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Abstract

Magnetoencephalography (MEG) is a novel functional brain mapping technique capable of non-
invasively measuring neurophysiological activity based on direct measures of the magnetic flux at
the head surface associated with the synchronized electrical activity of neuronal populations. Among
the most actively sought applications of MEG has been localization of language-specific cortex. This
is in part due to its practical application for pre-surgical evaluation of patients with epilepsy or brain
tumors. Until recently, comprehensive language mapping during surgical planning has relied on the
application of invasive diagnostic methods, namely the Wada procedure and direct electrocortical
stimulation mapping, often considered as the “gold standard” techniques for identifying language-
specific cortex. In this review, we evaluate the utility of MEG as a tool for functional mapping of
language in both clinical and normal populations. In particular, we provide a general description of
MEG, with emphasis on facets of the technique related to language mapping. Additionally, we discuss
the application of appropriate MEG language-mapping protocols developed to reliably generate
spatiotemporal profiles of language activity, and address the validity of the technique against the
“gold standards” of the Wada and electrocortical mapping procedures.

Keywords
Functional neuroimaging; Magnetoencephalography; Neurophysiology; Language; Lateralization

1 Introduction

Functional neuroimaging techniques have significantly advanced our understanding of the
neurological basis of language. Among the most commaonly applied of these methods for non-
invasively mapping language on a whole-brain level are positron emission tomography (PET),
functional magnetic resonance imaging (fMRI) and more recently, magnetoencephalography
(MEG) [1]. Each of these techniques exploits different facets of the brain’s physiological
response and varies in the degree to which they capture the spatial and temporal dynamics of
neurophysiological activity. In the case of PET and fMRI, oxygen consumption associated with
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neuronal activity can be indexed by an increase in regional glucose metabolism or blood flow
to the local vasculature (hemodynamic response), respectively. While these methods, in
particular fMRI, can localize changes in brain activity with high spatial resolution, the
metabolic responses they measure occur several seconds after the actual neurophysiological
event has transpired, thus limiting the extent to which the temporal dynamics of the response
can be captured. In contrast to hemodynamic imaging methods, MEG is a relatively novel
technique which combines excellent temporal resolution with reasonable spatial accuracy, to
provide information regarding the relative timing of activity in distinct anatomical structures.

MEG is sensitive to the change in magnetic flux (amount of magnetism) associated with
intracellular electrical currents that arise from the rapid, increased activity in neuronal
aggregates in response to external stimuli. Systematic variations in the strength of this magnetic
flux, recorded at the scalp surface, are observed when regional neuronal activity exceeds
baseline levels. In the context of linguistic processing, changes in magnetic flux can be
consistently elicited using the appropriate stimuli, and their underlying sources estimated to
obtain a spatiotemporal map of task-specific brain activity. Mapping of brain regions
supporting linguistic functions using MEG has been particularly sought after due to the
possibility that advanced knowledge of language-specific zones can facilitate surgical planning
and reduce morbidity associated with resection of eloquent cortex, especially in cases of
epilepsy surgery. Indeed, evidence supporting the validity of MEG as a tool for studying the
neurophysiology of language has been obtained through direct comparisons with routine
clinical invasive procedures, including the Wada procedure (intracarotid sodium amobarbital
perfusion) [2] and direct electrocortical stimulation [3], recognized as the “gold standard”
techniques for lateralizing and localizing brain activity associated with language function,
respectively.

In the current article, we review the utility of MEG as a functional neuroimaging technique for
mapping language-specific cortex. Specifically, we provide an overview of conventional
invasive methods used to study the cortical representation of language, followed by a general
description of MEG with emphasis on the facets of the technique related to functional mapping
of language. In addition, we address the adequacy of MEG as an alternative to invasive
language mapping procedures, in the context of validation studies undertaken against the Wada
test and direct electrocortical stimulation mapping in clinical populations. Furthermore, we
discuss the extended application of MEG language mapping protocols for the purposes of
identifying mechanisms underlying more dynamic linguistic processes such as reading, and
comment on their manifestation in individuals with reading disabilities.

2.1 Invasive Methods for Assessing Language Laterality

The Wada procedure [2] is the most commonly used method for assessing cerebral dominance
for language during pre-surgical evaluation of patients with epilepsy [4,5]. This technique in
particular entails short-term unilateral hemispheric anesthetization by successively injecting
the right and left internal carotid arteries with a barbiturate, usually sodium amobarbital, to
temporarily suppress functioning in one hemisphere. Subsequently, this allows for the
functional assessment of the un-anesthetized hemisphere, while the patient is engaged in
performing a language task, eliciting either speech production or comprehension. It is worth
noting that although the Wada procedure was originally developed for the purposes of
determining hemispheric dominance for language, modifications to the technique have also
made it possible to evaluate the relative contribution of the non-anesthetized hemisphere to
memory[6]. The efficacy of the Wada procedure is widely acknowledged as a pre-operative
tool for determining language lateralization in surgical candidates, though the technique has
met with some concerns. For example, there is the risk of morbidity given the invasiveness of
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the procedure [7,8], and variability in responses to sodium amobarbital, as well as arterial
anatomy, exclude some individuals from the procedure [9]. In addition, the technique lacks the
regional specificity necessary to determine the precise location and extent of language-specific
cortex [10]. Moreover, the validity of the procedure has also been questioned due to potential
inter-hemispheric cross-flow of arterial blood, and lack of verification by means of test-retest
reliability studies [11].

2.2 Invasive Methods for Language Localization

Electrocortical stimulation is an invasive procedure which has been used to directly localize,
with much success, cortical regions underlying both receptive and expressive language
processing [3]. Using this technique, language localization is determined intra- or extra-
operatively by having the patient perform a task relating to either speech comprehension or
production, during which time transient interference with neurophysiological activity in
language-specific cortical sites is induced via small electrical currents. To a large extent, this
procedure has focused on the stimulation of inferior frontal and temporopatietal regions long-
thought to distinguish the productive and receptive language centers of the brain, respectively
[3]. Importantly, in a review of their pioneering work using electrocortical stimulation,
Ojemann and colleagues [12] noted a high degree of inter-individual variability in the
localization of language-specific cortex among neurosurgical cases, including a suggested
functional overlap between inferior frontal and temporal perisylvian regions during speech
production and comprehension, contrary to the traditional views maintaining distinct roles of
these two regions in language processing. Clearly, the strength of electorcortical stimulation
lay in its invasiveness and ability to address language organization on an individual basis,
though the procedure is not without some limitations. In particular, it has been noted [13,14]
that the scope of electrocortical stimulation is determined by the area of the craniotomy, often
confined to a small region of the cortical surface in one hemisphere, thus limiting the spatial
extent to which language can be localized and hemispheric dominance is assessed.
Furthermore, the fact that this procedure is only practiced in patients who are candidates for
surgery excludes the possibility of it being applied to otherwise healthy individuals for large-
scale normative studies of language mapping.

2.3 MEG: A Non-Invasive Alternative to Language Mapping

MEG represents the most novel of functional neuroimaging modalities capable of generating
cortical activation maps in real-time using recordings of magnetic flux generated by
intracellular electric currents in neuronal aggregates [15]. The rationale behind imaging cortical
activity with MEG is based on fundamental electromagnetic properties of neural transmission.
Brain activation in response to an external stimulus (either cognitive or sensory) results in
regional increases in neuronal signaling, characterized by an elevated flow of intracellular ions
(electrical currents) and their associated magnetic fields, with the latter being perpendicular to
the direction of the current according to the right-hand rule [16]. Repetitive application of a
stimulus continuously evokes these currents and fields which can be measured at the surface
of the scalp in the form of evoked (electrical) potentials and their magnetic counterparts, the
event-related magnetic fields (ERFs). Unlike evoked potentials however, which are
significantly distorted by differences in conductivity between various layers of tissue (i.e.,
brain, skull, and scalp), magnetic signals penetrate the skull without impedance. Therefore, the
distribution of ERFs over the scalp surface allows for fairly accurate estimates of the spatial
extent (0.1-1 cm) and temporal dynamics (1 ms) of neuronal assemblies underlying cortical
activity [17-20].

A salient property of neuromagnetic signals is their extremely weak nature, being several orders
of magnitude smaller than the earth’s steady magnetic field, the associated surrounding
environment (e.g. power lines and traffic) and myogenic activity (e.g. cardiac response).
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Therefore, measurement of minute changes in magnetic flux relies on sophisticated
instrumentation capable of discriminating signals of interest from extraneous magnetic fields.
Recording of the magnetic flux is performed using special sensors known as magnetometers,
which consist of superconducting loops of wire positioned normal to the surface of the scalp,
and immersed in cryogenic refrigerant, typically liquid helium. As variations in magnetic flux
thread through the loop, they induce an electrical current, the strength of which is proportional
to the density of the flux. Each magnetometer is coupled to an additional superconducting
device known as a SQUID (Superconducting Quantum Interference Device), which acts as a
high-gain amplifier that yields a voltage proportional to the current induced within the
superconducting coil by the magnetic flux. In contrast to early single-channel recording units
[17], modern day MEG systems are equipped with 150 to 300 magnetometers capable of
providing whole-head coverage necessary for optimal spatial resolution, and housed inside
shielded rooms constructed of materials with high magnetic permeability, capable of
attenuating noise from the external environment.

Similar to evoked potentials, ERFs are waveforms that represent systematic temporal variations
in the strength of magnetic flux time-locked to the presentation of an external stimulus. In a
typical MEG recording, a stimulus is presented repeatedly during which time the magnetic flux
penetrating the surface of the head is sampled at regular intervals (typically every 4 ms for
cognitive studies) at each magnetometer. For every repetition, an ERF segment in the form of
a time series of magnetic flux measurements is recorded from each magnetometer sensor,
beginning a few milliseconds before and continuing several hundred milliseconds after the
onset of the stimulus. To enhance the profile of the time-varying magnetic activity, the ERF
recordings made of each stimulus repetition are filtered to remove low and high frequency
contaminants introduced by extraneous sources, and subsequently averaged together. A typical
averaged ERF can be characterized by two segments (see Figure 1), namely an “early”
component (50-200 ms pre-stimulus onset) reflecting activity in the sensory cortices specific
to the modality of the stimulus (auditory or visual), and a “late” component (200-800 ms post-
stimulus onset) corresponding to activity in association regions arising from
neurophysiological processes underlying the execution of higher cognitive functions such as
linguistic processing. At each time point the distribution of magnetic flux over the scalp surface
can be displayed as an isofield contour map (Figure 2) and used to mathematically estimate
the intracranial origin of the ERFs. While several algorithms exist for reconstructing
intracranial activity sources [for detailed reviews see 21,22], the most commonly applied
model, and one subjected to external validation against direct electrocortical stimulation [10,
23], is the equivalent current dipole (ECD) [20,24,25]. Using this method, the most probable
location and strength of intracranial activity sources are considered as equivalent to electric
current dipoles, embedded in a spherical conductor approximating the skull curvature [24].
The location of each estimated dipolar source is determined with reference to a Cartesian
coordinate system based on three fiducial points on the head (the nasion and external meatus
of each ear), and subsequently approximated by co-registering these points to a high-resolution
anatomical MRI. The procedure of establishing the spatiotemporal profile of evoked brain
activity by combining the complementary information obtained from MEG and MRI is known
as Magnetic Source Imaging (MSI).

2.4 The Continuous Recognition Memory Paradigm: A Standardized Language Mapping

Protocol

Over the past decade, a considerable amount of research has been undertaken in our lab to
develop areliable MEG language-mapping protocol, deemed valid against the “gold standard”
invasive clinical procedures. Based on this body of work, mapping of language-specific cortex
has most readily been achieved using a variant of the Sternberg task for short-term memory
[26] known as the continuous recognition memory (CRM) paradigm [11,27-32]. In effect, this
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paradigm is a test of verbal memory used to elicit activity in receptive language regions based
on recognition judgments made about the occurrence of words, presented in either the auditory
or visual modalities. The stimuli used in this paradigm are drawn from a set of 90 abstract
English nouns, with scores of 3.0 or lower on the Paivio Concreteness scale [33] and word
frequency ranging from “very frequent” (AA) to 9 occurrences per million for some, and used
to create two subsets of words designated as targets and distractors. During both the auditory
and visual versions of this task, participants are presented with a set of target words which they
are instructed to study and accurately repeat immediately prior to the MEG recording session.
Subsequently, these target words are mixed with the distractors and presented randomly, during
which time participants are asked to make a response upon detection of a target stimulus, and
ERFs time-locked to each word are recorded for a latency of about 150 ms pre- and 1000 ms
post- stimulus onset.

Auditory language comprehension and reading are subserved by mechanisms that share many
components [29]. Identifying both the similarities and the subtle differences between these
mechanisms is possible because the same linguistic stimuli can be presented within identical
time frames either acoustically or visually to participants, who are instructed to process the
stimuli in an identical manner in both cases. Accordingly, the visual CRM task has also been
applied to identify mechanisms involved in more dynamic linguistic processes such as single-
word reading [13,27,34]. As a complement to this task, MEG studies in our lab have also
addressed more elementary features of reading, such as phonological aspects of letter-to-sound
decoding [11,35,36]. The protocol used to identify the neural correlates of phonological
decoding has been an adaptation of the pseudoword rhyme-matching task [37]. During this
task, participants are asked to make rhyming judgments about two orthographically dissimilar
but pronounceable letter strings (e.g., gnume-noom), and ERFs are time-locked to the first
stimulus of each pair to ensure that recorded brain activity only reflects phonological decoding
operations as opposed to competing cognitive processes involved in matching of stimuli.

3 Mapping Language with MEG

3.1 Assessment of Language Laterality

A stable feature of MEG-derived cortical activation maps, in the context of the CRM paradigm,
is a greater degree of activity in the left perisylvian region (number of ECDs computed during
the late portion of the ERF), confirming the well-documented left hemisphere dominance for
receptive language in the majority of neurologically intact individuals [38]. The efficacy, as
well as the reliability, with which this protocol can be used to derive measures of hemispheric
dominance for receptive language has been demonstrated in a series of studies of randomly
selected normal adults and children [11,27,28,30,32]. Furthermore, the adequacy of MEG as
a non-invasive alternative to the Wada procedure in assessing hemispheric dominance for
language has also been addressed in several validation studies in clinical cohorts. Initial
comparisons of the two modalities in epilepsy patients reported excellent concordance between
hemispheric asymmetries in the degree of regional activity determined by MEG against
laterality indices obtained from the Wada procedure in adults [11,39,40] and children [41]. In
the largest systematic study to date, Papanicolaou et al. [42] reported a high degree of
concordance (87%) between language laterality judgments obtained using MEG and the Wada
procedure, independently, in 100 consecutive epilepsy cases ranging from 8 to 56 years in age.
Additionally, this study also found that in 4% of the cases where findings between the two
methodologies were discordant, MEG tended to indicate the possibility of bilateral
representation (more activity in the non-dominant hemisphere) where the Wada procedure
suggested unilateral representation, of receptive language. From a practical point of view, these
divergent findings may have warranted the use of invasive mapping in only a small number of
cases, indicating that MEG may provide a slightly more conservative assessment of
hemispheric dominance for language, relative to the Wada procedure.
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Clearly, non-invasive lateralization of receptive language using MEG has a number of
advantages, including elimination of health risk, potential for test—retest reliability studies, and
ability to use a number of different tasks of extended duration. Furthermore, the problems
inherent in the Wada procedure, including potential over- or under-anesthetization and
anomalous distribution of anesthetic due to cross-flow or atypical vascularization, are also
eliminated. However, although independent reports of a high degree of concordance between
MEG and the Wada procedure hold promise, several caveats must be addressed when
considering substitution of the latter technique with the former. For example, language testing
during the Wada procedure usually entails both expressive and receptive language tasks, where
as the MEG protocol discussed here relies solely on the latter (reading and listening to single
words). As pointed out by some [11,43], this can have implications in cases where receptive
and expressive language may dissociate during inter-hemispheric reorganization in individuals
with epilepsy. Therefore, development of paradigms capable of exclusively recording and
modeling brain activity in anterior speech regions are a necessary complement to existing
protocols used to assess hemispheric dominance for receptive language. Moreover, whereas
MEG may serve as an acceptable substitute for the purposes of determining receptive
hemispheric dominance for language, the Wada procedure is also used to generate information
regarding the relative contribution of each hemisphere to memory function. This may prove to
be critical if the hemisphere contralateral to the epileptogenic zone cannot support memory,
especially in patients undergoing anterior temporal lobectomy, who would be at particular risk
for developing amnesic disorder [44]. Therefore, substitution of MEG for the Wada procedure
may only be appropriate in cases where lateralization of memory is not critical to the surgical
outcome.

3.2 Localization of Language-Specific Cortex

As well as providing an estimate of hemispheric dominance for receptive language functions,
an invariable feature of MEG-based activation profiles obtained from the CRM paradigm is
the localization of activity within the temporo-parietal cortex (including the posterior portions
of the middle and superior temporal gyri; and the supramarginal and angular gyri), irrespective
of the stimulus modality. This region, spatially coincident with Wernicke’s area, is defined as
the patch of cortex which, when electrically stimulated, produces deficits in receptive language
[10,35]. The localization of late-onset active sources within the temporo-parietal cortex (e.g.,
Wernicke’s area) during receptive language processing using MEG has been previously
documented in independent cohorts of normal controls [11,27-29,32,35], using both the visual
and auditory variations of the CRM task. More recently, a large-scale normative study by
Papanicolaou et al. [32] employing a slightly different, more objective approach to ECD source
modeling distinguished that the hemispheric dominance for receptive language is in fact driven
by sustained activity in the left middle temporal gyrus, a finding which did not differ as a
function of age, gender and stimulus modality, and one consistent with previous studies
reporting a similar phenomenon [45,46].

The reproducibility and spatial accuracy of MEG-derived profiles of brain activation during
receptive language processing has also been addressed in studies of test-retest reliability in
neurologically intact individuals. Initially, Breier et al. [30] reported a high degree of spatial
overlap between late-activity sources in the region of Wernicke’s area across replications of
the visual CRM task, in the same subjects. More recently, a systematic study by Simos et al.
[47] demonstrated that during the auditory CRM task, intra-participant variability in the
location of the geometric center of activity sources in Wernicke’s area, modeled as consecutive
ECDs, ranged between 2-8 mm, clearly lower than the spatial resolution limit (~1cm) of direct
electrocortical stimulation mapping. Furthermore, a finding common to both studies was the
notable variability across subjects in the location of active sources in the region identified as
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Wernicke’s area, which highlights the sensitivity of MEG to inter-individual variability in the
functional organization of the association cortex.

Studies of concurrent validity have attested to the adequacy of MEG as a potential substitute
for electrocortical stimulation mapping for the purpose of localizing language-specific cortex.
Based on our accumulated experience of over 40 consecutive patients undergoing pre-surgical
functional mapping [10,28,48,49], we have reported near-perfect agreement between MEG-
derived maps of language-specific activity within the dominant hemisphere and the
independent results of direct intra-/extra- operative electrocortical stimulation, in identifying
brain regions critical to receptive language function. Notably, within these studies, perfect
agreement between the two modalities was also demonstrated even in cases where patients
were found to exhibit atypical language representation (outside the classically-defined borders
of Wernicke’s area).

From a clinical point of view, the excellent agreement between MEG and direct electorcortical
stimulation mapping have several practical implications, including reduced risk of morbidity,
and facilitation of the craniotomy procedure using additional pre-operative information
gathered about the precise location of language-specific cortex. However, as mentioned earlier,
no definitive MEG activation protocol exists which readily allows for the mapping of
expressive language cortex, equally critical to the preservation of function in surgical
candidates [10]. A single case study by Castillo et al. [23] did find a concordance between the
site of stimulation and MEG-derived activity sources localized to the inferior frontal cortex
during a picture naming task, though no subsequent studies have confirmed this earlier report.
Thus, in the current context, it appears that MEG is most valid for the purposes of localizing
receptive-language specific cortex.

3.3 Neural Mechanisms of Reading

Normative brain activation profiles associated with reading have been successfully established
in our lab by extension of the MEG protocols originally developed to map receptive language-
specific cortex, and validated against the “gold standard” invasive brain mapping techniques.
Specifically, the visual CRM protocol has provided the context for which brain mechanism
underlying single-word reading have been identified in normally developing individuals.
Furthermore, the neural correlates of more fundamental facets of reading such as phonological
decoding have also been investigated in the context of the pseudoword rhyme-matching task.
An important aspect of this work has also been the application of these protocols to studies of
the neural correlates of reading disability in children with developmental dyslexia.

Over the course of several studies of non-reading impaired adults and children [11,13,27,50,
51], we have established a generic spatiotemporal profile of cortical activity associated with
both reading of real words and pseudowords, characterized by several distinct, relatively
consistent features. Almost invariably during the early component of the ERF, bilateral
activation of the occipital cortex, an area of the brain involved in basic visual perception, is
followed by increased activity in the left occipitotemporal and basal temporal cortices, areas
believed to be related to recognizing and decoding the orthographic word form. Following
resolution of the early evoked response, a second stable feature associated with reading is
increased activity in the temporo-parietal cortex (posterior superior temporal and
supramarginal gyri), predominantly in the left hemisphere, accompanied by bilateral
engagement of the posterior middle temporal gyrus. These temporal areas are believed to be
involved in recognizing the phonological and semantic components of the word. In addition
to temporal lobe regions, late activity sources are also found in the inferior frontal regions,
primarily in the left hemisphere, a area believed to be involved in articulation of word sounds
and learning. A distinguishing feature between activation profiles of real word and pseudoword
reading is the evocation of greater posterior left middle temporal gyrus activity during the
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former task, whereas engagement in the latter task is associated with reduced activity in this

region. In contrast, MEG-derived data has demonstrated that in fact phonological decoding, in
the context of pseudoword reading, is mediated by the posterior left superior temporal gyrus,
a finding concurrent with previous studies of direct electrocortical stimulation mapping [35],
as well as other metabolic-based functional imaging studies [52-55].

Children with dyslexia exhibit a reduced ability to discriminate the phonological units of speech
that contain fast auditory transients, such as syllables. Cortical responses to simple and more
complex language units have been studied with MEG in children with dyslexia in our lab over
a period of several years [29,36,56-58]. Specifically, we have used MEG to reliably
differentiate children with dyslexia based on abnormal spatiotemporal profiles of activity
during execution of reading tasks. As with the general pattern of activity generated by children
without reading impairments, dyslexic children exhibit a generic pattern of activity marked by
consistently reduced activation of the left posterior superior temporal/supramarginal gyri
(primarily the posterior superior temporal region), accompanied by hyperactivation of the right
homotopic regions and compensatory increases in prefrontal activity. Moreover, another
salient feature of the atypical activation profile exhibited by dyslexic kids is the tendency for
earlier prefrontal lobe activity, followed by a marked delay in the onset of activity within
temporo-parietal regions (mainly left superior temporal gyrus) [36]. These anomalies are a
notable departure from the temporal progression of late-onset brain activity characteristic of
normal individuals during the reading of real-words, as well as phonological decoding. A
noteworthy observation based on the studies of dyslexic children summarized here is that these
individuals exhibit the normal pattern of hemispheric dominance for receptive language, as
demonstrated by cortical activation profiles obtained during the during the auditory and visual
CRM tasks, thus refuting the long-standing hypothesis [59] that the disorder is related to
anomalous hemispheric dominance for language functions [29].

4 Conclusions

As a functional neuroimaging modality, MEG seems well-suited for efficiently mapping
language in neurologically intact individuals. Furthermore, MEG-derived activation profiles
appear to be reliable and valid indices of neural activity associated with receptive language
function, given the high degree of concordance between MEG and the two “gold standard”
techniques, namely the Wada procedure and direct electrocortical stimulation mapping. While
certain limitations still preclude MEG from completely replacing invasive diagnostic methods
in clinical practice, there is little doubt that the information obtained using this technique is an
effective adjunct to existing pre-surgical routines. The development and validation of
additional protocols, particularly those capable of assessing the relative contribution of each
hemisphere to expressive language, as well as memory function, may further enhance the
clinical utility of MEG during surgical planning. Moreover, as evident from the studies of
reading in non-impaired children and those with dyslexia, MEG may have the potential to
distinguish between normal and abnormal developmental conditions, particularly where
impairment of language is believed to be the core deficit.
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Figure 1.

Averaged event-related field (ERF) consisting of early components (~ 50-200 ms post-
stimulus onset) and late components (~200 — 800 ms post-stimulus onset), related to the time
and pattern of the stimulus onset.
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Figure 2.

Contour map of the surface distribution of magnetic flux by an auditory evoked stimulus. The
red arrow indicates the location and direction of the equivalent current dipole (ECD), in the
half-space between the inward (blue lines) and outward (red) flowing magnetic fields relative
to the multiple MEG sensors that encircle the whole head (yellow circles).
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