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Abstract

While magnetoencephalography (MEG) is of increasing utility in the assessment of pediatric patients
with seizure disorders, this indication reflects only a part of the clinical potential of the technology.
Beyond epilepsy, a broad range of developmental psychiatric disorders require the combined
offerings of spatial and temporal resolution, along with direct sensitivity to neural electrical activity,
that are offered by MEG. This article reviews the application of MEG in the study of auditory
processing as an aspect of language impairment in children. Potential application is elaborated in the
clinical case of autism spectrum disorders, a devastating disorder with prevalence of 1 in 150, poorly
served by alternative imaging modalities. MEG offers both spatial and temporal insights, tentatively
described as “electrophysiological signatures”. Results demonstrate the sensitivity of MEG for
detection of abnormalities of auditory processing in ASD and their clinical correlates. These findings
offer promise for the comprehensive assessment of developmental neuropsychiatric disorders such
as autism, but also suggest avenues for the development of MEG technology to adequately meet the
needs of such populations, as well as providing conduits to basic sciences including neurobiology
and genetics.

INTRODUCTION

Autism spectrum disorders (ASDs) are a set of developmental disabilities diagnosed in
childhood, that have significant impact throughout the child and adolescent’s development.
Several characteristic behavioral symptoms may be manifest, including impaired social
interaction, language and communication difficulties, and repetitive movements and
stereotyped behaviors. Data from the Center for Disease Control estimates the prevalence of
this devastating family of conditions to be as high as 1 in 150 children (Rice, 2007).

Implied by the name, ASD covers a spectrum of conditions, and thus one observes profound
phenotypic heterogeneity in individuals with an ASD diagnosis. Although ASD is recognized
as having a significant genetic component, genetic heterogeneity is suspected (Lamb et al.,
2002). Additionally, children with an ASD diagnosis often exhibit symptoms of other
neurological or psychiatric conditions (Leyfer et al., 2006), or at least manifestations
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sufficiently characteristic of other disorders as to engender difficulty establishing a clear
diagnosis (Reiersen et al., 2007). Finally, although diagnosed in childhood, individuals with
ASD show impairments into adulthood, especially with regard to communication and social
integration.

At present, behavioral and pharmacological treatments are only moderately effective.
Considered a neurodevelopmental disorder, it is likely that better understanding of the
neurobiological abnormalities associated with ASD is needed to develop strategies for early
identification and possible treatments. Thus, whereas clinical diagnosis and ongoing
assessment is presently made on the basis of observed behavioral characteristics, underlying
structural and functional brain abnormalities may better characterize this heterogeneous
disorder, allowing more effective treatment and therapy monitoring (Edgar et al., 2007). To
date, however, conventional radiologic imaging technologies, such as MRI and CT, have
proven largely inadequate, due to the general absence of structural or physiologically
identifiable lesions (Lewis 1996).

Given that brain activity is marked by rapid electrical events progressing rapidly through
networks of functionally linked brain areas, comprehensive characterization of brain function
should consist of spatial and temporal measures. Thus, a role exists for spatial imaging
methodologies sensitive to neural electrical activity in real time. Functional imaging modalities
such as functional magnetic resonance imaging (fMRI) and positron emission tomography
(PET) provide excellent spatial localization of functional activity, but image functional brain
activity via the relatively slow hemodynamic response associated with neural activity (with
significantly delayed temporal response characteristics).

Electroencephalography (EEG) offers a real-time method of measuring electrical neural
activity, either through analysis of ongoing oscillatory activity or analysis of discrete phase-
locking of these oscillations to the processing of specific events, resulting in event-related brain
potentials (ERPs). Examined at the scalp, ERPs have been used to characterize specific events
in the time domain of a functional response to a stimulus. ERP interpretation is often limited
as most cognitive research is conducted using low channel counts (although this is rapidly
changing). Analysis of ERPs, however, is also compromised by the smearing of electrical brain
activity due to the varying electrical conductivities of intervening tissues (e.g., cerebrospinal
fluid (CSF), scalp, skull). The temporal resolving power, or degree to which latencies of
separate evoked responses can be precisely determined, is limited given the blurring and phase
errors associated with the differing electrical conductivity paths. For auditory ERPSs, scoring
of left and right ERP auditory components is often difficult given the superposition of left and
right hemisphere auditory activity at midline EEG sites.

Magnetoencephalography (MEG), the “magnetic cousin” of EEG, provides a methodology
with high temporal resolution (~ms), relatively sharper component peak definition, and
reasonable spatial resolution (~mm), especially for cortical activity. For example, Leahy et al.
(1999) showed an average spatial localization error of 3 mm with 61-channel MEG and 7-8
mm with up to 64-channel EEG across 32 dipole sources. Whereas the ability of MEG to resolve
and localize brain activity is under continuous discussion, evaluation, and improvement,
numerous studies have demonstrated the utility of MEG source localization and this technique
is now commonly used in the clinical definition of eloquent cortex prior to neurosurgical
procedures (Nakasato & Yoshimoto, 2000; Alberstone et al., 2000; Schiffbauer et al., 2002;
Ganslandt et al., 2004; Lee et al., 2006), as well as the localization of the source(s) of interictal
epileptiform activity (Knowlton et al., 2006). However, separate from the ability to localize
sources of brain activity, several other aspects of MEG offer attractive utility: (i) the temporal
resolution (~ms), (ii) the fact that magnetic fields are not smeared as they travel through the
scalp and skull, and (iii) the orientation of primary and secondary neurons in auditory areas in
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a way that allows examination of left and right auditory activity separately. Together, these
facets of MEG hold promise for the study of brain disorders associated with impaired
perception and processing of auditory signals.

Auditory neuromagnetic event related field (ERF) data are presented and reviewed below, with
a focus on using MEG to accurately characterize auditory perception and processing, and thus
provide insight into the underlying substrates and mechanisms of the language and
communication impairments commonly observed in individuals with ASD. Specific attributes
of the MEG signal that form dependent variables in studies of psychiatric disorders include the
amplitude and, especially, the latency of auditory ERF components of neuromagnetic activity
elicited by perception and processing of auditory stimuli.

Data presented and reviewed below focus on the role of MEG in approaching autism spectrum
disorders by characterizing auditory processing as a potential mediator of language and
communication impairment. Naturally, analogous experiments can be considered, and in some
cases are underway, for characterizing other aspects of the autism phenotype (most notably
assessing face-processing as an index of social interaction impairment; Bailey et al., 2005;
Kylliainen et al., 2006). MEG research in these areas, although promising, is in its infancy,
and thus results are necessarily preliminary. Present results, however, permit the development
of specific hypotheses relating to the development of abnormal auditory processes and
language impairment(s). Results also suggest strategies for a more thorough investigation of
language impairments via incrementally more complex and abstract linguistic challenges.

Of note, most data presented are in children and adolescents 8 years old and above. The
rationale for this is threefold. First, the emergence of clear auditory evoked components is a
function of age, with a clear N1 observed around the ages of 8-10 years. N1 represents the
electric analog of the M100 magnetic response described in many studies below. Second,
sensitivity to subject motion precludes the study of children who are unable to maintain head
position during the entire exam. This is very difficult for very young children. Third, the fixed
sensor geometry in all whole-head MEG systems, which can accommodate both children’s and
adult’s heads, is not optimal for very young children. Future developments in MEG technology
hold promise for the extension of the approaches discussed in this manuscript to a younger
population.

Frequency Encoding in the Brain of Children with Autism

Neural correlates of the recognition of basic features of auditory stimuli are observed in the
amplitude and latency of auditory ERF components as early as 100ms (M100) (Roberts &
Poeppel, 1996). In particular, the M100 latency shows a characteristic dependence on the
acoustic properties of the stimuli, with an earlier M100 response to high frequency tones
compared to low frequency tones (Roberts et al., 2000). These early properties define
subsequent phonological identification and, as such, M100 latency modulation can be
interpreted as an indicator of the integrity of early sound perception. It is assumed that accurate
extraction and processing of basic auditory features is necessary for subsequent processing of
more complex auditory and linguistic information.

M100 latency prolongation is most dramatic in the 100Hz to 1kHz range, with a ~30-40ms
difference, or “dynamic range”, between earlier responses to high frequency tones and later
responses to low frequency tones. The 100Hz to 1kHz spectral range encompasses the first
formant (F1) position of most vowel sounds. As such, distinguishing between different
frequencies within this range is of great importance for communication. In preliminary studies
examining ASD, whereas the general form of the M100 latency response as a function of tone
frequency was intact in children with ASD and typically developing controls (conforming to
a 1/frequency model), the dynamic range in children with ASD (the latency difference between
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M100 responses to nominal high, 1kHz, and low, 100Hz, frequency stimuli) was markedly
reduced in the right hemisphere of children with autism, showing only a 15-20 ms prolongation
at low frequencies (100Hz) compared to high frequencies (1kHz) (Gage et al., 2003a). These
observations led to the hypothesis that early detection systems and frequency analysis problems
occurring at ~100ms may be impaired in children with autism, perhaps leading to imprecisely
encoded auditory representations, and degraded “processed” data being input to subsequent
neural systems. Findings also pointed to atypical hemispheric differences in the functional
activity of auditory cortex processes in children with autism. M100 latency data from a
representative subject with autism is shown as a function of stimulus frequency in Figure 1,
and illustrates the general form of the latency dependence as well as the diminished dynamic
range of latency variation in autism.

Although published studies have focused on the M100, both earlier and later ERF components
can be examined. A recent report from our group confirmed the anecdotal observation that an
earlier 50ms neuromagnetic component (M50), present but generally weaker than M100 in
adults, is more robustly observed and is of greater amplitude than the M100 in a young typically
developing population as well as in children with ASD (both groups 8-18 yrs) (Oram Cardy
et al., 2004). Studies examining 50 and 100ms auditory responses provide an opportunity to
characterize similar and/or distinct patterns of latency modulation in earlier (M50) vs. later
(M100) stages of auditory sound perception. These analyses are being pursued as part of a
comprehensive approach to study multiple components of the auditory ERF in order to identify
the stage at which auditory/linguistic processes deviate from patterns observed in typical
development.

Developmental trajectory of M100 latency

The use of ERPs and ERFs in developmental populations presents several obstacles that prevent
testable hypotheses from appearing more often in the literature (for a detailed discussion of the
problems associated with studying children and adolescents see DeBoer et al., (2005)).
Whereas there is general consensus on how to score ERP/ERF auditory components, the latency
and morphology of auditory components across development are only recently being defined.
Paetau et al. (1995) discuss the changing form of electrophysiological responses to auditory
stimulation (using both tones and speech elements) as a function of typical childhood and
adolescence development. They noted that auditory components differ as a function of age,
and observed a tendency for major ERPs (e.g., N1) to become stronger and to occur at an earlier
latency with increasing age. Although longitudinal data in the same subjects is not yet available
for abroad age range, horizontal snapshots across subjects of different ages confirm these broad
observations (e.g. Oram Cardy et al., 2004). For research in this area to develop, understanding
the normal changes in the auditory ERP/ERF as a function of age is needed so that findings
across laboratories, studying different populations, can be legitimately compared.

As previously noted, in typical development, the M100 response shows a progressive and rapid
decrease in latency during late childhood and adolescence (presumed secondary to ongoing
white matter myelination). This latency shift is delayed in children with autism (and essentially
not evident in the right hemisphere) (Gage et al. 2003b). Recent pilot work extended previous
M100 latency findings, examining M100 latencies from each hemisphere in children with
typical development and in children with an ASD using whole-head 275-channel MEG. MEG
data was collected in four separate runs, each run consisting of over 100 trials (sampled at
1200Hz). Mean M100 amplitude (a root-mean square (RMS) measure) and standard error of
the mean (SEM) measures were computed using a group of ~130 sensors covering each of the
left and right hemispheres. In the left hemisphere (Figure 2a,b), both children with ASD and
typically developing (TD) children showed earlier M100 latencies with increasing age (for TD,
the correlation was r = —0.69; for children with ASD, the correlation was r = —0.43). As shown

Int J Psychophysiol. Author manuscript; available in PMC 2009 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Roberts et al. Page 5

in Figure 2(a,b), M100 latencies, however, appear to be systematically prolonged in ASD
compared to TD. This effect appears more pronounced for younger individuals. The group
latency difference was significant in the right hemisphere (even in this small sample). Mean
(= SEM) latency values for the left hemisphere were: TD = 120.7+1.5ms, children with ASD
=130.2+9.4ms, p=0.3; right hemisphere values were: TD = 117.4+3.4ms, children with ASD
=136.8+4.4ms, p<0.01 (Figure 2c). Although present findings show a developmental trajectory
of M100 latency that is not significantly different than that of typical development, the finding
reported in our previous study of longer M100 latencies in ASD (Gage et al., 2003b) was
replicated. Furthermore, in these small sample studies, differences in the clinical and behavioral
scores of the children with autism certainly exist, precluding direct comparison between studies
but motivating further studies. Additionally, an influence of attention on M100 latency must
be considered possible and it is not established in the above studies that the degree of attention
is similar between children with autism and typical development. Studies focusing on directing
attention are warranted. Nonetheless, differences in M100 latency between groups remain
reproducibly resolved. Interestingly emerging from both studies are indications that the
developmental latency abnormality occurs primarily in the right temporal lobe.

Asymmetry in the Source Localization

We have also been examining structural asymmetries within the auditory system. Although
the human brain is generally symmetric, the existence of specific structural and functional
asymmetries is one of the foundations of modern neuroscience. From a structural perspective,
a majority of the population shows greater width and length in right versus left frontal regions
(Weinberger et al., 1982; Durara et al., 1991), but the left occipital region is wider and larger
than the right occipital region (Wada et al., 1975; Lemay and Kido, 1978; Durara et al.,
1991). Particular attention has been drawn to cerebral asymmetries in the region of the planum
temporale (PT), especially because of this region’s importance in language function. The PT
is a triangular region of cortex lying caudal to the transverse auditory gyrus of Heschl on the
superior surface of the temporal lobe. It has been shown to be typically larger on the left than
the right in both post mortem (Geschwind & Levitsky, 1968) and MRI (Larsen et al., 1989;
Steinmetz et al., 1989) investigations; some reports suggest that PT asymmetry is explicitly
related to left-hemisphere language dominance (Karbe et al., 1995).

Examining subjects without neurological or psychiatric dysfunction, Elberling and colleagues
(1982) were the first to report that the pure-tone M100 source location for the right hemisphere
is normally shifted anterior to that seen for the left hemisphere. This basic observation has been
confirmed for right-handed male subjects by several other investigators (Reite et al., 1989;
Makela et al., 1993; Eulitz, Diesch, Pantev, Hampson, & Elbert, 1995; Tiihonen et al., 1998;
Ohtomo et al., 1998; Edgar et al., 1997; Rockstroh et al., 2001). Reite and colleagues further
reported that right-handed male patients with schizophrenia fail to show the expected pattern
of right-left asymmetry for the location of the M100 dipole source as evaluated using MEG
(Reite etal., 1997; Rojas et al., 1997; Teale et al., 2000), and others have provided independent
supporting data (Tiihonen et al. 1998; Edgar et al., 1997; Rockstroh et al., 2001).

At present, the neurogenetic and neurodevelopmental factors that guide formation of an
asymmetric brain can only be speculated upon, an unfortunate situation since anomalies in
cerebral asymmetries have been reported in several clinical populations. In particular, two
recent studies have compared M100 structural asymmetries in individuals with schizophrenia
and individuals with dyslexia. Heim et al., (2004) examined hemispheric asymmetry of the
M100 in schizophrenia patients, dyslexic adults, and control subjects. Control subjects showed
the typical finding of sources being more anterior in the right than in the left perisylvian region.
In contrast, both schizophrenia patients and dyslexic subjects displayed a symmetrical M100
configuration. While in subjects with dyslexia the alteration appeared to originate in the right
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hemisphere, left-hemispheric deviations were thought to contribute to reduced asymmetry in
patients with schizophrenia. Edgar et al. (2006) also replicated prior observations of a
significant right-left M100 anterior-posterior positional asymmetry for normal control subjects
and the reduction of this asymmetry for the male schizophrenic subjects. Subjects with dyslexia
also showed reduced M100 positional asymmetries. Thus, this appears to be a reproducible
observation in pathologic conditions, but may not be specific for any particular pathology or
disorder.

Deviations from typical asymmetries have figured prominently in accounts of the etiologies
of both schizophrenia and dyslexia, but given the similarities in M100 profiles for the two
conditions, it is unlikely that M100 positional asymmetries account for the cardinal features
of either condition. On the other hand, there may be (as yet unspecified) similarities in auditory
processing dysfunction for the two conditions — similarities that are related to the observed
M100 findings. For example, both schizophrenic and dyslexic subjects have been suggested
to demonstrate abnormalities in auditory memory and the processing of rapidly presented
auditory information (e.g., Todd et al., 2000 (schizophrenia); Tallal et al., 2000 (dyslexia)).
Ongoing studies in our laboratory are examining both structural and functional measures in
central auditory system measures to examine which structural and functional abnormalities are
specific to ASD, and which relate to language impairment in general.

In arecent study (Schmidt et al., 2007a), we examined M100 source localization data from the
left and right hemisphere of adults (n=10), typically developing children (n=8), and children
with autism spectrum disorders (n=8). In control adults, replication of previously described
anterior-posterior M100 asymmetry in adult auditory cortex sources was observed (Edgar et
al., 2006), with an approximately 8mm anterior bias in the right hemisphere. Similar findings
were observed in children with typical development (age 8-18 yrs), with a similar statistically
significant 8mm difference. As typical M100 asymmetry was not observed in the two youngest
subjects (<10yrs), a developmental trajectory to this phenomenon cannot be excluded (linear
correlation of hemispheric source difference with age in this small sample, although positive,
was not significant). In stark contrast, in the age-matched sample of children with autism
spectrum disorders, no evidence for typically M100 source asymmetry was observed (in fact,
the mean displacement was —1mm, slightly leftward biased). Although non-specific, these
findings suggest that abnormal (or absent) hemispheric asymmetry in auditory cortex may be
a sensitive marker for pathologic conditions, perhaps emerging in childhood or adolescence.
Finally, pooling the children with typical development and autism, Schmidt et al. (2007) noted
an interesting correlation between hemispheric M100 asymmetry and performance on an
assessment of language performance (Clinical Evaluation of Language Fundamentals
(CELF)-4 test), suggesting that decreased hemispheric asymmetry may be associated with
language impairment, and thus is of functional and clinical significance.

Mismatch Field and Change Detection

Human speech consists of a stream of syllables, typically occurring at a rate of about 4Hz, with
syllable durations of approximately 250ms. Recognizing and processing syllable changes is
critical for the successful comprehension of human speech. It has been suggested that a
deficiency in the processing of complex sounds may underlie language impairment in infants,
children and adults (Gage et al., 2003a,b; Kuhl 1994; Tecchio etal., 2003; Ornitz 1989; Lincoln
et al, 1995), including children with autism (Gage et al., 2003a,b). In particular, it is
hypothesized that the successful processing of polysyllabic speech elements and recognizing
differences between syllabic tokens is critical for speech comprehension. An
electrophysiological correlate of the detection of a change in sensory stimuli exists in the form
of the mismatch negativity (MMN), described by Naatanen (2001, 2003) and colleagues
(Naatanen et al., 1987, 1997). The MMN provides a measure of the pre-attentive detection of
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a difference in the attributes of an infrequently presented “deviant” stimulus as compared to
the stimulus properties represented in the memory trace of the frequently presented *“standard”
stimuli. Relevant stimulus differences might exist, for example, in the form of stimulus
amplitude or spectral content. In fact any salient stimulus difference may serve to elicit a
mismatch response. The MMN is obtained by subtracting the ERP elicited by the standard
stimulus from the ERP elicited by the deviant. MMN responses can be obtained using visual,
haptic, and auditory stimuli. For auditory stimuli, the MMN occurs approximately 200ms post-
stimulus. The strength, or magnitude, of the MMN increases with larger differences between
standard and deviant acoustic tokens.

In terms of language, phonological features may also provide differences, the detection of
which is reflected in the MMN. It has been shown that the MMN response is greater in subjects
for whom phonetic differences between stimuli cross a phoneme category boundary (Naatanen
2001) or is otherwise phonologically significant (Naatanen et al., 1997; Peltola et al., 2003;
Winkler et al., 1990). As such, the MMN can be used to assess a subject’s ability to detect
change in linguistic stimuli. Analogous to the MMN, the auditory MEG magnetic mismatch
field (MMF) can be obtained. Brain areas generating the scalp recorded MMF have been
localized near auditory cortex. MMN and MMF thus serve as passive, pre-attentive probes for
abnormalities in auditory processing relevant to speech/language, providing neuronal indices
of speech sound discrimination, processes crucial for language processing and language
development.

Whereas studies of MMN/MMF in autism show conflicting results in children with ASD
compared to TD controls (Ceponiene et al. 2003, Jansson-Verkasalo E 2003), studies from our
group revealed delayed MMF responses in autism (with language impairment) compared to
age-matched TD controls, with delays in subjects with autism up to 50ms (Oram Cardy et al.
2005a). Delays did not appear to be specific to speech, as delays were equivalent for vowel
contrasts (/u/ vs. /a/) and acoustically matched tone contrasts (300Hz vs. 700Hz sinusoidal
tones). This finding, nonetheless, is of interest as 50 ms represents a considerable fraction of
syllable duration. Delays in neural detection of syllable change can potentially compound,
leading to difficulties processing continuous streams of syllables. Interestingly, a subgroup of
children with Asperger’s syndrome (with no language impairment) showed shortened (~30
ms) MMF latencies compared to TD controls. Given the findings of this study, and the
conflicting results between Ceponiene (in children with autism) and Jansson-Verkasolo
(children with Asperger Syndrome), auditory MMN/MMF signatures may be sensitive to, or
predictive of, clinical manifestation of language impairment (which tend to be absent in
Asperger Syndrome). However, an EEG study examining MMN in young children with ASD
also observed shortened MMN latencies (Gomot et al., 2002). As such, It is not currently clear
whether age or other group-selection differences account for reported MMN/MMF findings.
In any case, mismatch negativity (and mismatch field) latency does appear to be a sensitive
neural signature, warranting further study in children with autism with and without language
impairment.

Related to the MMN/MMF is the component P3a, a later component attributed to automatic
attentional switching to a sound change, and interpretable as reflecting the significance of such
a change. While there is ERP data on the P3a in children with autism (Lepisto et al., 2005) and
indeed magnetic recordings of analogous components in healthy subjects (Huotilainen et al.
2003, Alho et al. 1998), this remains a promising yet not fully explored line of investigation
for MEG in autism.

Rapid Temporal Processing

A concept related to syllable change detection has been described in terms of rapid temporal
processing (RTP), the ability to detect and process transient changes in the auditory stream.
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RTP impairment has been proposed to underlie language impairment and dyslexia (Tallal et
al., 1993; Tallal, 1980). This hypothesis is controversial, with several authors arguing for
deficits in the perception and processing of speech-specific sounds and not a deficit that
generalizes to non-speech auditory processing in patients with reading and learning disabilities
(Studdert-Kennedy & Mody, 1995; Watson & Miller, 1993; Mody et al., 1997). Behavioral
assessment of RTP and deficits thereof are, however, confounded by performance issues in
individuals with ASD, such as learning, memory and general task compliance. These
difficulties motivate the search for a passively obtained neural signature of RTP ability. Indeed,
in many ways the use of RTP paradigms to probe neural response to rapid changes in stimuli
can be viewed as quite analogous to the above-described mismatch studies. An early MEG
study from the PI’s laboratory (Nagarajan et al., 1999) demonstrated reduced neuronal
responses to rapidly presented tones in adults who were poor readers, compared with age-
matched adults who were good readers, again indicating RTP impairment in dyslexia. In a
recent study from our group, Oram Cardy et al. (2005b) examined M50 and M100 responses,
and observed absent responses to the second of two rapidly presented tones in subjects with
autism (with language impairment). In particular, when the interstimulus interval (ISI) was
long (e.g. 800ms), the first and second M50 and M100 responses were intact in both groups.
However, at shorter ISIs (150ms), M50 and M100 responses to the second tone were intact in
controls but absent in subjects with autism. RTP M50/M100 abnormalities appear to reflect a
language impairment related phenotype of autism, as children with specific language
impairment (SLI) also showed an absence of clear M50/M100 responses to the second tone at
the short ISI, whereas a group with Asperger’s syndrome (on the autism spectrum but with no
core language impairment) showed intact responses.

In a recent pilot study (Schmidt et al. 2007b), accuracy and reaction time data were obtained
while subjects were presented paired-tone stimuli with ISIs of 150ms, 250ms, 500ms and
800ms. Stimuli were randomly interleaved, presented during a behavioral paradigm assessing
the subject’s ability to discriminate transitions from high to low frequencies (2kHz and 1kHz)
and vice versa. Behavioral accuracy and reaction time measures were recorded. Several
children, particularly those with lower cognitive abilities, were unable to follow the instructions
and perform the behavioral task, somewhat justifying a passive MEG-based correlate. In the
passive MEG task, similar stimuli were presented, but no explicit task demands made.
Dependent measures were the amplitude (RMS) and latency of left/right M100 responses
evoked by the first and second tone. Recordings were made using a 275-channel whole head
biomagnetometer, and responses from left and right hemispheres were separately determined
from analysis of ~130 sensor channels covering each hemisphere. Amplitude and latency
measures were associated with performance on neuropsychological assessment using the
Clinical Evaluation of Language Fundamentals (CELF)-4 core index of language function.
Three amplitude findings are beginning to emerge: 1) as expected, amplitude ratios (of
responses to the second compared to the first tone) converge to 1 at long ISls, 2) the amplitude
ratio in the left hemisphere correlates positively with CELF-4, and 3) no significant correlation
with CELF-4 scores was observed with right hemisphere activity. To further explore the
association between M100 amplitude and CELF-4 scores, subjects were divided into those
scoring above and below a cutoff of 100 on the CELF-4 core index. No effect of ISI on M100
amplitude was observed in the higher scoring group. In contrast, a significant amplitude
increase to the second tone as a function of increasing ISI was observed in the group scoring
below 100 on the CELF-4. At an ISI of 800ms, amplitude measures did not differ between the
groups. Furthermore, this effect was only encountered in the left hemisphere. Finally, across
all subjects, at short I1SIs (150ms), the ratio of the left hemisphere M100 amplitude of the second
compared to the first tone amplitude correlated positively with clinical language assessment,
as indexed by the CELF-4 score (Figure 3). In other words, increased language ability was
associated with stronger evoked responses to rapidly presented stimuli.
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Taken together, present findings suggest that a sensitive neural correlate of language
impairment is revealed at short 1SIs and examining M100 amplitude ratios of evoked responses.

MEG COMPARED TO EEG

The studies above employed MEG to examine auditory brain activity. Given the potential utility
of millisecond scale electrophysiological sensitivity, along with a typically-argued sensitivity
of MEG and EEG to common neural generators, it is worth considering which of the above
experimental approaches might be accomplished using EEG, given that EEG is a much less
expensive technology. In addition, cognitive and clinical EEG labs increasingly obtain high-
density EEG, recording from 64, 128, or even more electrodes, thus providing spatial coverage
of the head similar to that obtained with current whole-head MEG systems. Despite the ability
to obtain spatial coverage similar to MEG, however, fundamental physical considerations of
electric and magnetic fields, as well as the location and orientation of primary and secondary
auditory sources, underlie the different capabilities and limitations of MEG and EEG. The
following paragraphs briefly illustrate differences between EEG and MEG which, in the
auditory studies above, generally argue for the use of MEG over EEG.

A primary argument supporting the preferential use of MEG over EEG is the more
straightforward identification of left and right hemisphere auditory activity. The measured
signals (electrical potentials in EEG and magnetic fields in MEG) are distant from the neural
generators and separated by tissues of the brain, CSF, skull, and scalp. These tissues have
widely differing electrical conductivities, which mediate the scalp recorded electrical potentials
and make them extremely sensitive to tissue composition and geometry. Thus, recorded electric
potentials do not have a simple model to the source generator, distorted by the various
intervening tissues. The magnetic permeabilities of these tissues are however similar, such that
the pattern of magnetic fields recorded at the sensor positions does not depend significantly
upon the intervening tissue composition. As such, simpler models may legitimately be used
for source estimation. In casual parlance, some refer to the head and brain as “transparent” to
magnetic fields. Thus the measures of M100 source asymmetry as discussed above might be
expected to be less easily resolved using EEG compared to MEG.

Of importance to many of the applications and methodological strategies discussed above is
the ability to identify, with appropriate precision, the latency of left and right hemisphere ERP/
ERF components. Fundamental differences in the sensitivity of EEG and MEG often lead to
a decision to choose one over the other modality, or to perform simultaneous recordings. For
example, for recording auditory responses from the brainstem (e.g. BAEP, brainstem auditory
evoked potentials), the superior sensitivity of EEG makes it a better choice than MEG.
Specifically, although such far-field potentials are easily recorded with EEG, given the distance
of the sources from the scalp they are difficult to record using MEG. On the other hand, MEG
is well suited for studying individual superior temporal gyrus (STG) sources (e.g., see Edgar
et al., 2003, Huang et al., 2003), which are typically active ~50-100ms post stimulus. With
EEG, bilateral STG sources from the left and right hemisphere generate a maximum electric
potential distribution on the top of the head (near Cz), and a minimum potential somewhere
near the chin and neck area, a region where electrodes are generally not placed. Accordingly,
only one pole of the electric field is measured, and when considering bilateral STG sources,
recorded activity from mid- and near-midline vertex electrodes will reflect the combined
activity from the two STG sources. Such conditions make localization and study of the
individual STG generators using the traditional EEG montages difficult and indeed lead to
temporally blurred “combined” responses if temporal morphology differences exist between
individual hemispheric responses.
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An example of the difficulty of separately scoring left and right primary auditory activity with
EEG is shown in Figure 4. 275-channel MEG and 60-channel EEG were recorded from a single
subject. Figure 4 shows MEG and EEG responses to a 200 Hz tone presented to the right ear
for right MEG temporal sensors (top), left MEG temporal sensors (middle), and electrode Cz
(bottom). The peak of the left hemisphere 100 ms contralateral response is observed at 116 ms
(first solid vertical line). As expected, the right hemisphere ipsilateral response is delayed,
occurring ~20 ms later (second solid vertical line). Maximal 100 ms activity at Cz is observed
at 119 ms. Although the latency of Cz response is similar to the latency of the MEG left
hemisphere response, Cz does not provide a clean measure of the left hemisphere activity, as
left and right hemisphere activity linearly sum at the EEG midline sites. Asthe right hemisphere
response is not observed as a distinct Cz peak, differentiating left from right hemisphere activity
at Cz is not possible. Whereas EEG topography plots indicate greater right hemisphere activity
at right hemisphere EEG sites (suggesting a better measure of right hemisphere activity could
be obtained at more lateral EEG sites), the EEG topography plots do not indicate a similar
lateral shift that would allow for easy identification of a distinct left hemisphere response. In
contrast, as shown in the MEG topography plots, left and right MEG auditory activity is
observed as distinct dipolar fields over each hemisphere.

This 200Hz dataset provides an example of the difficulty inherent in using EEG voltage maps
to assess auditory activity. Although interpreting voltage maps is problematic, assessing left
and right EEG activity may be possible. For EEG, an alternative approach to locating generators
of early auditory left and right hemisphere activity is to improve the spatial resolution of scalp
EEG. To this end, high-resolution EEG methods such as skull current density estimates by
means of a surface Laplacian algorithm are useful (Perrin et al., 1989). The surface Laplacian
is the second spatial derivative of the voltage distribution in tissue and estimates the volume
current flow out of the brain through the skull into the skin (also referred to as current source
density or scalp current density maps). Figure 5 shows the surface Laplacian for the 100 ms
EEG auditory response. In contrast to the EEG potential map (Figure 4), clear source and sink
peaks are observed over each hemisphere, reflecting the existence of superficial and focal left
and right hemisphere activity (because the STG sources are primarily tangential (in a fissure)),
the surface Laplacian is weaker than a surface Laplacian obtained from a radial source
(Srinivasan, 2005).

Whereas most EEG studies compare control and patient potential activity only at midline sites
(e.9., Fz, Cz, and Pz), high-resolution EEG methods require a more dense sampling of the head
surface. Giard et al. (1994) used high-resolution EEG to distinguish left and right 100 ms STG
activity, and radially oriented frontal activity also was observed. The frontal finding in the
Giard et al. (1994) study highlights a limitation of MEG. As MEG is somewhat insensitive to
radially oriented neural generators (Lewine & Orrison, 1995), radial frontal sources may
invisible to MEG. In addition to early 100 ms activity, a radial STG source detected with EEG
is present at approximately 140 ms (Wolpaw and Penry, 1975; Picton et al., 1999). Such
findings indicate the need, in some instances, to obtain simultaneous EEG and MEG.

A complete review of the strengths and limitations of high-resolution EEG techniques is
beyond the scope of this chapter. Srinivasan (2005) provides a detailed but accessible review
of high-resolution EEG. One comment, however, is in order. For high-resolution EEG,
electrode spacing of ~2 cm is thought to be ideal (Srinivasan etal., 1999). Given the availability
of 64 or more channels EEG systems in many clinical and research labs, the use of high-
resolution analysis to examine auditory processes in controls and patients is possible. Whole-
head EEG (required for high-resolution EEG), however, requires placing many electrodes on
the surface of the head. In some subjects with ASD, this may not be feasible. In particular, as
correct placement of a whole-head EEG cap may take up to thirty minutes and may not be
feasible in subjects hypersensitive to touch.
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MEG has an advantage in this regard, as MEG is less physically invasive (requiring the
placement of only 3-4 head coils). This advantage comes, however, at a cost. Because MEG
sensors are located at a distance from the head, subjects need to stay still during the entire MEG
exam so the position of their head with respect to MEG sensors remains constant. As a typical
auditory task lasts 10 to 20 minutes, many patient subjects may be unable to hold still during
the exam. Although the newest generation of MEG systems provide the ability to correct for
head motion, current head motion correction procedures are robust only for a limited range of
movement (perhaps 2.5 cm or less).

DISCUSSION

Reviewed findings suggest that abnormalities in early auditory processing may provide neural
signatures of language impairment in ASD and that these may be revealed by
magnetoencephalography. Open issues remain as to the specificity of these findings, as well
as to the existence of analogous markers of abnormal functional activity during more complex
linguistic tasks, such as analysis of words and sentences. It is our hypothesis that brain
responses to a set of paradigms spanning sound perception, processing, and linguistic
computation may provide an electrophysiological phenotype that characterizes the brain
abnormalities associated with language impairment in ASD (Figure 6). Ongoing work is
exploring the sensitivity and specificity of such a “phenotype vector” as well as its role in
describing the broader autism phenotype in parents and siblings of ASD individuals. It is our
hope that such a comprehensive neural phenotype will provide a valuable reference to aid
interpretation of the extensive genotyping information now available. Finally, it is to be
expected that such electrophysiological signatures or “traits” may provide concrete interfaces
to genetic and other experimental models of disorders such as autism, disorders previously
reliant on behavioral traits for diagnostic placement (see Edgar et al., 2007).

Given the need for subjects to remain still while MEG data is obtained, it is necessary to design
tasks subjects with autism or ASD can tolerate. For example, obtaining usable MEG data is
more likely using short rather than long tasks. Less subject movement is sometimes obtained
by placing the subject in a supine rather than upright position. If possible, for auditory tasks,
allowing the subject to watch a movie (without audio) during the task may also reduce
movement. Because most MEG machines are designed for adult heads, in for most child and
adolescent subjects it is necessary to place something on each side of the head to hold the head
stationary (e.g., foam wedges placed between the cheeks and the helmet). In subjects with
verbal communication difficulties, a visual aid may help ensure their head is placed correctly
in the helmet (Figure 7). Finally, although somewhat unrelated to reducing movement, a MEG
lab should be welcoming and comfortable. MEG labs that focus on children populations
typically have colorful posters and stuffed animals throughout the lab.

CONCLUSION

Consideration of both spatial and temporal aspects of brain activity may be key in
understanding neural dysfunction in developmental disorders such as autism. While evidence
of structural anomalies exists in the form of auditory source localizations (decreased M100
asymmetry), other deviations from typical development appear in the fine structure of ERFs,
especially component latencies. Temporal signatures of auditory and language impairment in
ASD occur as early as 100ms in the form of delayed auditory responses. At 200-300ms,
problems with change detection and rapid temporal processing are apparent. Hemispheric
differences also exist, with some suggestion of right hemisphere abnormalities, perhaps
consistent with emerging evidence from structural studies which implicate right hemisphere
substrates in ASD (De Fosse et al., 2004; Herbert et al., 2002). That said, atypical left
hemispheric responses in mismatch and RTP paradigms are also observed in ASD, reflective
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of language impairment. Extending the above measures to more sophisticated linguistic
challenges will likely shed light on more specific aspects of impairment. While some of this
will be achievable with EEG, for examining primary and secondary auditory activity, MEG
may be the method of choice.

If the above described approach continues to show success in defining electrophysiological
phenotypes of developmental disorders such as autism, it may be possible to develop clinical
procedures to augment diagnosis in individuals with ASD. Rather than diagnose ASD,
however, itis likely that development in this area will identify individuals with specific auditory
and language deficits, thereby providing a way to parse the heterogeneity currently subsumed
under the ASD diagnosis. Such procedures could be used to provide more informative
diagnoses, identify patients for specific pharmaceutical and behavioral intervention, and
monitor therapies that target change in neural function.
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Figure 1.

Latency of neuromagnetic evoked response, M100, as a function of tone frequency in a typical
child with autism. Both left and right hemisphere responses show a characteristic latency
inverse dependence on tone frequency, but note that the dynamic range (latency difference
between M100 responses to low vs high frequency tones) is low compared with literature values
in adults and typically developing children.
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Figure 2.

Age dependence of M100 latency. Left hemispheric M100 latency responses to 1kHz
sinusoidal tones in (a) typical development, and (b) children with an ASD, both tend to show
maturational shortening with increasing age, but note that (c) overall latencies (both left and

right hemispheres) are prolonged for children with an ASD compared to age-matched controls.
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Figure 3.

In a rapid temporal processing paradigm, it is noted that left hemispheric responses to closely
spaced tones predict clinical language function assessment. Such correlation was absent in
right hemispheric responses.
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Figure 4.

MEG and EEG responses to a 200Hz sinusoidal tone presented to the right ear of a healthy
adult volunteer. 275-channel MEG and simultaneous 64-channel EEG was used. Responses
are shown for right MEG temporal sensors (top), left MEG temporal sensors (middle), and
electrode Cz (bottom). The peak of the left hemisphere 100 ms contralateral response is
observed at 116 ms (first solid vertical line). As expected, the right hemisphere ipsilateral
response is delayed, occurring ~20 ms later (second solid vertical line). Maximal 100 ms
activity at Cz is observed at 119 ms. Although the latency of Cz response is similar to the
latency of the MEG left hemisphere response, Cz does not provide a clean measure of the left
hemisphere activity, as left and right hemisphere activity linearly sum at the EEG midline sites.

Int J Psychophysiol. Author manuscript; available in PMC 2009 May 1.



Page 21

Roberts et al.

Figure 5.
The surface Laplacian emphasizes superficial, localized sources. The surface Laplacian for the

100 ms EEG auditory response shows clear source and sink peaks over each hemisphere. As
such, in this subject, separate scoring of left and right STG activity is possible.
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Figure 6.

A strategy for use of MEG in studying language impairment in developmental disorders. Use
of paradigms spanning sound perception, processing and linguistic computation directs focus
to progressively later latencies in evoked response data.
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Figure 7.
In subjects with verbal communication difficulties, a visual aid may help ensure their head is
placed correctly in the helmet.
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