac-
tice. Throughout, we emphasize applications that take
advantage of the high temporal resolution of MEG.

BASIC MEG METHODOLOGY

The basic measurement of MEG is the magnetic field, in
the range of femto- to picotesla, as a function of time,
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typically with a sampling rate of 1 kHz [Hamalainen et al.,
1993]. To improve the signal-to-noise ratio, averaging tens
or hundreds of event-related responses is often necessary.
In some situations it is also possible to average epileptic
spikes in the spontaneous or raw MEG data. Examination
of the quality of raw MEG data is essential for accurate
interpretation of clinical MEG data. Currently, there are no
widely agreed upon standard methods for filtering and
other preprocessing as there are for clinical EEG, although
a number of proposals have been made [Barkley, 2004].

Even when MEG is recorded in a sophisticated magneti-
cally shielded room, artifacts are unavoidable. Environ-
mental, dental, eye, cardiac, and muscle artifacts are
commonly found with any subjects. Patients often have
specific artifacts, such as those caused by vagal nerve stim-
ulators or cardiac pacemakers. New signal processing tech-
niques make it possible to eliminate or drastically reduce
some of these artifacts. One such technique is the Signal
Space Separation (SSS) method, which can efficiently
remove several types of artifacts often seen with clinical
patients, for example, due to implanted electrodes and
magnetized dental hardware [Taulu et al., 2005].

PRESURGICAL PLANNING

In the clinical practice today, by far the most common
MEG exam is for the presurgical mapping of epilepsy. This
includes localizing and characterizing epileptic discharges
and mapping normally functioning eloquent cortex relative to
the epileptic discharges. Essential areas, whose preservation
during surgery is critical, include the motor, somatosensory,
and language cortices. MEG is well suited to detect activity
in a sulcal wall that may often be difficult to localize even
with invasive intracranial recordings.

Localization of Epileptic Discharges

Seizures affect about 1% of the world’s population dur-
ing a lifetime. Epilepsy, defined as repeated episodes of
seizures, is typically classified as focal (partial) or general-
ized. Many cases of epilepsy are generalized, in which
case there are multiple epileptic sources or a general ab-
normality in the brain that lowers the seizure threshold.
For some forms of epilepsy, the area where the seizures
begin, termed the epileptogenic zone, is focal and remov-
ing that seizure focus may be curative. Without treatment,
epilepsy invariably results in a decline in brain function;
therefore, finding an effective treatment not only stops or
reduces the seizures, but can also preserve brain function
[Jokeit and Ebner, 2002]. Focal epilepsy often originates in
the temporal lobe and may have a structural abnormality
near the site of the seizure onset, such as mesial temporal
sclerosis (scarring of the hippocampus) or cortical dyspla-
sia so that no further evaluation is needed. However, in
about a third of the surgical candidates, the exact location

of the seizure focus remains unclear. MEG is useful in
these clinically difficult situations.

A clinical MEG evaluation of epilepsy patients typically
involves a simultaneous whole-head MEG and EEG re-
cording of spontaneous activity, which consists of basic
rhythmic activity, sleep-related activity, and seemingly
random activity, in addition to the epileptic discharges.
Localizing the source of interictal (i.e., between overt seiz-
ures) spikes present in the MEG data (see Fig. 1) has been
found to provide useful information about the site of the
epileptogenic zone [Tang et al., 2003]. The most common
source model for epileptic discharges is the equivalent cur-
rent dipole (ECD). Many MEG studies use a single ECD
model near or at the peak of an epileptic discharge. How-
ever, this may not always match the location of the seizure
onset. The high spatiotemporal resolution of MEG may
provide more detailed information about the pathophysiol-
ogy of epilepsy. In particular, source analysis using a dis-
tributed source model, such as minimum norm estimate
(MNE), may be helpful in demonstrating the time-course
of cortical activation and thereby reveal the generation and
propagation of epileptic activity [Shiraishi et al., 2005a,b].
Although MEG is most commonly used for capturing inter-
ictal activity, it can also localize epileptic discharges during
seizures (ictal). The localization of these ictal discharges at
times improves the confidence that the location of the epi-
leptic discharges is where the seizures begin.

Because of the different sensitivity patterns of MEG and
electroencephalogram (EEG) (see Fig. 2), differing scalp
patterns and waveforms occur between MEG and EEG
even when they are simultaneously recorded. Complemen-
tary information from MEG and EEG may be particularly
important in postoperative patients who have large skull
defects, which can lead to sharp-appearing activity on
EEG, but has little effect on MEG [Parra et al., 2004]. The
location, orientation, and spatial extent of the epileptic dis-
charges, as well as the strength and location of other sponta-
neous brain activity all contribute to the sensitivity of MEG
and EEG, making it difficult to predict a priori in any partic-
ular subject whether MEG or EEG will be most helpful. Stud-
ies that investigate the regional sensitivity of MEG and EEG
suggest that MEG is more sensitive for some areas of the
brain compared with EEG, such as the superficial frontal lobe
[Goldenholz et al., 2009; Hillebrand and Barnes, 2002]. This
suggests that MEG is most likely to be useful for superficial
cortex (i.e., the neocortex), and is thus especially useful in
patients with neocortical epilepsy. Studies of simultaneous
MEG and EEG have shown complementary performance in
epileptic spike detection [de Jongh et al., 2005; Knake et al.,
2006; Ramantani et al., 2006].

MEG improves clinical management and
postsurgical outcome of surgical epilepsy patients

In the last few years, a number of studies have demon-
strated that the addition of MEG to the standard clinical
evaluation of medically refractory epilepsy patients
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improves the quality of medical care. Perhaps most impor-
tantly, MEG improved the outcomes of surgery, such as
being seizure free 6 months after surgery, indicating that
including the MEG in the evaluation of surgical epilepsy
increased the likelihood of surgical success [Knowlton,
2008; Knowlton et al., 2008a,b]. In other studies, MEG has
been demonstrated to provide nonredundant information
in between one fifth and one third of the epilepsy cases
that were performed during the presurgical evaluation
[Knake et al., 2006; Sutherling et al., 2008].

Somatomotor Cortex Identification

The central sulcus is an important landmark for neuro-
surgeons, since damage to the motor cortex during a sur-
gical resection can result in the paralysis of the patient.
The somatomotor cortex may be identified during surgery
by the electrocorticogram (ECoG) of sensory-evoked
potentials, sometimes combined with intraoperative ultra-
sound, making it possible to successfully remove tumors
in or near the central sulcus [Firsching et al., 1992]. ECoG

Figure 1.

Localization of epileptic spikes. (A) Simultaneously acquired EEG

(top) and MEG (bottom) signals from a patient with epilepsy. An

epileptic spike is seen in MEG sensors over the right temporal

and frontal regions. (B) An equivalent current dipole (ECD) com-

puted at the peak of the spike (‘‘0 ms’’; the corresponding isocon-

tour map of the MEG data, with the ECD as a green arrow, is

shown at top left) is localized in the temporal lobe (blue dots

superimposed on the anatomical MRI). (C) Distributed source

estimates, the noise-normalized minimum-norm estimate (MNE),

also known as dynamic statistical parametric map (dSPM), for the

MEG data are displayed on the cortical surface representation

reconstructed from anatomical MRI. The source estimates suggest

that the activity propagates from a right temporal region (‘‘0 ms’’)

to the right frontal region (‘‘50 ms’’). (D) Comparison of MEG

data with ECoG. The left panel shows the estimated MEG source

waveforms (MNE) at four locations (‘‘1’’ and ‘‘2’’ temporal, ‘‘3’’

and ‘‘4’’ frontal). The right panel shows the ECoG of an epileptic

spike at corresponding locations. The MEG and ECoG are consist-

ent in suggesting temporal activity propagating to the frontal lobe

over a 50-ms time period.
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involves placing an electrode on the cortical surface. This
is invasive and must be done in the operating room while
the patient is under anesthesia, which carries some risk to
the patient. Hence, noninvasive methods, such as MEG, to
localize the somatomotor cortex are desirable. MEG can be
used to identify the somatosensory cortex (normally
located in the postcentral gyrus) or the motor cortex (in
the precentral gyrus). Clinically it is important to deter-
mine whether a mass lesion distorts the central sulcus,
and whether the motor cortex is displaced anteriorly or
posteriorly. MEG is well suited for this purpose, even in
the face of hemodynamic compromise that may, for exam-
ple, complicate the interpretation of functional magnetic
resonance imaging (fMRI) results.

Somatosensory cortex

The primary somatosensory cortex can be located with
MEG using a tactile or electrical stimulator. The somato-
sensory homunculus can be mapped by successive tactile
stimulation of finger digits, foot digits, and lip. If an elec-
trical nerve stimulator is used, the electrodes are placed
on the respective peripheral nerves (e.g., median, tibial,
etc), and the intensity set such that muscle twitching is
barely elicited. With the median nerve electrical stimula-
tion, the early N20m component of the evoked magnetic
field is easily detected in nearly all patients, including
ones under deep anesthesia or in a coma. The N20m gen-
erator is normally located in the anterior wall of the post-
central gyrus (Brodmann area 3b), with a tangential
orientation, well suited for detection with MEG. Usually

the primary somatosensory cortex is localized by deter-
mining an ECD model location of the N20m.

MEG identification of the somatosensory cortex has
been validated by several groups using intraoperative
measurements [e.g., Gallen et al., 1993; Kamada et al.,
1993]. Schiffbauer et al. [2001] found that regardless of the
tumor grade, intra-axial brain tumors may border on or
invade the somatosensory or auditory cortex. Interestingly,
low-grade tumors were more likely than high-grade
tumors to involve the functionally viable cortex. Low-
grade tumors, due to slow growth, more often de-
monstrate functional activity within the radiologically
abnormal areas, than high-grade tumors. High-grade
(aggressive) tumors, on the other hand, often show func-
tional activity at the margins. These findings suggest phys-
ical displacement of the functional tissue due to mass
effect of the high-grade tumor, rather than invasion.
Firsching et al. [2002] reported that in 30 patients, ECD for
the tactile neuromagnetic response localized in the somato-
sensory cortex, and was without exception in agreement
with ECoG phase reversal measured at the time of sur-
gery. The magnitude and latency of evoked fields in brain
tumor patients with known sensory or motor deficits may
be diminished, yielding clues to the degree of invasion or
destruction of eloquent cortex. In addition to mapping the
location of the normal somatosensory cortex, the somato-
sensory evoked field (SEF) can be used to identify abnor-
mally functioning cortex, for example, by detecting the so-
called giant SEF in patients with myoclonus epilepsy
[Uesaka et al., 1993].

Motor cortex

Many functional imaging techniques, such as fMRI and
positron emission tomography (PET), can accurately iden-
tify the somatomotor cortex. However, isolating pure
motor activity, for example, of the precentral gyrus with
fMRI and PET is difficult due to inevitable activation of
the adjacent somatosensory cortex and the entire motor
network. The high temporal resolution of MEG can be
used to dissociate activity in different brain areas. The pre-
cise timing of the onset of motor movement, e.g., a self-
paced button press or by squeezing an object can be used
to average the event-related magnetic fields. The primary
motor cortex is identified by localizing the neuromagnetic
activity that peaks between 20 and 50 ms before the onset
of movement, as measured by electromyogram (EMG) sur-
face electrodes.

Another method to identify the motor cortex is with the
help of a coherence analysis relating the MEG signal with
the EMG waveform [for a review see Mima and Hallett,
1999] recorded with bipolar electrodes over the first inter-
osseous muscle, while the patient displaces the index fin-
ger laterally against the thumb (see Fig. 3). The MEG-EMG
coherence spectrum has a peak centered near 20 Hz. This
represents synchronization of muscle subunit twitches
with the 20 Hz component of the cerebral ‘‘mu’’ rhythm,

Figure 2.

Relative signal-to-noise ratio (SNR) of cortical sources in MEG

and EEG. The color coding indicates regions where the

expected SNR of a focal cortical sources is larger in MEG than

in EEG (red and yellow) or vice versa (blue). Lateral (left) and

medial (right) view of an inflated representation of the left-hemi-

sphere cerebral cortex is shown. Maps like this help to under-

stand why epileptic spikes and other cortical activity may at

times be detectable only in MEG or only in EEG but not neces-

sarily in both. SNR was calculated from a forward model as the

logarithm of the sum across all sensors of the ratio of measured

signal from a unit source divided by the noise variance on the

sensor, divided by the number of sensors (from Goldenholz

et al., Hum Brain Mapp, 2009, 30, 1077–1086, VC Wiley-Liss,

reproduced by permission).
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the source of which is in the motor cortex [Salenius et al.,
1996]. This method can be used for both proximal and dis-
tal muscle groups, including the trunk musculature. MEG-
EMG coherence and source analysis can also identify the
entire neural network activated during the planning and
the act of motor movement, including supplementary cor-
tex, premotor cortex, thalamus and even cerebellum [Gross
et al., 2001].

Language Cortex

For patients undergoing surgery in the perisylvian
region, or mesial temporal lobe, finding the cerebral hemi-
sphere that is dominant in language is essential. Language
representation is usually in the left cerebral hemisphere,
termed ‘‘left hemispheric dominance.’’ Language pathol-
ogy has also been studied with MEG, although it has been

mainly done for research purposes [Salmelin, 2007]. For
example, dyslexic adults have impaired reading process-
ing, although the visual feature processing is unaffected.
Here we concentrate on the presurgical mapping and lat-
eralizing language cortex.

The intracarotid injection of amobarbital, known as the
Wada test, is considered the gold standard for determina-
tion of hemispheric dominance. In their original study,
Wada and Rasmussen [1960] found that more than 93% of
all patients, and more than 96% of right-handed patients
were left hemispheric language dominant, although recent
studies suggest that many patients have a more bilateral
representation of language than in the original studies. In
patients with brain pathology, the pattern of lateralization
changes. In left-handed epilepsy patients, about 70% of
patients were reported to demonstrate left hemispheric
dominance for language, and about 15% of epilepsy
patients have bilateral language lateralization. The Wada

Figure 3.

Motor cortex localization using MEG-EMG coherence. (A)

Placement of the surface bipolar electromyogram (EMG) electro-

des on the first interossesous muscle. (B) Waveforms of EMG

and MEG (from a sensor over the motor cortex). (C) Coher-

ence between the EMG and MEG signals as a function of fre-

quency. (D) Locations of equivalent current dipoles in the right

primary motor cortex, obtained by localizing the peak coher-

ence (�20 Hz). (B) and (C) From Salenius et al., J Neurophysiol,

1997, 77, 3401–3405, VC American Physiological Society, repro-

duced by permission. (D) From Makela et al., Hum Brain Mapp,

2001, 12, 180–192, VC Wiley-Liss, reproduced by permission.
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test is a minimally invasive procedure that carries a small
but finite risk to the patient. Further, the Wada test has
been criticized because of potential cross-flow to the con-
tralateral hemisphere, and the lack of testing of the occipi-
tal lobes and portions of the temporal lobe (territory
supplied by the posterior circulation). Source localization
methods applied to language-related MEG and EEG data
can be used to noninvasively determine the language later-
alization. The overall concordance of MEG with
Wada tests is reported to be around 90% and the sensitiv-
ity 90–100% with a specificity between 70% and 100%
[Papanicolaou et al., 2004]. Closely related to language
mapping, MEG may also be used for lateralization and
localization of semantic memory-related activity. There are
fewer reports of MEG mapping for memory than for
language, but it is increasingly being used clinically
[Papanicolaou et al., 2002].

It is important to understand how modern functional
neuroimaging methods such as MEG, as well as EEG,
fMRI and PET, differ fundamentally from Wada tests and
other invasive mapping techniques. Although general
mapping of language-related brain areas is of great inter-
est scientifically, the practical needs of the presurgical
workup are different from a basic research approach. First,
the neurosurgical application requires precise localization
and lateralization of language in an individual, yet the
neuroscientist can average the response over several sub-
jects in order to increase the signal-to-noise ratio of even
small activations. Second, the neurosurgeon usually
requires mapping of the essential language areas, not just
those that participate in language. Removal of essential lan-
guage areas will result in a language deficit. Participating
areas are activated during language tasks, but do might
not result in a postoperative language deficit after resec-
tion, either because there is redundant processing or
because other areas take over the function. Neuroimaging
methods, including MEG, fMRI and PET directly measure
participating areas, which likely includes the essential cor-
tices, although not exclusively. The task chosen for the
MEG can influence the ability to identify the essential lan-
guage areas. The specific procedures for determining hem-
ispheric dominance or regional language processing
depend on the ability of the patient to follow instructions.
Semantic decision tasks that require a response from the
patient, such as a forced binary decision, are often used
clinically since they allow for monitoring the patient’s per-
formance. Other techniques might be able to estimate the
location of essential cortex (e.g., transcranial magnetic
stimulation or TMS).

The same source localization techniques used for deter-
mining hemispheric dominance can also be applied to re-
gional language mapping. Equivalent current dipoles
can be used to estimate activity in both the posterior
(Wernicke’s area, in the posterior temporal lobe) and the
anterior (Broca’s area, in the frontal operculum) language
areas. MEG-based maps of language-related activation
have similar profiles as determined by invasive electrocor-

ticography (ECoG). The latency of the evoked activity in
Wernicke’s area (receptive language) is typically between
200 and 400 ms, and Broca’s area (productive language)
400 and 1,000 ms, depending on the individual subject
and the particular language task. Combining visual, audi-
tory, and picture naming techniques may provide an even
more powerful paradigm for determining the language lat-
eralization with MEG.

Sequential dipole fitting analysis of MEG data is often
used to determine language dominance for clinical pur-
poses due to its ease of implementation and robust results.
Papanicolaou et al. [1999] proposed a set of criteria to
accept ECD at each time point within a latency window.
The lateralization index (LI) is calculated as the difference
in the number of accepted ECDs in the left and right hemi-
spheres, and normalizing by the total number of ECD
accepted (see Fig. 4). Multiple reports show a strong corre-
lation of this method with both intraoperative mapping
techniques [Kamada et al., 2007a] and the results of the
Wada test [reviewed in Salmelin, 2007]. Kober et al. [2001]
proposed using a spatial filter that localizes simultane-
ously active sources, Continuous Localization by Spatial
Filtering (CLSF), to determine language hemispheric domi-
nance. In CLSF the brain is parcellated into approximately
6,000 elementary sources and the current produced in
each elementary source is calculated, and the LI is calcu-
lated by comparing the source current strengths in each
hemisphere.

Auditory stimulus paradigms can be used for both lan-
guage mapping as well as for localizing and characterizing
early auditory process. A large deviation in the amplitude
or latency of an early auditory-evoked response suggests
cortical dysfunction, such as the result of cortical damage
from a tumor, stroke, or repeated seizures. Other basic
research studies suggest that some fundamental dysfunc-
tions of the auditory cortex make MEG well positioned to
aid in the diagnosis and characterization of schizophrenia,
dyslexia, and other disorders [for a review see Reite et al.,
1999]. Early auditory responses have some language con-
tent, such as phonetic and lexical processing. Related to
this early activity, in the time 100–200ms is the auditory
mismatch potential and mismatch field. The mismatch
response has diverse clinical applications that are close to
meeting the threshold for use that affects the diagnosis
and treatment of patients [Reite et al., 1999]. The mismatch
response to even simple stimuli such as to tone pips is
markedly different in many schizophrenic patients and
may relate to the underlying cortical dysfunction.

Neuronavigation

Adoption of MEG for neurosurgical applications has
been facilitated by the coregistration of MEG source analy-
sis with structural MRI. This allows the functional infor-
mation to be brought into the neurosurgical suite. A
neuronavigational system allows the neurosurgeon to use
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a pointer device to find functional cortex that was identi-
fied in the preoperative imaging. Frameless stereotactic
systems accurately locate small, deep tumors or other
lesions during neurosurgery, with a precision approaching
2 mm. Ganslandt et al. [1999] combined MEG somatosen-
sory mapping with a free-hand stereotactic pointing device
in 25 cases of perirolandic tumors and masses. They found
agreement with intraoperative somatosensory-evoked
potential in all cases. Rezai et al. [1997] report that combin-
ing MEG-derived functional mapping, CT scans, MRI, and
digital angiography leads to a reduction in surgical risk
and minimizes functional morbidity. Sources of error in
localization include precision of fiducial markers, registra-
tion of functional and structural MRIs, shift of brain con-
tents, and inaccuracy in the MEG inverse solutions. To
allow the neurosurgeon to account for the shift of brain
contents during an operation, inclusion of the sulcal land-

marks on 3D reconstructions aid in accurate reregistration
of fMRI, MEG, and MRI diffusion tensor imaging (DTI)
white matter tractography results (see Fig. 4D).

OTHER CLINICAL RESEARCH WITH MEG

Many of the current applications that affect patient man-
agement focus on localizing brain function, usually in the
context of removing a neurosurgical lesion. This is valua-
ble and continues to make MEG a useful tool for neurolo-
gists and neurosurgeons. Still, if the technology is to
continue to thrive, expansion of the clinical use of MEG is
needed. We have already reviewed a few clinical and
research applications of MEG that are near clinical accep-
tance; we will now review some other applications that
might be considered more distant from clinical adoption.

Figure 4.

Multimodal imaging of language (MEG, fMRI, and DTI). (A) MEG

waveforms for left and right temporal (LT and RT, respectively)

and occipital (LO, RO) sensors, showing evoked responses to a

language task. (B) Laterality index as a function of goodness of

fit (GOF) of a sequential equivalent current dipole (ECD) fit to

the MEG data, suggesting left-hemisphere dominance. (C) Loca-

tions of the ECDs for the MEG data (top) and functional MRI

(bottom) for a visual reading task, displayed in coronal and sagit-

tal slices of an anatomical MRI. Note the cluster of MEG dipoles

in the posterior superior temporal gyrus, presumably including

Wernicke’s area. Functional MRI shows largest activation in the

inferior lateral left frontal cortex. The location of a tumor in the

left temporal lobe is highlighted with the red oval. (D) MRI trac-

tography showing the superior longitudinal fasciculus (SLF),

which includes the arcuate fasciculus, that connects temporal

and frontal language areas. Note that the tumor (red) does not

interrupt or displace the SLF white matter fiber bundle. (Case

courtesy of Drs. Emad Eskandar, M.D., Ph.D. and Andrew Cole,

M.D., of Massachusetts General Hospital).
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There are hundreds of studies that have applied MEG and
EEG to understand and potentially diagnose a variety of
human brain diseases. Rather than an exhaustive review,
we wish to highlight a few innovative approaches to study
brain rhythms (oscillations), brain connectivity, and multi-
modal imaging that emphasize high temporal resolution
and that have the potential to have a direct clinical impact
in the future.

Oscillatory Activity

The brain encodes information in spatiotemporal pat-
terns of neural assemblies. Importantly from the clinical
point of view, alterations in the spectral content of neural
signals in characteristic frequency bands are linked
to alterations in specific biochemical changes in the
brain—both in the white matter and in cortical and sub-
cortical neurotransmitter systems. Disruption of cortical
oscillations may explain some of the cognitive deficits in
learning disorders, depression, and schizophrenia [Engel
and Singer, 2001]. In epilepsy applications, high-frequency
activity (>50 Hz and up to 500 Hz with depth electrodes)
correlates better with epileptogenic areas than does the
peak of epileptic discharges in some cases [Ramachan-
drannair et al., 2008]. In the temporal lobe these are
termed ripples and are often found on the affected hemi-
sphere in ictal ECoG and MEG.

Brain oscillations, emanating from subcortical and corti-
cal structures, are especially important in memory forma-
tion and retrieval, which may be abnormal in diseased
brains. The theta rhythm, an oscillation at 4–8 Hz, origi-
nates in both the hippocampus and the cerebral cortex,
and encodes memory and spatial navigation. Neural activ-
ity in the gamma frequency band (greater than 30 Hz and
sometimes centered near 40 Hz) has been hypothesized to
reflect the synchronization of neural assemblies involved
in the binding of object features within a single sensory
modality or across sensory modalities [Engel and Singer,
2001]. There is evidence of specific frequency alterations in
the ability of the neural response to follow an auditory
stimulus at 40 Hz and 20 Hz (steady-state auditory
response) in schizophrenia [Vierling-Claassen et al., 2008].

In cognitive tasks, both the spectral power and the
phase relationships of the neural signals are modulated.
The first signal identified in both EEG and MEG was the
8–10 Hz alpha rhythm—an oscillation that dominates raw
tracings. The alpha-band power increases when the eyes
are closed, and decreases when the eyes are opened or
during intense mental activation. In healthy subjects, de-
clarative memory encoding and retrieval are associated
with increased gamma-band activity and increased theta
frequency band [Osipova et al., 2005]. In patients with Alz-
heimer’s disease and mild cognitive impairment MCI have
decreased power in the alpha and beta (15–30 Hz) bands
during declarative memory tasks [Osipova et al., 2005].

Connectivity

Brain connectivity includes functional and effective con-
nectivity [Friston and Frith, 1995]. Functional connectivity
shows correlations of activity across brain regions,
whereas effective connectivity measures the influence of
brain regions on each other. Corticomuscular coherence
described above is a type of functional connectivity of the
motor cortex and the muscle subunits (see Fig. 3). Abnor-
malities in brain connectivity may result in brain dysfunc-
tion, with the quintessential example being epilepsy.
Abnormally high functional or effective connectivity across
small distances might be a factor in epileptic spike genera-
tion. Increased connectivity across brain areas has been
hypothesized to be responsible for the propagation and
generalization of epileptic discharges. On the other hand,
a failure of integration of perceptions might suggest a fail-
ure in ‘‘binding’’ object features within and across brain
regions, which may lead to psychiatric diseases such as
schizophrenia.

Functional connectivity in the brain occurs at various
time scales. Functional connectivity using temporal corre-
lations has made it possible to map neural networks, such
as the motor system with fMRI, although the temporal re-
solution is on the order of seconds [Fox and Raichle,
2007]. The high temporal resolution of MEG and EEG
makes it possible to perform connectivity analysis at a
high temporal resolution (see Fig. 5). Functional connectiv-
ity, using the high temporal resolution of MEG and EEG,
has been useful in defining epileptogenic cortex (see Lin
et al., this issue), as well as in examining abnormal pat-
terns of activity in Parkinson’s disease, schizophrenia
[Spencer et al., 2008], and other brain disorders.

Multimodal Imaging

The millisecond temporal resolution, achievable with
MEG and EEG, is important in understanding how infor-
mation is processed in the brain. Despite the spatial accu-
racy of MEG and EEG approaching a few millimeters in
certain situations, fMRI has a superior overall spatial reso-
lution. In order to enhance the MEG source estimates, spa-
tial information provided by other measures, such as fMRI
can be used to guide the MEG inverse solution [e.g.,
Ahlfors and Simpson, 2004; Dale et al., 2000].

The physiologic differences in mechanisms generating
the fMRI and MEG/EEG signal suggest which modality
might be most useful for a particular clinical application.
MEG and fMRI may have complementary sensitivity pat-
terns. For example, in language mapping, MEG has been
found to detect lateralization differences in the middle
temporal gyrus, whereas fMRI has been found to detect
differences in the frontal lobes [Billingsley-Marshall et al.,
2007]. MEG is useful in cases with compromised hemody-
namic compensatory mechanisms, such as arteriovenous
malformations and, importantly, tumors. Tumors with
edema mass effect that lead to a disruption of normal
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hemodynamic response may lead to an incorrect localiza-
tion with fMRI. Thus, abnormal vascular supply may
decrease the hemodynamic response measured by fMRI.
MEG is helpful in these cases.

Coregistering MEG with diffusion tensor images, includ-
ing tractography, aids in the visualization of frontotempo-
ral language white matter fiber bundles relative to
activations and pathology (See Fig. 4D) [Kamada et al.,
2007b]. Diffusion tensor MRI (DTI) measures white matter
integrity, including the density of myelination. The interin-
dividual differences in the latency of the neuromagnetic-
evoked fields and DTI images can lead to an understand-
ing of networks of white matter connectivity [Stufflebeam
et al., 2008]. Specifically, subjects with shorter-latency
MEG peaks have reduced myelination detectable on DTI,
likely related to more rapid conduction due to increased
myelination in the participating fiber bundles.

CONCLUSIONS AND FUTURE DIRECTIONS

Before the medical community accepts new clinical
MEG applications, they must be validated. Perhaps more
importantly, the clinical value above the best current clinical
evaluation must be shown. This has been accomplished by
MEG in the presurgical evaluation of patients with epi-
lepsy. Beyond epilepsy and the presurgical mapping of el-
oquent cortex, clinical research studies suggest that MEG
can be applied to a diverse spectrum of diseases, and
some of the critical validation studies are underway. This
includes studies in aphasia, autism, and schizophrenia,
and others. Combining MEG, EEG, fMRI and new meth-

ods of connectivity are also being evaluated for clinical
applications. These studies will continue to change how
MEG and EEG are used.
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