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Abstract
We examine lateralization in the evoked magnetic field response to a click stimulus, observing that
lateralization effects previously demonstrated for tones, noise, frequency modulated sweeps and
certain syllables are also observed for (acoustically simpler) clicks. These effects include a difference
in the peak latency of the M100 component of the evoked field waveform such that the peak
consistently appears earlier in the right hemisphere, as well as rightward lateralization of field
amplitude during the rise of the M100 component. Our review of previous findings on M100
lateralization, taken together with our data on the click-evoked response, leads to the hypothesis that
these lateralization effects are elicited by stimuli containing a sharp sound energy onset or acoustic
transition rather than specific types of stimuli. We argue that both the latency and the amplitude
lateralization effects have a common origin, namely, hemispheric asymmetry in the amplitude of the
magnetic field generated by one or more sources active during the M100 rise. While anatomical
asymmetry cannot be excluded as the cause of the amplitude difference, we propose that the
difference reflects a rightward asymmetry in the processing of sound energy onsets that potentially
underlies the lateralization of several functions.
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INTRODUCTION
Determining the neural basis of hemispheric differences in auditory processing is crucial to
the formulation of a biologically-based theory of speech lateralization. However, the discovery
of neurobiological asymmetries potentially related to functional lateralization effects and the
explication of causal relationships linking the asymmetries to such effects is quite difficult.
One method of attacking the problem is to use magnetoencephalography (MEG), which allows
the magnetic field response evoked by auditory signals to be measured for the individual
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hemispheres with very high sensitivity. Neurobiological asymmetries become evident with this
methodology because they produce hemispheric differences, that is, lateralization, in various
attributes of the magnetic field response. The temporal resolution of MEG makes it possible
to determine the timing of identified differences with a high degree of precision, thus
constraining the potential sources of asymmetric activity in the temporal dimension.

In this study, we seek to characterize lateralization in the magnetic field response evoked by a
simple, single click stimulus by identifying statistically significant effects that are consistently
present across two separate experiments. We especially wish to determine if two potentially
related lateralization effects, previously observed in the M100 component1 of the response
evoked by other auditory stimuli, are present in the response to the click. These effects include
hemispheric asymmetry in the latency of the M100 peak and in magnetic field amplitude during
the M100 rise. An earlier M100 peak has been observed in the right hemisphere for a variety
of stimuli, including tones (Gabriel, et al., 2004;Huotilainen, et al., 1998;Jin, et al.,
2007;Kanno, et al., 2000;Kirveskari, et al., 2006;Pardo, et al., 1999;Roberts, et al.,
2000;Rosburg, et al., 2002;Salajegheh, et al. 2004), vowels (Kirveskari, et al., 2006;Poeppel,
et al., 1997) and syllables starting with a stop consonant (Gage, et al., 1998,2002;Obleser, et
al., 2003). In addition, rightward lateralization of both M100 peak latency and response
amplitude has been found in the magnetic field response to frequency-modulated (FM) sweeps
(König, et al., 2008) and in the tangential component of the N100 electric potential response
for white noise and tone stimuli (Hine & Debener, 2007). Although many, seemingly disparate
stimuli appear to produce rightward lateralization in M100 peak latency, an earlier M100 peak
has been observed in the left hemisphere for tones with gradual onsets (Pardo, et al., 1999).
This suggests that M100 lateralization effects may be associated with onset characteristics and,
indeed, the various stimuli found to elicit rightward lateralization are commonly characterized
by their relatively sharp acoustic onsets. Because the onset of the click stimulus is extremely
sharp, we hypothesize that its magnetic field response will exhibit significant rightward
lateralization in M100 peak latency and in the amplitude of the field response during the M100
rise.

MATERIALS AND METHODS
Experiment 1

Subjects—Fourteen subjects (mean age 24.3, 8 male) took part in the experiment after
providing informed consent. All were right-handed (Oldfield, 1971), reported normal hearing,
and had no history of neurological disorders. On the hearing check administered prior to the
experiment, all subjects perceived stimulus sound levels as comfortable and of equal loudness
in both ears.

Stimuli—Eleven stimuli were generated as .wav files, 500 ms in length with a sampling
frequency of 16k Hz (using Matlab 7, The Mathworks, Inc.). The stimuli consisted of single
clicks (0.0625 ms square wave, positive polarity) and click pairs (two 0.0625 ms square waves,
positive followed by negative polarity). For single clicks, the square wave onset was offset
from stimulus time zero by 0, 20, 40, 60, 100, or 140 ms. For click pairs, the interval between
square wave onsets was 20, 40, 60, 100, or 140 ms. Sound levels for all stimuli were set to
~70dB SPL.

Procedure—Stimuli were delivered binaurally through plastic tubing connected to ear pieces
inserted in the ear canals of the subjects (EAR Tone 3A System), with presentation controlled

1Also known as the N1m, the M100 is the prominent component of the evoked field that peaks approximately 100 ms after stimulus
onset.
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via Presentation version 11.3 (Neurobehavioral Systems, Inc.). The eleven stimuli were
presented 96 times each in pseudo-random order. The experiment was divided into 4 identical
blocks, providing subjects with an opportunity to rest between blocks. In order to maintain
alertness, the subjects were asked to indicate whether they heard a single click or a click pair
by pressing one of two buttons on a response pad held in one hand. They were encouraged to
be accurate but told that response time was not important to the results. Response-to-next
stimulus intervals were set to random values between 2000 to 2125 ms, producing random
ISI’s of at least 2 seconds. Subjects were instructed to switch hands between blocks to balance
any hand-related effects and to proceed (by a button press) with the next block when they were
ready and alert.

Neuromagnetic Recording—The neuromagnetic data were acquired in a magnetically
shielded room (Yokogawa, Japan) using a 160-channel, whole-head axial gradiometer system
(5 cm baseline, SQUID-based sensors, KIT, Kanazawa, Japan). MEG channels included 157
head channels plus 3 reference channels that recorded the environmental magnetic field data
for noise reduction purposes. Data were continuously recorded using a sampling rate of 1000
Hz, on-line ltered between 1 and 200 Hz with a notch at 60 Hz.

Data Processing—The recorded data were noise reduced off-line using the CALM
algorithm (Adachi, et al., 2001). For one subject, approximately half of the recorded data had
to be discarded due to noise contamination resulting from nearby construction activity. The
examined MEG data for each stimulus condition covered 1000 ms epochs that included 400
ms pre-trigger and 600 ms post-trigger periods. Latency times for the processed data were
adjusted for the 20 ms delay between trigger generation and the actual time of stimulus
presentation. Epochs with neuromagnetic responses > 2500 fT were automatically rejected.

For this study, further analysis of the data included only those epochs representing the response
to the single click stimuli (the click pair data forms the basis of a separate study). Each epoch
was time shifted by its associated stimulus offset from time zero in order to align stimulus
presentation times, then 860 ms of the epoch were retained for further processing (−400 ms to
460 ms). For each subject, the adjusted epoch data for each MEG channel were averaged, and
the average was baseline corrected based on the 400 ms period prior to time zero to produce
an estimated evoked response. The mean number of epochs included in the average for each
of 13 subjects was 519 (range 492–546). For the subject with noise-contaminated data, 255
epochs were included in the average.

Experiment 2
Subjects—Nineteen subjects (average age 22.2 years, 4 male) took part in the experiment
after providing informed consent. All were right-handed (Oldfield, 1971), reported normal
hearing, and had no history of neurological disorders. On the hearing check administered prior
to the experiment, all subjects perceived stimulus sound levels as comfortable and equal in
both ears.

Stimuli—Two stimuli were generated as .wav files, 500 ms in length with a sampling
frequency of 16k Hz (using Matlab 7, The Mathworks, Inc.). The stimuli consisted of a single
click (0.0625 ms square wave, positive polarity) and a click pair (two 0.0625 ms square waves,
positive followed by negative polarity) with a 40 ms interval separating the square wave onsets.

Procedure—The procedures were identical to those followed in Experiment 1 except that
the two stimuli were presented 480 times each (in pseudo-random order) with presentation
divided into 8 identical blocks
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Neuromagnetic Recording—The neuromagnetic signal data were acquired as described
for Experiment 1. Data were continuously recorded using a sampling rate of 1000 Hz, on-line
ltered between 1 and 100 Hz with a notch at 60 Hz.

Data Processing—Recorded data were noise-reduced using the time-shift principle
component analysis algorithm (TSPCA) (de Cheveigne’& Simon, 2007). The examined MEG
data for each stimulus condition covered 860 ms epochs that included 400 ms pre-trigger and
460 ms post-trigger periods. Subsequent processing of the data was the same as described for
Experiment 1. Further analysis of the processed data again included only those epochs
representing the response to the single click stimuli. The total number of accepted epochs
averaged 472 per subject (range 441–480).

Data Analysis (Experiments 1 and 2)—All analyses described in this section were based
on the baseline-corrected, epoch-averaged subject data for Experiments 1 and 2 described under
Data Processing. Because the upper limit of the on-line filtering performed during acquisition
differed between Experiments 1 (200 Hz) and 2 (100 Hz), the response data for Experiment 1
subjects were low-pass filtered off-line with an upper limit of 100 Hz (21 point Hamming
window) to produce MEG channel response data comparable to the data acquired on-line in
Experiment 2. The MEG channel response data sets for the two experiments constituted the
broad-band response data.

The portion of the evoked response comprising mainly frequencies from the lower end of the
gamma band was extracted from the broad-band response data for each subject through the
application of a 22–58 Hz band-pass filter (113 point Hamming window). Similarly, the slow-
wave portion of the response comprising mainly sub-gamma band frequencies was extracted
via a low-pass 22 Hz filter (91 point Hamming window). For the slow-wave data, root-mean-
square (RMS) waveforms were computed for each subject by averaging over the set of channels
restricted to either the right (74 channels) or the left (76 channels) hemisphere. The peak
latencies of the M50 and M100 components in each hemisphere were found if they could be
identified in the RMS waveform.

The broad-band, slow-wave and gamma-band magnetic field data sets were averaged across
subjects to obtain corresponding grand average data for each of the two experiments. The grand
average data were used to compute average evoked response waveforms across all channels
after first setting the data for each channel to the same polarity. Uniform polarity was attained
by: 1) computing the RMS waveform of the grand average response across all channels (i.e.,
the whole-head RMS), 2) finding the peak latency of a defined prominent component in the
RMS waveform (e.g. the M100), 3) setting the grand average response for each channel to a
positive polarity at the time corresponding to the latency of this peak, and 4) changing the
polarity of the channel response at all other times to be consistent with this peak polarity setting.

The evoked field waveform for each hemisphere was computed by first averaging response
across a channel subset restricted to the hemisphere. The restricted subset was selected to
include 28 channels (7 from each quadrant) that best reflect the activation of auditory cortex
(for more on channel selection, see Results). The resulting waveform was then offset by the
value of its amplitude at latency 0 ms effectively setting the response level at the time of
stimulus presentation to zero for both hemispheres. Confidence limits (95%) on all waveforms
were found by bootstrap resampling of the subject data (Efron & Tibshirani, 1993). The results
of the bootstrap resampling were used to determine the probability distribution of the inter-
hemispheric differences in component latencies and the periods of significant inter-
hemispheric differences in magnetic field response. The frequency amplitude spectra of the
resampled waveforms were found by computing the fast Fourier transform (1024 point, zero-
padded) from time 0–299 ms. The results were used to determine the mean frequency amplitude
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spectrum and 95% confidence limits for the evoked response (first 300 ms), together with the
probability distribution of inter-hemispheric differences in peak frequency, for each
experiment.

Both experiments were conducted in accordance with the Institutional Review Board of the
University of Maryland.

RESULTS
Broad-Band Response Components

Prior to the analysis of lateralization in the grand average evoked response, channel polarity
was reset to be consistent across all 157 channels as described in the Methods section. The
whole-head RMS waveforms used in this process, together with the individual channel
response data, are shown in Figure 1a for both Experiments 1 and 2. The RMS waveform has
a prominent N1m component with a peak latency of 89 ms for Experiment 1 and 91 ms for
Experiment 2. For both experiments, the waveform of the broad-band response, computed by
averaging across all 157 channels (Figure 1b), reveals that all canonical components of the
auditory response are present (Eggermont & Ponton, 2002; Picton, et al., 1974), including both
middle latency (Nam, Pam, Nbm, P1m/Pbm) and long latency (N1m, P2m, N2m) components.
Peak latencies for all but the N2m component are quite consistent between experiments,
differing by 3 ms or less. The average component latencies in milliseconds across the two
experiments are: Nam - 18, Pam - 34, Nbm - 47, P1m - 58, N1m - 90, P2m - 160, N2m - 242.
Also apparent in the waveforms is a slow-wave (low frequency-band) component, opposite in
polarity from the N1m, which largely coincides with the middle latency components.

The topography of the surface contour map of the evoked response at the N1m peak latency is
similar for both experiments and is consistent with bilateral dipole activation in the auditory
cortex (Figure 1c). The stability of the spatial patterns between experiments made it possible
to select a set of 28 channels, 7 in each quadrant, for which the N1m response was maximal in
both experiments. This select set of channels formed the basis of all grand average
computations specific to the right and left hemispheres, as well as all bootstrap resampling
analyses, performed in this study.

The evoked response waveforms for the right and left hemispheres based on the select channel
set are displayed in Figure 2a. The peak latencies for corresponding waveform components
across experiments remain consistent with differences ≤ 6 ms observed for all components,
including the N2m, and a mean difference of 2.4 ms. Variation in peak latencies between
hemispheres is also minimal with the notable exception of the peak latency of the N1m
component. For both experiments, latencies for all but the N1m component differed between
hemispheres by 5 ms or less (mean difference, 2 ms). The N1m peak latency, however, was 9
ms earlier in the right hemisphere in both experiments. The earlier peak latency of N1m in the
right hemisphere was determined to be significant for both Experiment 1 (p < .003) and
Experiment 2 (p < .03) based on probability distributions for the latency difference value
obtained via bootstrap resampling (4000 repetitions). The average waveforms for both
hemispheres together with their 95% confidence limits based on the bootstrap resampling
results are shown in Figure 2b.

The frequency amplitude spectra (means and 95% confidence limits obtained via bootstrap
resampling, 4000 repetitions) of the first 300 ms of the evoked response waveform for each
experiment, computed as described in Methods, are shown in Figure 2c. The spectra indicate
that the response is dominated by theta-band frequencies with peaks in mean amplitude
occurring at approximately 6.7 Hz in the left and 6.1 Hz in the right hemisphere for Experiment
1 and 7.5 Hz in the left and 6.1 Hz in the right hemisphere for Experiment 2. The finding of a
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lower peak frequency in the right hemisphere was not determined to be significant for either
experiment although a trend toward significance was found for Experiment 2 (p<0.1).

Gamma-Band Response Components
The whole-head RMS waveforms (along with the individual channel responses) for the low-
gamma frequency (22–58 Hz) portion of the grand average evoked responses are shown in
Figure 3a. These results indicate that the evoked response in the low-gamma frequency range
comprises the middle latency components. The corresponding evoked waveforms (Figure 3b),
computed by resetting channel polarities based on the peak latency of the Nbm component in
the RMS waveform (47 ms for Experiment 1, 46 ms for Experiment 2) clearly show the middle
latency responses, with peaks that vary by no more than 1 ms across experiments. The average
component peaks across the experiments are Nam - 20, Pam - 33, Nbm - 47, P1m (or Pbm) -
61, forming a transient gamma-band wave of ~36 Hz.

The topographical patterns of the transient gamma-band response at the peak latency times are
consistent with the activation of auditory cortex and are very similar for the two experiments
(Figure 3c). Patterns in the right and left hemispheres are highly symmetric in appearance. The
waveforms for the right and left hemispheres have peak latencies for the middle latency
response components that differ by no more than 3 ms. The waveforms, shown in Figure 3d,
exhibit few significant hemispheric differences in response amplitude in Experiment 1 and
none in Experiment 2 (based on bootstrap resampling, 4000 repetitions).

Slow-wave Response Components
The whole-head RMS waveforms (along with the individual channel responses) for the low
frequency (<22 Hz) portion of the grand average evoked responses are shown in Figure 4a.
The RMS waveforms have a prominent M100 component with a peak latency of 93 ms for
Experiment 1 and 94 ms for Experiment 2. The waveform of the response averaged across
channels (Figure 4b) displays the characteristic low-frequency band components of the
auditory response including the M50, the M100, and the M150. Across experiments, M100
and M150 peak latencies exhibit minimal variation (2 ms) in contrast with the M50 peak
latency, which differs by 16 ms.

The topographical patterns of the response at the peak latency times are consistent with
activation of auditory cortex and are quite stable across the two experiments (Figure 4c).
Patterns for the right and left hemispheres have a generally symmetric appearance, with the
exception of the patterns for the earliest peak latency which indicate a strong M50 dipole
activation in the left hemisphere coinciding with a transition from M50 to M100 dipole
activation in the right hemisphere. The patterns at latencies of ~160 ms also display some
asymmetry and appear to reflect activity from more than one source.

The waveforms for the right and left hemispheres obtained for Experiments 1 and 2 exhibit
significant differences in the magnetic field response, with some differences appearing in both
experiments (Figure 5a and b). Preceding the M100 peak, the magnetic field response in the
direction of M100 polarity is greater in the right than in the left hemisphere. In Experiment 1,
the difference was found to be significant (via bootstrap resampling, 2000 repetitions) from 49
through 74 ms with a maximum at 69 ms. In Experiment 2, the difference was found to be
significant from 12 through 72 ms with a maximum at 65 ms. Together, these results indicate
that there is a consistent asymmetry in the magnetic field response during the rise of the M100
component at ~49–72 ms with a maximum at ~ 67 ms.

Further evidence of asymmetry during this time is also evident in the surface topography
patterns shown in Figure 5c. In both experiments, M50 dipole activation appears to persist in
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the left hemisphere while M100 dipole activation appears to develop in the right hemisphere.
Although the waveform and spatial patterns are very similar across experiments, M100
amplitude is greater and its emergence is earlier in Experiment 1. During the course of M100
activation, a posterior-to-anterior shift in the location of the M100 source is clearly visible in
the right hemisphere in the topographical maps for both experiments.

The asymmetry evident during the M50-M100 transition is accompanied by hemispheric
differences in M50 and M100 peak latencies. The earlier peak latency of the M100 component
in the right hemisphere was determined to be significant for both Experiment 1 (p < .005) and
Experiment 2 (p < .008) based on bootstrap resampling probability distributions for the latency
difference value (4000 repetitions). The later peak latency of the M50 component in the left
hemisphere was determined to be significant for Experiment 1 (p < .015) but not for Experiment
2 (p < .175). Examination of the response patterns at 65 ms for individual subjects revealed
that only one subject (from Experiment 2) exhibited a pattern completely reversed from the
average, that is, M50 dipole activation persisted in the right hemisphere while M100 activation
developed in the left hemisphere. When this subject was removed from the resampling pool
for Experiment 2, the M50 latency difference gained significance (p < .02) and the M100
latency difference retained significance (p < .005) such that the measures of significance were
approximately the same as those obtained for Experiment 1. The M100 latency differences
observed in the grand average waveforms were typically present in individual subject
waveforms as shown in Figure 5d.

Asymmetry in response amplitude is also evident following the M100 peak, with the magnetic
field in the direction of the M100 persisting somewhat longer in the left hemisphere (Figures
5a and b). In Experiment 1, this difference was found to be significant from 98 through 167
ms with a maximum at 116 ms. In Experiment 2, this difference was found to be significant
from 129 through 167 ms with a later maximum at 146 ms that slightly precedes the P2m peak.
Together, these results indicate that a consistent asymmetry occurs during the rise and peak of
the P2m component. The shape of the difference graphs for the two experiments suggests that
there are two sources of this asymmetry, with activity peaks near 116 and 150 ms. The
asymmetry during this period was accompanied by a trend toward an earlier P2m peak latency
in the right hemisphere that was not found to be significant for either Experiment 1 (p < .
275) or Experiment 2 (p < .145). No other significant response amplitude asymmetries were
observed consistently across the two experiments during the first 300 ms.

The M50 and M100 latency differences found in the grand average data were also observed in
the RMS waveforms for individual subjects (summarized in Table 1). The mean M50 and M100
latencies for subjects exhibiting bilateral peaks in their RMS waveforms were significantly
earlier in the right hemisphere in Experiment 1 and exhibited a trend toward significance in
Experiment 2. Bilateral M100 peaks of typical polarity and topography were identifiable in
only 10 of 19 subjects in Experiment 2 as compared with 10 of 14 in Experiment 1. Some of
this disparity was attributable to the smaller amplitude of the M100 component in Experiment
2.

DISCUSSION
General Characteristics of the Evoked Magnetic Field Response

The results of the present MEG study demonstrate that the grand average evoked response is
remarkably consistent with respect to both surface topography and component peak latencies,
despite variation both in subject anatomy and in subject head position relative to the sensors.
The results are in good agreement with past EEG (Goff, et al., 1969; Picton, et al., 1974) and
MEG (Hari, et al., 1987; Pantev, et al., 1991; Pelizzone, et al., 1987) studies that have
collectively ascertained the components of the canonical waveform evoked in response to
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auditory stimuli. In particular, the grand average data replicate the cortical waveform results
previously obtained with click stimuli under EEG (Goff, et al., 1969; Picton, et al., 1974). It
seems clear that the components we observed -- Nam at 18ms, Pam at 34ms, Nbm at 47ms,
P1m at 58ms, and N1m at 90ms -- are the magnetic field counterparts of the electric potential
components referred to as N19, P30, N40, P50, and N100. Our findings on the auditory evoked
response are also consistent with previous MEG findings on gamma-band (Pantev, et al.,
1991; Yoshiura, et al., 1995) and slow-wave response constituents (Pantev, et al., 1986;
Lütkenhöner & Steinsträter, 1998). Specifically, the slow-wave evoked waveform exhibits a
prominent deflection at ~100 ms latency, commonly referred to as the M100 or N100m, and
an earlier deflection of opposite polarity, usually referred to as the M50 or P50m, which
overlaps the gamma-band components.

Lateralization in the Evoked Magnetic Field Response
Our analysis of hemispheric differences in the evoked magnetic field amplitude for the two
experiments identified consistent periods of significant lateralization in the slow-wave
response but not in the gamma-band response. Specifically, lateralization in the slow-wave
response was found during the rise of the M100 (~49–72 ms) and again during the rise and
peak of the P2m component (~129–167 ms). Significant latency lateralization was also
consistently observed for the M100 component of the slow-wave response, with the M100
peaking earlier in the right hemisphere. These lateralization effects were evident not only in
the grand averages but also in the majority of individual subject waveforms. These
lateralization effects could reflect one or more systematic neurobiological asymmetries present
in (at least) the right-handed population, or non-biological asymmetries in sensor locations or
in head positioning relative to the sensors. With respect to non-biological asymmetries, the
location of active sensors within the MEG helmet is not precisely symmetric, the head
placement within the helmet may vary in symmetry from subject to subject, and the average
head placement may be biased for a particular experiment or set of experiments. Although
these non-biological asymmetries cannot be excluded as the source of our observed effects,
the finding of similar rightward lateralization effects in other studies as discussed below and,
more importantly, the absence of findings of leftward lateralization effects for similar stimulus
conditions, suggests that non-biological asymmetries are not the primary source.

Our observations of rightward lateralization in the M100 rise amplitude and peak latency for
the click stimulus are quite similar to those of König, et al. (2008) for FM sweeps (one octave
in 0.5 to 4 Hz range, linear in either direction, 500 ms duration, 10 ms linear on-off ramps,
presented binaurally at 0.5 Hz, 224 stimuli). This study examined magnetic field amplitude
lateralization in the slow-wave response in a group of 16 right-handers using the integral of
the absolute magnetic field over 20 ms windows rather than the instantaneous value of the
field. The investigation found a period of significant lateralization during the M100 rise and
an earlier M100 peak in the right hemisphere for both passive and task listening conditions.
For the task listening condition, which is comparable to the condition used in our experiments,
significant magnetic field lateralization was observed at ~60–80 ms, while the M100 peaked
at 88 ms in the right hemisphere and 95 ms in the left hemisphere (7 ms latency difference
significant, p=0.0024). In our study, significant lateralization was found slightly earlier, at
~49–72 ms, while the M100 peaked at nearly identical latencies, ~ 87 in the right hemisphere
and ~ 96 in the left hemisphere. The slight discrepancy in the timing of the lateralization period
between studies could be attributable to our use of instantaneous rather than integrated
magnetic field values. Consistent with this possibility, our results showed a peak in
lateralization at ~ 67 ms, late within the lateralization period, which would tend to produce a
somewhat earlier period of lateralization for magnetic field values integrated over a 20 ms
window.
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Our results are also similar to those obtained by Hine and Debener (2007) in an EEG study
that examined lateralization in the slow-wave electric potentials evoked by white noise and 1
kHz pure tones (220 ms duration, 10 ms on-off ramps, presented monaurally, ISI 1000–1400
ms, 388 repetitions) in 16 right-handed subjects. This study modeled response activity using
bilateral regional source waveforms, with the tangential orientation in each hemisphere defined
as the orientation of a freely rotating dipole source during the N100 onset-to-peak latency
period. Tangential waveforms, which should closely correspond with evoked magnetic field
waveforms, were analyzed for evidence of lateralization using methods quite similar to those
we employed. Because monaural stimulation was used in this study, separate lateralization
analyses were performed for waveforms generated in response to contralateral and ipsilateral
stimulation. Both waveforms exhibited rightward lateralization during the rise of the N100 for
both noise and tone stimuli. Furthermore, analysis of N100 peak latencies for tangential
waveforms across all conditions found significantly shorter latencies in the right hemisphere.
The finding of the N100 lateralization effects for both contralateral and ipsilateral stimulation
suggests that the same effects observed for binaural stimulation do not simply reflect ear-to-
hemisphere connectivity asymmetry in either direct subcortical or in interhemispheric callosal
pathways.

M100 Lateralization and the Sound Energy Onset
Because essentially the same rightward lateralization of the N100 in the tangential waveform
was found for tones and white noise, Hine and Debener (2007) speculated that the tangential
activity might represent an early N100 component evoked by the onsets of the stimuli, which
were identical 10 ms ramps. The finding of the same lateralization effects in the magnetic field
waveforms evoked by 2 octave per second frequency sweeps that also contained 10 ms onset
ramps (König, et al., 2008) is consistent with this hypothesis. Our discovery of the same
lateralization effects in the magnetic field response to a click consisting of a 0.0625 ms square
wave supports an even more general hypothesis: namely, that the early part of the M100
component reflects an asymmetric response to a sharp sound energy onset.

Further evidence that the M100 latency lateralization effect is related to relatively sharp sound
energy onsets is provided in a study that examined the evoked magnetic field response in 7
right-handed subjects to amplitude and frequency modulation (AM and FM) embedded in a
667 Hz pure tone (Pardo, et al., 1999). The stimuli were binaural, 620 ms in length presented
at 0.5 Hz, and included a linear doubling of frequency or amplitude incorporated at either 0
ms (onset) or 300 ms (transition). The modulation took place over 300, 30, or 3 ms intervals,
which correspond to increasingly sharp onsets or transitions. The rise time for stimuli that did
not incorporate an AM onset was 20 ms. The study observed M100 peak latencies for both
onsets and transitions that were earlier in the right hemisphere by 1 to 11 ms for most stimuli
(not significant for any onset stimulus). However, for 300 ms AM stimuli, the M100 peaked
earlier in the left hemisphere with the difference reaching significance in the case of the AM
transition (p<0.002). This lateralization reversal was not observed for 300 ms FM transitions
suggesting that earlier M100 peaks in the right hemisphere are associated with onsets of sound
energy at quiescent spectral frequencies. Thus, all of the FM stimuli and the sharp (3 and 30
ms) AM stimuli may have onset/transition spectra that are sufficiently wide-band to produce
earlier M100 peaks in the right hemisphere while the 300 ms AM stimuli do not.

The results of an investigation into the M100 response for syllables starting with stop and no-
stop consonants (binaural, 500 ms duration) also points to a relationship between onset
dynamics and M100 latency lateralization (Gage, et al., 1998). This study, employing 5 strongly
right-handed subjects, found that the M100 peak was ~15 ms earlier in the right hemisphere
for syllables starting with stop consonants (p = 0.02) but tended to be earlier in the left
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hemisphere for syllables starting with no-stop consonants (p = 0.1). The two types of stimuli
differ in their onset dynamics, with stops having the greater sound energy onset.

Our study, as well as those described above, employed only right-handed subjects. Therefore,
it is possible that the M100 lateralization effects observed in these studies is related to right-
handedness. Evidence of a possible link between the M100 lateralization effects and
handedness is presented in a study that examined the neuromagnetic response to tones and
Finnish vowels (250 ms in length, 20 ms rise and fall times) in 27 subjects that included
approximately equal numbers of right- and left-handers (Kirveskari, et al., 2006). This study
found earlier M100 peak latencies in the right hemisphere for both types of stimuli; however,
the effect was significant only in the group of strong right-handers (10 of 27).

Several MEG studies, in addition to those just described, have observed earlier M100 peaks in
the right hemisphere for a variety of stimuli. These studies are summarized in Table 2. The
results are consistent with the hypothesis that the M100 latency lateralization effect reflects
asymmetry in the response to sharp sound energy onsets.

As noted, reversed M100 latency lateralization was observed for stimuli with gradual sound
energy onsets (300 ms rise times) in the Pardo et al. study (1999). This was attributable to a
systematic increase in M100 latency with increasing stimulus rise times that appeared to be
more pronounced in the right hemisphere. Several other studies have provided evidence that
M100 latency increases and amplitude decreases as sound onset rise time increases (Kondera,
et al., 1979; Onishi & Davis, 1968; Biermann & Heil, 2000), but none have investigated
hemispheric differences in these effects. Further investigation is required to determine if, in
fact, the influence of sound energy rise time on the M100 response is more robust in the right
hemisphere, as suggested by the Pardo et al. (1999) results.

M100 Peak Latency Lateralization
Lateralization in M100 peak latency is sometimes interpreted as reflecting a difference in the
speed of the response to particular stimuli in the two hemispheres, with an earlier peak
signifying a faster response. This interpretation would lead to the conclusion that processing
proceeds more rapidly in the right hemisphere for a wide variety of stimuli, including certain
speech elements such as syllables starting with a stop consonant. However, hemispheric
asymmetry in myelination has been found that would potentially enhance the speed of
processing in the left auditory cortex (Anderson, et al., 1999; Sigalovsky, et al., 2006).
Moreover, some investigators have speculated that faster auditory processing in the left
hemisphere attributable to this anatomical asymmetry (Schönwiesner, et al., 2005; Zatorre &
Belin, 2001) underlies left hemisphere specialization for processing rapidly successive auditory
sequences and rapidly changing acoustic information (Tallal, et al., 1993; Poeppel, 2001,
2003; Zatorre & Gandour, 2008; Zatorre, et al., 2002). Thus, the interpretation of M100 peak
latency differences in terms of lateralization in the speed of response presents something of a
paradox. Furthermore, this interpretation is inconsistent with certain aspects of our findings.
Specifically, we found no significant latency lateralization in the pre-M100 middle latency or
in the post-M100 slow-wave response components as might be expected if processing of the
stimulus was proceeding more quickly in the right hemisphere. This leads us to consider an
alternative hypothesis, namely, that the observed M100 lateralization effects, including the
peak latency difference, reflect asymmetry in the field strength of one or more sources active
during the M100 rise.

Both late M50 and early M100 activity appears to occur during the rise of the M100 and,
therefore, could contribute to the observed lateralization (Inui, et al., 2006; Liégeois-Chauvel,
et al., 1994; Moran, et al., 1993; Yvert, at al., 2001; Yvert, at al., 2005). Our analysis suggests
that the lateralization is attributable primarily to one or more sources that peak around 67 ms.
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Evidence of a late M50 source located in antero-lateral Heschl’s gyrus (HG) that peaks at
approximately 74 ms has been found in EEG and MEG scalp recordings (Yvert, at al., 2001).
In addition, intracerebral recordings have provided evidence of an activity complex originating
in antero-lateral HG that includes late M50 activity peaking at about 70 ms and late M100
activity peaking at about 120 ms (Liégeois-Chauvel, et al., 1994). Leftward asymmetry in this
complex is consistent with the lateralization observed in the evoked response preceding and
following the M100 peak and may well be a contributing factor to lateralization during the
M100 rise. Nevertheless, the more frequently-reported finding of an early latency M100 source
that peaks in the 60 to 76 ms timeframe suggests that lateralization during the M100 rise is
likely to involve, if not exclusively arise from, M100-related activity (Godey, et al., 2001; Inui,
et al., 2006; Liégeois-Chauvel, et al., 1994; Nätään & Picton, 1987; Woods, 1995; Yvert, at
al., 2005). Recent studies indicate that this early M100 activity originates in an area located
on, or slightly posterior to, medial HG (Godey, et al., 2001; Inui, et al., 2006;Yvert, at al.,
2005). The potential for asymmetry in the amplitude of the magnetic field response of an early
latency M100 source to produce the lateralization in M100 amplitude and latency observed in
this study is demonstrated by the multiple-source, linear- summation model illustrated in Figure
6.

The posterior-to-anterior shift detected in the M100 topography is an effect that has been
consistently observed in MEG studies (Lütkenhöner & Steinsträter, 1998; Rogers, et al.,
1990; Rosburg, et al., 2002; Teale, et al., 1998; Zouridakis, et al., 1998). Such a shift is
consistent with findings that suggest there are at least two sources within auditory cortex that
contribute to the M100: an early latency source occupying a relatively posterior location, and
a late latency source occupying a relatively anterior location (Loveless, et al., 1996; McEvoy,
et al., 1997; Sams, et al., 1993). If the observed M100 lateralization effects involve M100-
related activity and are associated with the processing of sound energy onsets as we propose,
then our findings imply the existence of a very early latency M100 source located in posterior
auditory cortex that responds robustly to sound energy onsets. Precisely such a source, situated
near (or possibly on) Heschl’s gyrus in a relatively medial-posterior position, has been
identified in a recent study that employed depth electrode recordings to examine the response
to the onset of sound energy versus the onset of pitch (Schönwiesner & Zatorre, 2008).

Amplitude Lateralization in the Early Latency M100 Source
Lateralization in the evoked magnetic field as represented in the MEG channel data could
reflect functional asymmetry in the processing of the stimulus or asymmetry in the positioning
of homologous cortical areas that is either unrelated, or not straightforwardly related, to
function. The latter possibility was minimized in the Hine and Debener (2007) study, which
examined lateralization in regional source waveforms derived using equivalent source
modeling based on EEG channel data. Lateralization due to asymmetry in orientation or depth
of cortical regions relative to sensors is presumably eliminated in regional source waveforms;
thus, the Hine and Debener findings support the hypothesis that the effects observed in the
MEG channel data reflect an actual processing asymmetry.

Although the Hine and Debener results (2007) strongly suggest that the M100 lateralization
effects reflect a functional asymmetry, the possibility that they arise from an anatomical
asymmetry cannot be totally excluded. The morphology and topography of HG and nearby
cortical structures are highly variable between hemispheres (Fullerton & Pandya, 2007;
Galaburda & Sanides, 1980; Rademacher, et al., 1993; Rademacher, et al., 2001), exhibiting
systematic asymmetries that could be related to the leftward asymmetry found in HG volume
(Doursaint-Pierre, et al., 2006; Penhune, et al., 1996). Specifically, the sulci immediately
anterior and posterior to the first gyrus of Heschl extend further on the left, suggesting that the
cortical surface found within the sulci is greater in the left hemisphere (Leonard, et al., 1998).
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Consistent with this possibility is the finding of morphological asymmetry in HG characterized
by a more constrained neck or peduncle connecting HG to the superior temporal gyrus in the
left hemisphere (Leonard, et al., 2008). Such asymmetry could conceivably produce
hemispheric differences in the position of the cortical area near posterior-medial HG generating
the early M100 response to sound energy onsets such that orientation with respect to the
horizontal plane is somewhat reversed in the left hemisphere. Such an anatomical asymmetry
could reduce the amplitude of the early M100 magnetic field response in the left relative to the
right hemisphere, even in regional source waveforms. Further research that includes MRI as
well as MEG data is required in order to investigate the potential relationship between HG
morphological asymmetry and the M100 lateralization effects.

Assuming that early latency M100 amplitude lateralization does reflect a processing
asymmetry, the asymmetry could potentially underlie superior right hemisphere performance
or greater right hemisphere involvement in several functional areas. The early latency M100
subcomponent generated in posterior auditory cortex has been linked to the gating of conscious
awareness of sounds (Jääskeläinen, et al., 2004) and to the processing of sound location
(Ahveninen, et al., 2006). Thus, rightward asymmetry in this component could contribute to
biases in the stimulus-driven orienting of attention (Corbetta & Schulman, 2002) and spatial
processing (Hausmann, et al., 2005; Zatorre & Penhune, 2001; Zatorre, et al., 2002) that favor
the right hemisphere. In addition, asymmetry in the early latency M100 subcomponent could
account for right hemisphere superiority in FM sweep-direction discrimination as proposed by
König, et. al. (2008) and supported by their finding of an increase in early latency M100
amplitude lateralization for a direction discrimination over a passive listening condition.
Although the computational processes comprising the above-mentioned functions are
unknown, the involvement of sound energy onset processing seems likely, suggesting that a
relationship between asymmetry in onset processing and lateralization in these functions is at
least plausible. Lastly, M100 lateralization effects might reflect a greater influence of the
dynamics of sound energy onsets in the right hemisphere response, resulting in more robust
tracking of the stimulus envelope in the right hemisphere.

Acknowledgments
We are grateful to J. Walker for excellent technical assistance. This work was supported by the National Institute of
Deafness and Other Communication Disorders of the National Institutes of Health through Training Grant DC-00046
to M. Howard and Grant 2R01DC05660 to D. Poeppel.

Abbreviations
AM  

Amplitude-modulated

CALM  
Continuously adjusted least squares method

FM  
Frequency-modulated

MEG  
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Magnetic resonance imaging
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RH  
Right hemisphere

RMS  
Root-mean-square

SPL  
Sound pressure level

SQUID  
Superconducting quantum interference device

TSPCA  
Time-shift principle component analysis algorithm
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Figure 1.
Whole-head response. a) Evoked response for Experiment 1 (upper) and 2 (lower). Response
for all 157 channels (gray), RMS waveform averaged across the 157 channels (solid black),
N1m peak in RMS waveform (vertical black). b) Evoked response waveforms (average across
all 157 channels). Major components are labeled and latencies of component peaks (ms) are
shown below labels. c) Contour map of the evoked magnetic field at N1m peak latency. Sources
are shown in red, sinks in blue, and the 28 channels (seven in each quadrant) with the strongest
response are indicated by black × marks. This pattern is the canonical topography for auditory
evoked fields at the M100 peak and reflects the separate (left versus right) underlying dipoles
generating this field pattern.
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Figure 2.
Hemispheric responses. a) The evoked response waveforms for the right (RH) and left (LH)
hemispheres obtained by averaging over each hemisphere’s channels within the select 28
channel set. Major components are labeled and latencies of component peaks (ms) for the right
(upper value, red) and left (lower value, blue) hemispheres are shown below labels. b) Bootstrap
resampling results for evoked response waveforms in the right and left hemispheres. c)
Frequency spectrum analysis of the bootstrap resampled waveforms for the right and left
hemispheres.
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Figure 3.
Gamma band (22–58 Hz) response. a) Evoked response for Experiment 1 (upper) and 2 (lower).
Response for all 157 channels (gray), whole-head RMS waveform averaged across all 157
channels (solid black), N1m peak in RMS waveform (vertical black). b) Whole-head evoked
response waveforms (average across all 157 channels). Major components are labeled and
latencies of component peaks (ms) are shown below labels. c) Contour maps of the evoked
magnetic field at the major component peak latency times for Experiment 1 (upper) and 2
(lower). Sources shown in red, sinks in blue. d) Evoked response waveforms for the right (RH)
and left (LH) hemispheres obtained by averaging over each hemisphere’s channels within the
select 28 channel set. Major components are labeled and latencies of component peaks (ms)
for the right (upper value, red) and left (lower value, blue) hemispheres are shown below labels.
Areas of significant difference in response amplitude are indicated by gray blocks.
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Figure 4.
Slow wave (<22 Hz) response. a) Evoked response for Experiment 1 (upper) and 2 (lower).
Response for all 157 channels (gray), whole-head RMS waveform averaged across all 157
channels (solid black), N1m peak in RMS waveform (vertical black). b) Whole-head evoked
response waveforms (average across all 157 channels). Major components are labeled and
latencies of component peaks (ms) are shown below labels. c) Contour maps of the evoked
magnetic field at the major component peak latencies for Experiment 1 (upper) and 2 (lower).
Sources shown in red, sinks in blue.
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Figure 5.
Asymmetry in the evoked response. a) Difference waves computed as RH (right hemisphere)
amplitude - LH (left hemisphere) amplitude using the slow-wave (<22 Hz) response amplitudes
shown in 5b. Areas of significant difference in response amplitude are indicated by gray blocks.
The latency of the points of maximal lateralization (ms) are shown in black. Points of increased
lateralization following the M100 peak are marked with arrows. b) Waveforms for the slow-
wave (<22 Hz) response in the right (RH) and left (LH) hemispheres obtained by averaging
over each hemisphere’s channels within the select 28 channel set. Major components are
labeled and latencies of component peaks (ms) for the right (upper value, red) and left (lower
value, blue) hemispheres are shown below labels. Areas of significant difference in response
amplitude are indicated by gray blocks. c) Contour maps of the evoked magnetic field at 35,
50 and 65 ms show the transition from M50 to M100 dipole activation for Experiment 1 (upper)
and 2 (lower). M50 topography persists in the left hemisphere while the right hemisphere
transitions to M100 topography. Contour maps at 65 and 95 ms shown the posterior-to- anterior
shift in the M100 activity in the right hemisphere. Sources are shown in red, sinks in blue. d)
Individual subject waveforms (all 14 subjects from experiment 1) for the slow-wave (<22 Hz)
response in the right (RH) and left (LH) hemispheres obtained by averaging over each
hemisphere’s channels within the select 28 channel set.
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Figure 6.
A multi-source model of the M50-M100 evoked response. a) Gaussian distributions around
source peak latencies model the magnetic field amplitude of two M50 sources and three M100
sources as a function of time. Amplitudes for the earliest latency M100 source differ for the
right (RH-red) and left (LH-blue) hemispheres. b) For the composite response, computed as
the linear sum of the magnetic field amplitudes for the five sources, the M100 component peaks
earlier in the right hemisphere and the M100 rise is right-lateralized with maximum amplitude
lateralization occurring at the early M100 source activity peak.
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