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Abstract

In this study we applied synthetic aperture magnetometry (SAM) to investigate active cortical areas associated with magnetically
recorded transient and steady-state auditory evoked responses. For transient evoked responses, SAM images reveal an activated volume of
cortical tissue within the lateral aspect of the superior temporal plane. The volume of cortical activation for steady-state responses was
located more medially than that for transient evoked responses. Additionally, SAM also reveals a small overlap of activated areas between
transient and steady-state evoked responses, which has not be demonstrated when using equivalent current dipole (ECD) source modeling.
Source waveforms from SAM and ECD analyses show comparable temporal information. Results from this study suggest that SAM is a
useful technique for imaging cortical structures involved in processing perceptual information.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

Several studies have investigated the origins of auditory
evoked responses (AERs) in humans using electroencepha-
lography (EEG)(for reviews see Eggermont and Ponton,
2002; Naatanen and Picton, 1987) or magnetoencephalog-
raphy (MEG)(for review see Jacobson, 1994). A negative
electric wave peaking at approximately 100 ms in a vertex
recording, referred to as N1 (Picton et al., 1974), is the one
of the most robust components of the transient AER. The
electrically recorded N1 consists of two sources located in
the superior temporal gyrus, a main dipolar source that is
tangentially oriented to the surface of the scalp and a second
dipolar source that is radially oriented (Scherg and von

Cramon, 1985). In contrast, magnetic recordings are sensi-
tive mostly to tangential sources, thus the source of the
magnetic counterpart of N1 (N1m) is equal to that for the
principal contributor to the electric N1 (see Jacobson,
1994). Several MEG studies coregister the subject’s MRI to
the head shape model used in dipole source modeling and
reveal that the N1m dipole is situated in the lateral aspect of
the transverse temporal gyrus (Kanno et al., 2001; Pantev,
1995; Pantev et al., 1991b, 1995; Reite et al., 1994;
Yamamoto et al., 1988). These EEG and MEG studies
provide comparable results to those from animal studies and
human studies using intracerebral electrodes (for reviews
see Jacobson, 1994; Naatanen and Picton, 1987).

Another auditory response that can be evoked in the
auditory modality is the steady-state evoked response
(SSRs). SSRs can be elicited by regularly repeating auditory
stimuli (Galambos et al., 1981) or amplitude-modulated
tones (Cohen et al., 1991). Herdman et al., 2002) reported
that the electrically recorded 40-Hz SSRs are mainly gen-
erated from a tangentially oriented source within the audi-

* Corresponding author. Rotman Research Institute, Baycrest Centre
for Geriatric Care, Canada Research Chair “Human Cortical Plasticity,”
University of Toronto, 3560 Bathurst Street, Toronto, Ontario, Canada
M6A 2E1. Fax: 416-785-2862.

E-mail address: pantev@rotman-baycrest.on.ca (C. Pantev).

NeuroImage 20 (2003) 995–1005 www.elsevier.com/locate/ynimg

1053-8119/$ – see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S1053-8119(03)00403-8



tory cortex. They showed that there is little contribution
from radially oriented cortical sources, thus magnetic re-
cordings will pick up most of the 40-Hz SSR. A number of
MEG studies have localized the source of the magnetic SSR
to be within the superior temporal plane (Gutschalk et al.,
1999; Hari et al., 1989; Makela and Hari, 1987; Pantev et
al., 1996). By superimposing the SSR dipolar sources onto
the corresponding MRI, Pantev et al. (1996) showed that
SSRs are generated within the primary auditory cortex (i.e.,
the medial portion of transverse temporal gyrus). Compared
to the N1m source location, the SSR generators are more
medially located (Hari et al., 1989; Pantev et al., 1993). This
demonstrates that the centers of gravity for activated areas
are significantly different; however, the extent to which
these cortical regions overlap was not determined. This
volumetric overlap is difficult to establish in these studies
because of the constraints and assumptions necessary for
equivalent current dipole (ECD) source modeling.

Methods such as functional magnetic resonance imaging
(fMRI) or positron emission tomography (PET) are capable
of spatially resolving the brain volumetric area activated by
acoustic input (Belin et al., 1999; Johnsrude et al., 2002;
Lockwood et al., 1999; Pastor et al., 2002; Scheffler et al.,
1998; Talavage et al., 2000; Wessinger et al., 1997). Most of
these studies show activated volumes that include the trans-
verse temporal gyrus and the posterior-lateral aspect of the
superior temporal gyrus. In a PET study, Lockwood et al.
(1999) showed a broad area of activation that extends be-
yond the medial two-thirds of the transverse gyrus, as well
as activated volumes within brainstem structures, to pure-
tone stimuli. These results suggest that simple acoustic
stimuli activate auditory regions beyond the primary audi-
tory cortex (i.e., medial two-thirds of the transverse gyrus).
This is supported by further evidence from fMRI studies by
Belin et al. (1999) and Talavage et al. (2000). However,
because of the poor temporal resolution, PET and fMRI
cannot separate the brain regions that independently gener-
ate transient, sustained, and steady-state components of the
complex auditory response. Thus, it is to be expected that
the PET and fMRI results include all areas that are activated
by an acoustic stimulus. In order to differentiate the multiple
volumes of active tissue that are functionally separate, we
need a method that can resolve these activated volumes in
both space and time.

Synthetic aperture magnetometry (SAM) is a novel ap-
proach to analyzing MEG data (Ishii et al., 1999; Robinson
and Vrba, 1998; Singh et al., 2002; Taniguchi et al., 2000).
SAM analysis has the advantage of providing more tempo-
ral and spatial information than fMRI and ECD modeling,
respectively. SAM can create images of several active brain
regions with a spatial resolution that is similar to fMRI, but
with much better temporal resolution (on the order of mil-
liseconds). Compared to ECD analysis, SAM can identify
the volume of activation rather than the center of gravity by
using a spatial filtering method to identify separate volumes
of tissue that are active for specific time periods in the MEG
waveform. The SAM approach is data driven and does not

use an inverse solution to calculate source activity. This means
that SAM is not limited by many of the hypothetical con-
straints needed for ECD modeling. Nevertheless, SAM does
have its own limitations. In order to reduce the noise in the
signal, the spatial filter attenuates correlated activity between
hemispheres for a given point in time (Van Veen et al., 1997).

In this study, magnetically recorded transient AERs and
SSRs were elicited by long-duration amplitude-modulated
tones. These two types of responses were chosen to test if
SAM was sensitive enough to circumscribe their separate neu-
ral generators. For comparison, we used ECD modeling and
compared the time course of active sources within the temporal
lobes that were localized by means of SAM and ECD analyses.

Methods

Subjects

Thirteen subjects (seven females) with normal audiologi-
cal status participated in this study. Subjects were between
the ages of 24 and 50 years (mean age 33.3 years) and all
were right-handed. Informed consent was obtained from
each subject after the nature of the study was fully ex-
plained. This experiment was part of a larger project entitled
“Magnetic Studies of Human Hearing,” which had received
approval from the Ethics Committee of the Baycrest Centre for
Geriatric care. The subjects were paid for their participation.

Stimulation

Auditory stimuli consisted of sinusoidal 100% ampli-
tude-modulated tone bursts having a modulation frequency
of 40 Hz and a carrier frequency of 500 Hz. Each tone burst
had a duration of 2.0 s with a rise and a fall time of 10 ms.
Stimuli were presented binaurally at a randomized inter-
stimulus interval of 2.0 � 0.5 s. Seventy-five stimuli were
presented in two separate blocks within one session. All
auditory stimuli were delivered binaurally to silicon ear-
pieces placed in the left and right ear using a nonmagnetic
and echo-free acoustic delivery system. Individual hearing
thresholds for the stimuli were determined to within 5 dB
for both ears. The stimuli were presented at 60 dB SL
(sensation level). Prior to the start of the experiment, both
the signal spectrum and the correct timing of the stimulus
were verified by measuring the output of the earphones
using a sound-level meter.

Data acquisition

All recordings were done in a magnetically shielded
room using a 151-channel whole-head biomagnetometer
system (CTF Systems Inc.) with detection coils spaced by
31 mm. The sensors were configured as first-order gradi-
ometers with a baseline of 50 mm. The spectral density of
the intrinsic noise of each channel was about 5 fT/Hz�2 in
the frequency range above 1 Hz.
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Subjects were seated comfortably in an upright position
with their back firmly supported by a vacuum cushion. Head
movements were monitored using a head coil localization
system. No head movements (greater than 8 mm) sufficient
to require the discarding of data were observed (mean head
movement during a session equaled 5.4 mm). Subjects were
asked to remain alert and compliance was verified using a
video monitor. In order to control for confounding changes
in attention and vigilance, subjects watched a self-selected
movie without accompanying sound presentation.

Stimulus-related epochs of 4.7 s duration (including a
0.2-s prestimulus interval) were recorded using a bandwidth
of DC to 104 Hz and a sampling rate of 312.5 Hz. Magnetic
field data elicited by 150 stimuli were recorded and stored
for further analysis

Data analysis

Trials contaminated by muscle or eye blink artifacts were
rejected from the averaging process. Rejection threshold
was chosen after careful inspection of the individual data.
Trials without artifacts were averaged and baseline cor-
rected relative to the prestimulus interval. Analysis of the
data concentrated on the transient and steady-state compo-
nents of the auditory evoked response. The data were band-
pass filtered in the range of 1–20 Hz for the transient and
between 30 and 50 Hz for the steady-state responses.

ECD analyses

Source analyses, based on a spatiotemporal ECD model
in a spherical volume conductor, were applied to the N1m
component of the transient AER and to the SSR. For each
subject, two ECDs (one in each hemisphere), defined by
their moment, orientation, and spatial coordinates, were fit
to five sample points (16 ms) around the N1m peak of the
transient AER. For the SSR data, the real and imaginary
parts from the fast Fourier transform of each sensor’s signal
were determined for the 40-Hz bin. A time function of a
40-Hz signal was calculated using these real and imaginary
components. Two ECDs (one in each hemisphere) were fit
to five sample points (16 ms) around the peak of the 40-Hz
signal. Head models were coregistered to each subjects MRI
for visual inspection (see Pantev et al., 1991a). For the
transient N1m component and SSRs, one dipole was added
to the left hemisphere and its position and orientation was
fitted to the 16-ms time range. Then a second dipole was
added to the right hemisphere and both dipoles were fitted to
the same time window. Such dipole fitting had a high
goodness-of-fit indicated by less than 10% residual variance
of the field data. To determine differences in source loca-
tions, spatial coordinates for each ECD of the N1m and the
SSR were averaged across subjects and their 95% confi-
dence intervals were calculated.

The method called “source space projection” was used to
collapse the time series of the MEG sensors (151 in our
case) into a single waveform of the corresponding magnetic

dipole moment. The relation defined by the following equa-
tion (Hamalainen et al., 1993):

b�r� � L�r,R� � q�R� (1)

mapped the current source q(R) at the position R in the brain
into a multidimensional signal space defined by the sensors
at their positions r outside the head (Ilmoniemi et al., 1987).
Each of these sensors measured a magnetic field b(r). The
lead-field matrix L(r,R) depended on the properties of the
volume conductor and the sensors and on the positions of
the source and the sensors. To map the signal space into one
or several current sources, a spatial filter was constructed.
Therefore, the estimated orientation q(R)/ıqRı of the under-
lying source and the pseudoinverse of the lead-field matrix
L�1(r,R) were used to calculate a weighting vector W(q(R)).
The spatial filter was then defined as the dot product of
measured magnetic field b(t) and this weighting vector W
(Robinson, 1989). The filter applied to the MEG data pro-
vided a single time-series waveform of the dipole moment
that was seen by a virtual sensor located at the position of
the current sources (Robinson and Rose, 1992). The method
was spatially sensitive because the virtual sensor responded
maximally to the region of interest in the brain. Contribu-
tions from other regions and uncorrelated system noise were
reduced or respectively cancelled out.

SAM analyses

SAM is based on the concept of the beamforming technique
commonly used in sonar and radar for signal detection. As an
adaptive nonlinear beamformer, SAM applies a spatial filter,
specific for each brain voxel, to suppress the interference of the
unwanted signals (Robinson and Vrba, 1998). The spatial filter
at location � is a linear projection operator defined by a set of
coefficients, with one coefficient for each sensor, which is
determined by minimizing the source power. Statistical eval-
uation of the ratio of the power differences between the active
and control windows to the sum of the powers of noise was
expressed as a pseudo t value (T) for each voxel (�) as follows:

T� �
S�

A � S�
C

N�
A � N �

C , (2)

where S�
A and S�

C are the estimated power of the source for
the active and control windows, respectively, and N�

A and
N�

C are the estimated powers of the noise. For the transient
AERs, the active and control windows were 0 to 0.25 s and
�0.26 to �0.01 s with respect to the stimulus onset, re-
spectively. For SSRs, the active and control windows were
between 1 to 2 s and �1.1 to �0.1 s. We chose this later
time window for the SSR because it has been shown (Ross
et al., 2002) that the amplitude and phase of the 40-Hz
response is constant from 250 ms after stimulus onset to
stimulus offset. Because SAM greatly reduces correlated
fields across hemispheres (Van Veen et al., 1997), SAM
images were calculated for sensors in each hemisphere
separately and then combined for visual display. Addition-
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Fig. 1. Magnetic recordings of transient AERs and SSRs from a single subject. (Top) Field distributions from a top-view perspective with nose at top of figure.
(Bottom) Fields from left- and right-hemisphere sensors graphed as a function of time. P1m, N1m, and P2m designate the first, second, and third peaks in
the magnetic recording.
Fig. 2. A single subject’s results from SAM and ECD analyses of the transient AERs and SSRs projected onto the subject’s 3D brain. The frontal lobes have
been removed to view the activated regions.
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ally, the voxel location within each temporal lobe that had
the maximal (“peak”) pseudo t value was averaged across
subjects and a 95% confidence interval was calculated.

To analyze the group data, it was necessary to transform
each individual’s data into a common anatomical space
(Barnes and Hillebrand, 2003; Singh et al., 2002). This
normalization step is a common procedure for the analysis
of fMRI data. In this study, each subject’s SAM images
were converted to a common anatomical space using
SPM99. Normalization of the data enabled us to perform a
nonparametric statistic of each SAM voxel based on all the
subjects’ data and is classified as the “SAM permutation”
statistic. The SAM permutation test determined which vox-
els are significant by comparing the grand mean pseudo t
value of a voxel to a distribution of permuted pseudo t
values. This distribution was computed by randomly rear-
ranging the active and control conditions and averaging the
newly calculated pseudo t values. The null hypothesis of
SAM permutation is that the original grand mean pseudo
t value falls within the permuted distribution of pseudo
t values. The null hypothesis was accepted or rejected for
each voxel at an � level of 0.01. Grand mean pseudo
t values (T�) for significant voxels were then overlaid on a
normalized structural MRI.

The time course of the source activity for a specific voxel
can also be calculated using SAM. This is referred to as the

SAM “virtual channel” and is conceptually similar to source
space projection. A virtual channel is constructed for a
specific point in space by applying weighting vectors, cal-
culated from the beamformer’s spatial filter, to the physical
MEG sensors (Robinson and Rose, 1992). For each subject,
a SAM virtual channel was determined separately for the
transient AER and the SSR. The time windows used for
transient AERs and SSRs were 0 to 0.25 s and 1 to 2 s,
respectively. A SAM virtual channel was calculated at the
voxel location in each temporal lobe that had the maximal
pseudo t value. The SAM virtual channel waveforms were
then averaged across subjects for both the transient AERs
and SSRs.

Statistical analyses

From the individual source space projection waveforms,
amplitudes for N1m component of the transient AERs were
calculated as the maximal positive dipole moment within
the latency range of 0.05 and 0.150 s. To determine a
subject’s source space projection amplitude for SSRs, a fast
Fourier transform was used to determine the amplitude at 40
Hz. These individual source space amplitudes were then
averaged across subjects. The same procedures used for
calculating source space projection amplitudes were used
for the SAM virtual channel data. A three-factor repeated-

Fig. 3. Permutation results of SAM analyses for transient (top) and steady-state (middle) auditory evoked responses. Significant voxels are superimposed onto
the structural MRI (5 mm axial slices; inferior–superior from left–right) as a function of the pseudo t value. Activation areas for transient AERs and SSRs
show a small region of overlap depicted in green (bottom).
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measures analysis of variance (ANOVA) compared the am-
plitudes across two analyses (source space projection and
SAM virtual channel), two response types (transient and
SSR), and two hemispheres (left and right). Results of the
ANOVA were considered significant if P � 0.01.

Bootstrap sampling distributions were calculated for the
source space projection and the SAM virtual channel wave-
forms for each sample point across all subjects. The 95%
confidence intervals (two-tailed) were determined for these
sampling distributions and used as an estimate of the inter-
individual variability within the data.

Results

Spatial domain

Topography
The topographies of magnetic fields for the N1m and

40-Hz SSR from a single subject are shown in Fig. 1. The
peak of the N1m component (at 112 ms) has positive (out-
ward) fields over the right frontal–temporal and left pari-
etal–temporal regions and negative (inward) fields over the
right frontal–temporal and left parietal–temporal regions
(Fig. 1). The midpoints between the each hemispheres max-
ima and minima are located over the Sylvian fissure. The
distribution of fields is similar for a peak in the 40-Hz SSR
(at 1047 ms). However, the SSR fields are approximately
six times smaller in amplitude as compared to the N1m
fields.

SAM and ECD analyses
Figure 2 shows a single subject’s results from SAM and

ECD analyses of the transient AERs and SSRs superim-
posed onto the subject’s 3D brain (reconstructed from MR
images). The frontal lobes have been removed to view the
regions of activation. SAM voxels are projected to the
surface from a depth of 7 mm (i.e., from an adjacent slice).
SAM results for the transient AERs show bilaterally local-
ized activity around the lateral aspect of the superior tem-
poral gyri, including the transverse temporal gyri. This
active volume encompasses the location of the ECD in the
left hemisphere, but is slightly inferior to the ECD in the
right hemisphere. Comparing across hemispheres, there are
higher pseudo t values and a broader region of activity in the
left than the right. For SSRs, SAM results reveal bilaterally
localized volumes of activity in the medial portion of the
superior temporal gyri, including the transverse temporal
gyri. The ECD location for the right hemisphere is in the
lateral part of the SAM volume with high pseudo t values.
In the left hemisphere, the ECD location is outside and
lateral to the SAM volume with high pseudo t values. Note
that for SAM analysis there are no other cortical regions
with large pseudo t values. Results from the other 12 sub-
jects’ are consistent with those shown for subject 11, with
the exception that the size of the SAM volumes and the
magnitude of pseudo t values were variable between hemi-

spheres. Five of the 13 and 3 of 13 subjects had SAM
pseudo t values for SSRs that were less than 1.5 for the left
and right hemispheres, respectively.

Figure 3 shows the permutation test results of the SAM
images for the transient AERs and SSRs superimposed onto
normalized axial MRI slices. Significantly active volumes
for transient AERs are located bilaterally within the superior
temporal plane. Greatest activity (high pseudo t value) is
situated in the lateral aspect of the transverse gyri. For the
SSRs, significantly active volumes are also located bilater-
ally within the superior temporal plane. High pseudo t
values for SSR volumes overlap the medial aspect of the
transverse gyri. Furthermore, there is a larger volume of
significant voxels with higher pseudo t values for SSRs in
the right as compared to the left hemispheres. Additionally,
active volumes for SSRs are medial to those for transient
AERs. Figure 3C displays the areas of significant voxels for
the transient AERs and SSRs. Voxels that are significantly
active for both transient AERs and SSRs are designated in
dark green. This coactive region is bound medially by the
SSR volume and laterally by the transient AER volume.

Figure 4 shows the median locations and 95% confidence
intervals of the SAM peak pseudo t values for transient
AERs and SSRs. The SAM peak pseudo t values for the
transient AER are located in the lateral aspect of the trans-
verse gyri. The SAM peak pseudo t values for SSRs lie near
to the medial part of the transverse gyri. The transient AER
SAM peak locations are, on average, more laterally situated
as compared to the locations of SAM peak for SSRs by 1.26
and 1.17 cm in the left and right hemispheres, respectively.
This difference is only significant in the right hemisphere, as
indicated by nonoverlapping confidence intervals in the
medial–lateral direction. The differences in locations for
anterior–posterior and superior–inferior directions between
transient AERs and SSRs did not reach significance, as
indicated by their overlapping confidence intervals.

Figure 4 also shows for the left and the right hemisphere
that the N1m dipoles are located slightly superior to the
lateral aspect of the transverse gyrus. The median location
of the ECDs for SSRs borders on the medial aspect of the
transverse gyrus. Positions for the N1m ECDs are signifi-
cantly more lateral to those for SSRs in both hemispheres,
as indicated by their nonoverlapping confidence intervals.
The mean differences between N1m and SSR ECD loca-
tions in the medial–lateral direction are 1.66 and 0.76 cm for
the left and right hemispheres, respectively.

Furthermore, as compared to SAM peak pseudo t values,
ECDs (averaged across transient AERs and SSRs) are 0.61
and 0.53 cm more laterally located in the left and right
hemispheres, respectively. However, 95% confidence inter-
vals overlap. Thus there are no significant differences in any
direction of ECD locations for either transient AERs or
SSRs as compared to SAM peak pseudo t value locations.
The SSR confidence intervals for both SAM and ECD
analyses are noticeably broader than the N1m confidence
intervals, which indicate a larger variability in source loca-
tions across subjects.
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Time domain

Field data
Figure 1 shows the plots of a single subject’s MEG fields

as a function of time for left and right hemispheric sensors.
For transient AER fields, noticeable waves peak at approx-
imately 70 ms (referred to as P1m), at 110 ms (referred to
as N1m), and at 175 ms (referred to as P2m). Data from all
subjects show this triphasic complex but with some vari-
ability in component amplitudes and latencies between sub-
jects. The offset response also consists of this triphasic
complex starting at approximately 70 ms after stimulus
offset, although it smaller in amplitude as compared to the
onset response. For the transient AERs of subject 11, the
sensors over the left hemisphere measure fields that are
larger than those over the right hemisphere. However, 6 of
13 subjects have larger transient AER fields measured over
the right hemisphere than the left. There appear to be larger
fields recorded over the right than the left hemisphere for
SSRs of subject 11. However, 4 of 13 subjects have larger
SSR fields measured over the left hemisphere than the right.

SAM virtual channel and source space projection
The source activity analyzed using SAM virtual channel

and source space projection show similar time courses for
either transient AERs or SSRs (Fig. 5). Because AERs are
correlated and the spatial filtering technique of SAM re-
moves correlated activity to reduce noise (Van Veen et al.,
1997), SAM virtual channel waveforms represent uncorre-
lated source activity. This will be less than the source
activity determined using source space projection. How-
ever, because the noise in the SAM virtual channel is also
attenuated, the signal-to-noise ratios of the SAM virtual
channel and source space projection are comparable. Thus,
the scales for the SAM virtual channel plots are adjusted so
that the maximal positive amplitude (e.g., N1m component
of left hemisphere) matches the same level as the maximal
source space projection amplitude (e.g., N1m component of
the left hemisphere). This was done in order to remove the
amplitude effect that obscures the visual comparison be-
tween the two measures. For the transient AERs (upper
plots in Fig. 5), triphasic waveforms are noticeable in the
0.25 s window and represent the underlying source activity
for the P1m-N1m-P2m complex as seen in the MEG field
data. Only the 0.25 s window used for creating the SAM
images is shown, because weighting functions for the SAM
virtual channel would not be appropriate for determining the
source strength outside of this window. For SSRs (lower
plots in Fig. 5), 10 cycles are evident in the window be-
tween 1 and 1.25 s after stimulus onset. The right hemi-
spheric SSR waveforms for the SAM virtual channel are
noticeably larger than those for the left hemisphere. How-
ever, results from a three-factor ANOVA (analysis type �
response type � hemisphere) reveal no significant differ-
ence (P � 0.30) in response amplitudes between hemi-
spheres. Furthermore, the bootstrap-sampled 95% confi-
dence intervals (thin lines in Fig. 5) of the source space

projection and SAM virtual channel waveforms overlap
between hemispheres.

Discussion

Spatial domain

Topography
The N1m component of the transient AER peaks at

approximately 110 ms after stimulus onset and has a well-
known distribution of magnetic fields over the scalp (Hari
and Makela, 1986; Hari et al., 1987; Kanno et al., 2001;
Makela and Hari, 1987; Pantev et al., 1993; Yamamoto et
al., 1988). There is a minimum field over the right frontal–
temporal region (magnetic flux out of the head) and a
maximum field over the right parietal–temporal region
(magnetic flux into the head). The pattern is reversed for the
left hemisphere. This field topography is very similar to that
for 40-Hz SSRs (Bertrand et al., 1991; Makela and Hari,
1987; Pantev et al., 1996; Romani, 1986), except that the
SSR amplitudes are considerably smaller than those of
N1m. Topographic results for the N1m and SSR from the
present study are consistent with this familiar pattern.

SAM analyses
Our results demonstrate that SAM can be used to localize

the cortical volumes involved in generating transient AERs,
as well as SSRs. Moreover, SAM can successfully differ-
entiate between them. In all subjects, the lateral aspect of
the superior temporal gyrus was consistently activated in
both hemispheres within the first 250 ms after a 40-Hz
amplitude modulated tone was presented. In comparison to
the cytoarchitecture of the auditory cortex, most subjects
show an activated volume for the transient AERs to contain
the lateral koniocortex (i.e., lateral aspect of Heschl’s gyrus)
and the internal and external parakoniocortices, as defined
by Galaburda and Sanides, 1980). The SAM group permu-
tation results clarify this consistency seen across subjects by
illustrating that the same regions are included in the group
image. The significantly active SAM volumes, as deter-
mined by the SAM permutation method, are comparable to
previous reports using fMRI or PET (Belin et al., 1999;
Johnsrude et al., 2002; Lockwood et al., 1999; Pastor et al.,
2002; Scheffler et al., 1998; Talavage et al., 2000; Wess-
inger et al., 1997). In a PET study by Lockwood et al.
(1999), 0.5-kHz tone bursts significantly activated volumes
in the brainstem structures, in the medial geniculate nuclei,
and bilaterally in the medial and lateral aspects of the
superior temporal gyrus. Our results do not show the acti-
vation within the thalamus and brainstem because the sen-
sitivity of MEG diminishes substantially with increasing
depth. However, they are consistent with the location of
activated cortex in the lateral superior temporal gyrus as
reported by Lockwood et al. (1999). The broader cortical
distribution reported by Lockwood et al. (1999) is most
likely a result of PET being limited in its temporal resolu-
tion. These PET-activated volumes would include all AER
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components; for example, sustained activity would occur as
a result of continuous presentation of the 500-ms tone bursts
throughout the scanning period. Furthermore, fMRI studies
have also shown this greater area of activation of the supe-
rior temporal gyrus (Belin et al., 1999; Bilecen et al., 1998;
Scheffler et al., 1998; Talavage et al., 2000). Bilecen and
colleagues (Bilecen et al., 1998; Scheffler et al., 1998)
showed that 0.5-kHz and 1.0-kHz tone bursts activated
structures along the entire length of Heschl’s gyrus, includ-
ing posterior–lateral regions of the superior temporal gyrus,
which is a result of limited temporal resolution. Considering

that the SAM results provide information of the timing of
neural activity and that the SAM method can circumscribe
the volume of cortical activity, the SAM approach has a
clear advantage as compared to PET and fMRI.

For the SSRs, SAM images from single subjects show a
volume of cortical activation in the medial aspect of the
superior temporal gyrus. Although there is some variability
between subjects, the SAM permutation results indicate a
stable volume of activity across subjects. The active SAM
volumes in the group after the permutation test include the
medial aspect of Heschl’s gyrus that spreads anteriorly.

Fig. 4. Median locations and 95% confidence intervals of the SAM peak pseudo t values and dipoles (ECDs) for transient AERs and SSRs. The background
coronal and axial slices are 2 cm anterior to and 6 cm superior to the center of the coordinate system, respectively.
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Compared to the cytoarchitectonic description of the audi-
tory cortex (Galaburda and Sanides, 1980), this active vol-
ume includes the medial koniocortex and the prokoniocor-
tex. Auditory processing measured by changes in fMRI
signals to low-frequency stimuli has also shown to be lo-
cated within the region of the prokoniocortex (Talavage et
al., 2000). Additionally, a PET study by Pastor et al. (2002)
showed a broad region of activity in response to clicks
presented at a rate of 40 Hz that was centerd over the medial

koniocortex and extended into the prokoniocortex, which
suggests the involvement of these areas in the processing of
the auditory 40-Hz SSRs. Results from Pastor et al. (2002)
are very similar to the present SAM permutation images for
the 40-Hz SSRs. Albeit, it is possible that the extension of the
activated volume into the prokoniocortex might be a result of
localization error inherent in our methods and those in the
fMRI and PET studies. However, it seems unlikely that all
methods had a systematic error in the same anterior direction.

In contrast to the results of Pastor et al. (2002) showing
cerebellar activity in response to 40-Hz steady-state stimuli, we
found insufficient evidence to support this using SAM analysis.
However, it might be difficult to use of MEG to resolve such
an issue because the cerebellar neurons might be in a close-
field distribution, are too deep, or are not tangentially oriented.

Because the 40-Hz SSRs are suggested to be predomi-
nantly generated in the primary auditory cortex (Pantev et
al., 1993), which is approximately 2 cm in diameter, it
might be possible that the extension into the prokoniocortex
for 40-Hz SSRs is, to certain extent, a result of localization
error. Such error may be due to head movement when
recording MEG fields, variability in fiduciary points for
coregistration between the MRI and MEG data, and vari-
ability in brain anatomy across subjects. We attempted to
limit these sources of variability by excluding data from
subjects whose head moved more than 8 mm in any direc-
tion within a recording block, using the same earpieces for
the fiduciary markers in the MRI and MEG recordings, and
normalizing each subject’s MRI and SAM images into a
common anatomical space.

As shown in Fig. 3, there seems to be a greater volume
of activity for SSRs in the right than the left hemisphere.
This result might suggest that there is greater propensity for
neurons in the right hemisphere to process steady-state
stimuli. However, 5 of 13 subjects had small pseudo t values
(�1.5) for the left hemisphere as compared to only 3 sub-
jects for the right. This variability in the data might con-
tribute to the noticeable hemispheric asymmetry for SSRs
and therefore further investigation is required.

Comparing the active SAM volumes between transient
AERs and SSRs, it is clear that the transient AERs are
generated by more laterally located structures in the supe-
rior temporal gyrus. Nonetheless, there is a small region of
overlap between these volumes that lies in the transition
boundary between the medial and lateral koniocortices. This
suggests that neurons within this region might be involved
in the generation of both the transient AERs and the SSRs.
However, the SAM analysis for the transient AERs included
the first 250 ms. Thus, the middle latency components
(Pam-Nam-Pbm) within the first 50 ms after stimulus onset
will have contributed to the gross activation, albeit small
because they contribute less to the overall power spectrum
used to calculate SAM images as compared to the long
latency components (P1m-N1m-P2m). Assuming that there
is some contribution from the middle latency components,
the overlapping volumes between SSRs and transient AERs
might come from the middle latency generators.

Fig. 5. Source activity analyzed using the source space projection and SAM
virtual channel methods for transient AERs (top) and SSRs (bottom).
Scales have been purposefully adjusted to the maximal response in order to
make a visual comparison between the two analyses procedures (i.e., ECD
and SAM). Thick lines represent the means of the response waveforms.
Thin lines represent the bootstrap-sampled 95% confidence intervals.
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SAM vs ECD analyses
The SAM results of this study clearly demonstrate that

the SAM approach can localize and differentiate between
transient AER and SSRs within the auditory cortex. How-
ever, the question arises how consistent are the SAM results
with respect to the well-established dipole modeling results,
which have been obtained in series of EEG and MEG
studies (cf. Eggermont and Ponton, 2002; Jacobson, 1994;
Naatanen and Picton, 1987).

In order to compare the SAM and ECD results, we chose
the location of the SAM voxel with the greatest (i.e., peak)
pseudo t value to compare to the location of the ECD. The
fact that there are no significant differences in locations of
the sources between SAM and ECD analyses (see Fig. 4)
suggests that SAM is as accurate at localizing cortical ac-
tivity for the transient AERs as the ECD modeling. The
N1m locations for ECD analysis from the present study are
comparable to those reported previously in the MEG and
EEG literature (Hari et al., 1980, 1987; Hari and Makela,
1986; Pantev et al., 1995; Pantev et al., 1993; Reite et al., 1981,
1994; Scherg and von Cramon, 1985). Spatiotemporal dipole
modeling of the N1m shows that the center of gravity of its
generator is within the lateral aspect of Heschl’s gyrus, which
corresponds to the lateral koniocortex (Kanno et al., 2001;
Pantev et al., 1995; Reite et al., 1994; Yamamoto et al., 1988).

As compared to the locations of the SSR dipoles, SAM
peak locations were not significantly different, which sug-
gests that SAM can also localize the 40-Hz SSR as accu-
rately as ECD modeling. Furthermore, ECD locations from
the present study are comparable to previous studies show-
ing that they are situated within the superior temporal gyrus
(Bertrand et al., 1991; Herdman et al., 2002; Makela and
Hari, 1987; Pantev et al., 1993, 1996; Romani, 1986). Pan-
tev and colleagues coregistered these dipole locations onto
subjects’ MRIs and demonstrated they were in medial konio-
cortex (Pantev et al., 1996). We coregistered our dipole data
with the subjects’ MRIs and the results also support that 40-Hz
SSR dipoles are located within the medial koniocortex.

Earlier research by Pantev and colleagues (1993) dem-
onstrated that the 40-Hz SSR dipoles are clearly dissociable
in space from the N1m dipoles. They reveal that the dipoles
for the SSR are significantly more medially located than the
dipoles for the N1m. In contrast, a study by Makela and
Hari (1987) showed a nonsignificant difference between
dipole locations of N1m and 40-Hz SSR. However, their
results were based on a sample size of three, thereby lim-
iting the power of their statistic. Contrary to this, our results
from a larger sample size (N � 13) fully support the find-
ings of Pantev et al. (1993). Median dipole locations for
SSRs are significantly more medial than those for the N1m
response, as indicated by nonoverlapping 95% confidence
intervals. This suggests that generators of these components
originate from separate cortical structures. However, the
question of how spatially discrete the volumes of active
neurons are is difficult to answer by means of ECD modeling.
From the ECD results we can simply conclude that the centers
of gravity for the N1m and SSRs are significantly separate.

However, SAM can provide the volumetric information,
which is certainly an advantage in imaging cortical activity.

Time domain

MEG fields
For all subjects, the field data reveal an onset response

that has the prominent P1m-N1m-P2m peaks, as described
previously (Elberling et al., 1980, 1982; Hari et al., 1980;
Reite et al., 1981). However, it is difficult to compare the
field data across subjects because differences in the head
positioning with respect to the sensors. Therefore, we used
the source space projection method to calculate the source
waveforms, which can be then averaged across subjects.

SAM virtual channel vs source space projection
For the transient AERs, the SAM virtual channel wave-

form is similar in morphology to the source space projection
waveform. They both show a triphasic waveform with peaks
that are associated with the P1m-N1m-P2m complex seen in
the field data. Thus, it is evident that the SAM virtual
channel can extract the same temporal information for the
transient AER sources, as compared to the source space
projection method. This is also true for the 40-Hz SSRs,
which is consistent with the 40-Hz oscillations of tangen-
tially oriented cortical sources as reported by Herdman et al.
(2002). Our SAM results indicate smaller 40-Hz source
strengths in the left hemisphere than the right hemisphere
for the SAM virtual channel. However, this difference is not
significant and can be explained by the scaling factor that is
chosen to view the results. The scale is adjusted for the
SAM virtual channel to match the same height of the source
space projection data for simple comparison of the wave-
forms across measures. The 95% confidence intervals,
shown in Fig. 5, reveal that between left and right hemi-
spheres the intersubject variability in the SAM virtual channels
is similar to the variability in the source space projection
waveforms. The overlap of the confidence intervals between
hemispheres indicates that there are no significant differences.

Conclusion

Results from the present study indicate that the SAM
method can accurately localize transient AERs and 40-Hz
SSR in both space and time. Furthermore, it is sensitive
enough to dissociate these functionally discrete brain volumes.
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