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Abstract

Objective: To determine the source localization(s) of the midlatency auditory magnetic response
M50, the equivalent of the P50 potential, a sleep state-dependent waveform known to habituate to
repetitive stimulation.

Methods: We used a paired stimulus paradigm at interstimulus intervals of 250, 500 and 1,000
msec, and magnetoencephalographic (MEG) recordings were subjected to computational methods
for current density reconstruction, blind source separation, time-frequency analysis, and data
visualization to characterize evoked dynamics.

Results: Each subject showed localization of a source for primary auditory evoked responses in
the region of the auditory cortex, usually at a 20-30 msec latency. However, responses at 40-70 msec
latency that also decreased following the second stimulus of a pair, were not localizable to the auditory
cortex, rather showing multiple sources usually including the frontal lobes.

Conclusions: The M50 response, which shows habituation to repetitive stimulation, was not
localized to the auditory cortex, but showed multiple sources including frontal lobes.

Significance: These MEG results suggest that sources for the M50 response may represent non-
auditory, perhaps arousal-related, diffuse projections to the cortex.
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Introduction

Early electroencephalographic (EEG) work based on topographical studies of human auditory
evoked potentials concluded that auditory evoked potentials in the 20-60 msec latency range
were generated in the posterior temporal lobe (Vaughan and Ritter, 1970; Wood and Wolpaw,
1982), however, other workers found the P50 potential still to be present after bilateral lesions
of the temporal lobe (Woods et al., 1984). Another study concluded that the source for the P50
potential was indeed the temporal lobe, but could not exclude the contribution of other sources
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(Reite et al., 1988). Some studies that reported cortical localization used inappropriate
parameters such as 50-100 msec stimuli that outlasted the initial response (Godey et al.,
2001; Onitsuka et al., 2003), or stimulation at too high a frequency (Makela et al., 1994;
Yoshiura et al., 1995), which leads to habituation of the P50 potential (Erwin and Buchwald,
1987). Perhaps the most telling early study involved surface and depth recordings in human
subjects (Goff et al., 1980). Depth recording electrodes passing vertically and medially to the
primary auditory cortex on the superior temporal gyrus failed to find a reversal across the
Sylvian fissure, as did electrodes passing along the long axis of the temporal lobe from the
occipital cortex to the tip of the temporal lobe. These authors concluded that their data “failed
to select from the two theories” on the origin of this potential (Goff et al., 1980), the temporal
auditory cortex vs a modality nonspecific response (Williamson et al., 1970).

Studies by Buchwald demonstrated the labile nature of the P50 potential (state-dependence,
rapid habituation at frequencies >1 Hz, and blockade by non-soporific doses of scopolamine),
in contrast to the robust nature of the primary auditory cortex Pa potential (at a 25 msec latency)
generated by the primary auditory cortex (that is present during all sleep-wake states, failed to
habituate at high frequencies of stimulation and was unaffected by scopolamine) (Erwin and
Buchwald, 19864, b). The sleep state-dependence of the P50 potential was confirmed by others
(Kevanishvili and von Specht, 1979). While the source of the Pa potential has been localized
to the primary auditory cortex in the posterior temporal lobe, the nature of the P50 potential,
Buchwald argued, was more consistent with waveforms generated by the reticular activating
system (RAS) (Erwin and Buchwald, 1986a, b). Work on animal equivalents of the P50
potential (Garcia-Rill and Skinner, 2002), lends further support to the probable involvement
of brainstem sources of this waveform, at least in part.

A key element in P50 potential manifestation is its habituation to repetitive stimulation. Many
studies have used the P50 potential to study habituation, a component of the process of sensory
gating, the ability to filter incoming information in order to attend to salient stimuli. Normal
subjects show a markedly lower response to the second of closely spaced stimuli (Erwin and
Buchwald, 1986a, Boutros and Belger, 1999), however, decreased habituation of the P50
potential has been reported in schizophrenia (Adler et al., 1982), autism (Buchwald et al.,
1992), narcolepsy (Boop et al., 1994), post traumatic stress disorder (Skinner et al., 1999),
Parkinson's Disease (Teo et al., 1997), Huntington's Disease (Uc et al., 2002) and depression
(Garcia-Rill et al., 2002). A comprehensive study using depth recordings in epilepsy patients
with electrodes implanted in the hippocampus and parahippocampal gyrus found “no P50-like
activity within the hippocampus in any of our subjects” (Grunwald et al., 2003). Using subdural
electrodes for cortical recordings, these authors observed responses at ~50 msec latency that
habituated to repetitive stimulation in only 6/24 patients, and these were confined to prefrontal
cortex and temporo-parietal regions near, but not in the primary auditory cortex (Grunwald et
al., 2003). As such, the P50 potential appears to represent, rather than a primary auditory
response, a preattentive process useful for the study of a number of conditions that manifest
arousal/preattentive deficits. Given that a number of these disorders show MEG abnormalities
in the form of thalamocortical dysrhythmia (Llinas et al., 2002), it is important to determine
the characteristics of the magnetic equivalent of the P50 potential.

In terms of the P50 EEG vs the M50 MEG response, one study failed to localize a specific
auditory M50 response using MEG (Yvertetal., 2005), while another reported clear differences
between the P50 and M50 responses in responses to cholinergic agents (Pekkonen et al.,
2005). These reports suggest that, based only on latency (without regard for habituation), the
originally described characteristics of the P50 potential remain unexplained and suggest a
contribution from a subcortical cholinergic source related to arousal level or state, however,
the source of the M50 remains to be established. A recent study interpreted both EEG (P50)
and MEG (M50) data based on habituation to repetitive stimuli (at a single intertrial interval),
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concluding that the two measures may be unrelated and that additional generators may
contribute to the P50 potential (Edgar et al., 2003). This study, however, assumed a superior
temporal gyrus source for the M50 and used click stimuli only 35 dB above threshold, which
may generate little activation of the RAS. Another recent MEG study used unilateral
stimulation but at 2.7 and 3.3 Hz, which would cause rapid habituation of RAS responses.
These authors described small sources at ~50 msec in the planum temporale, but not in Heschl's
gyrus (Inui et al., 2006). This 38-channel instrument is unlikely to detect sources in frontal
regions, especially in the region of the vertex where the P50 potential is at its highest amplitude.

The present study was designed to use MEG recordings of responses to appropriate auditory
paired stimuli at ~25 and ~50 msec latencies subjected to state-of-the-art computational
methods for current density reconstruction, blind source separation, time-frequency analysis,
and data visualization to characterize evoked dynamics. The hypothesis tested was that, unlike
the primary evoked Pa potential, the magnetic equivalent of the P50 potential undergoing
habituation to repetitive stimuli would not be localized to the primary auditory cortex. Of
particular interest was the localization of a response at ~50 msec latency that would undergo
a decrease in amplitude as the interstimulus interval decreased, i.e. showed a recovery curve
similar to that of the P50 potential (Garcia-Rill and Skinner, 2002). Preliminary results have
been presented in abstract form (Garcia-Rill et al., 2006).

Normal subjects aged 24-57, with an group average of (mean + S.E.) 29+3 years, were
composed of 5 females (26+1 years) and 9 males (31£3 years) who were tested after securing
informed consent according to procedures approved by the institutional review board.
Continuous whole-head cortical activity was recorded with a 148-channel MEG system (4D
Imaging, San Diego, CA) at a sampling rate of 508.6 Hz, as previously described (Llinas et
al., 1999). Recordings were performed during three conditions in a supine position while
subjects' eyes were closed. Subjects were instructed to remain still and alert during the
recording. A program was developed on EEGLAB MatLab software to send a TTL pulse to a
magnetically silent sound generator connected to plastic tubing terminating in soft earplugs.
Auditory stimulation consisted of binaurally administered 20 msec duration tones of 1 kHz
paired at interstimulus intervals (1SI) of 250, 500 or 1,000 msec, with an intertrial interval of
5+0.2 sec at 50 dB above threshold. The second stimulus of a pair was the usual 1 kHz tone in
the 64/80 trials in a block, but randomly administered as a 2 kHz tone in 16/80 trials. Subjects
were asked to count the number of times the second stimulus was different from the first,
basically requiring a same-different discrimination to maintain vigilance. All 80 trials were
acquired to yield measures in the No Response condition at each of the ISIs. In a variation of
this paradigm, instead of the 1,000 msec ISI, some subjects underwent a block of trials using
the 250 msec ISI in which they were asked to press a button when the two stimuli were the
same (64/80 trials) and to abstain from pressing when they were different (randomly
administered in 16/80 trials). This block was designed to provide an additional attentional
component to the task by using a go-no go, same-different, response paradigm. All 80 trials
were acquired to yield a measure in the Response condition at 250 msec ISI for comparison
with the No Response condition previously acquired using the same ISI. In order to limit the
total recording time (to prevent fatigue), all subjects were studied only in three blocks of trials
each lasting about 15 min. Therefore, some subjects were studied in all three ISls and others
in the Response tasks (see “n” for each condition).

MEG recordings were analyzed as follows. The time-series data was preprocessed so that the
magnetic field of each sensor was DC offset by subtracting its mean. Noisy sensors were
removed based on overall power and power in relation to near-neighbor channels. The offset
data were analyzed using the Infomax independent component analysis (ICA) algorithm
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(EEGLAB) to isolate independent components (ICs) (Makeig et al., 1997; Brown et al.,
2001). The resulting data set separated into statistically independent activation functions and
the accompanying sensor maps revealed the field that each source generated. On average, there
were two noisy sensor channels, allowing ICA to provide 146 ICs. The forward model was
solved using a spherically symmetric volume conductor head model to compute the leadfields
for each subject. A volumetric sourcespace was constructed of averaged MRI (constructed
from MNI-152), and voxels with gray matter probability higher than 0.4 were selected. The
probabilistic sourcespace was transformed onto a subject-specific head-centered coordinate
system and scaled. Using a recursively weighted minimum norm algorithm, current source
density estimates were calculated for each sensor map of selected ICs. Current densities were
displayed on segmented and inflated cortical surfaces from the averaged MRI processed in
FreeSurfer (Fischl et al., 1999; Fischl et al., 2002), referred to here as inflated maps. The event
related spectral perturbation (ERSP) (i.e., the spectral power modulation induced by the
stimulus indicating evoked activity) and the inter-trial coherence (ITC) (i.e., phase-locking
factor indicating synchronization of oscillations) of each selected independent component was
computed (Makeig et al., 2002) with the EEGLAB MatLab Toolbox (Delorme and Makeig,
2004) and our own software extensions. The statistical confidence intervals were obtained from
surrogate pre-stimulus baseline data using Bootstrapping (Delorme and Makeig, 2004).

Localization of magnetic sources on inflated brain maps was used first to determine whether
or not there were sources localized to the primary auditory cortex in the superior temporal
gyrus. A source on either the left and/or right superior temporal gyrus was assumed to represent
activation of the primary auditory cortex. The ERSP revealed variable activation and
deactivation in the 20-30 msec latency range of the Pa potential and in the 40-70 msec latency
range of the P50 potential. The ITC for each of the sources was studied to determine if activation
occurred in the 20-30 msec latency range. If a source was localized to the primary auditory
cortex and there was ITC activation at 20-30 msec latency after either the first or second
stimulus of a pair, this was assumed to be the magnetic equivalent of the Pa potential. If the
source localized to the primary auditory cortex but there was no ITC activation at ~25 msec,
this was tentatively labeled as a magnetic equivalent of the Pa potential. The localization of
the magnetic equivalent of the P50 potential was based on a) the presence of ITC activation at
a 40-70 msec latency after the first stimulus, and b) the presence of equal or reduced ITC
activation at a 40-70 msec latency after the second stimulus, indicative of habituation to
repetitive stimulation. If both of these criteria were met, then the inflated maps were searched
for ICs of the magnetic equivalent of the P50 potential.

The ERSPs and ITCs of ICs were plotted across 450 msec, beginning 175 msec before the
stimulus and ending 275 msec after the stimulus, thus spanning a pre-stimulus baseline and
over 200 msec post-stimulus. Two ERSPs and ITCs per IC were plotted to visualize the
response after the first and after the second stimulus. In order to quantify changes in ERSP and
ITC across subjects and conditions, plots were analyzed by an integrated optical density (I0D)
measure to determine the density of the ERSP or ITC induced. Plots were converted to a gray
scale (0-255 levels) making sure images were identically sized and had an identical threshold
of 200, allowing quantitation across 200-255 gray levels. A calibrated region of interest (ROI)
at the 40-70 msec latency range of the P50 potential was measured following the first and
second stimuli to quantify the density of the ERSP and ITC at all frequencies by using a
summation of all gray values above threshold of individual pixels within the ROI. The 10D
measures for the 40-70 msec region was subdivided into 0-10, 10-20, 20-30, 30-40, and >40
Hz areas in order to determine density changes across frequencies of ERSP and ITC. In order
to compare the ROIs after the first and second stimuli in the Response vs the No Response
condition, the display was expanded to 950 msec, including a 175 msec pre-stimulus baseline,
and a 775 msec window that included both first and second stimuli. The density measures of
these windows were limited to two 40-70 msec windows after each stimulus, so that the total
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ROI was of significantly lower area and, therefore, pixel values than when measuring the
individual stimulus windows in the initial analysis of three 1SIs described above. Density
measures were carried out by two different individuals who did not participate in the recordings
and were blind to condition.

Comparisons of ERSP and ITC density in response to the first stimulus of a pair were performed
with repeated measures analysis of variance (RM ANOVA), as were comparisons of ERSP
and ITC density in response to the second stimulus as a percent of the first across the three
ISIs. Also, the ERSP and ITC density in response to the second stimulus of a pair in the
Response vs No Response condition were compared.

M50 Localization

Localization of the M50 response was based on a search of the ERSPs and ITCs induced in
individual ICs at ~50 msec latency after the first and second stimulus in the 250, 500 and 1,000
msec ISls for each subject. ERSPs at 40-70 msec latency in the 250 msec 1SI were evident in
only 3/14 subjects after the first stimulus, and in 3/14 subjects after the second stimulus (2 of
these were on the same subjects, i.e. only 2/14 subjects showed ERSPs after both stimuli).
ERSPs at a 40-70 msec latency in the 500 msec ISI were present in 5/12 subjects after the first
stimulus and in 4/12 after the second (3/12 were on the same subjects), while ERSPs were
evident at the same latency in the 1,000 msec ISl in 2/6 subjects after the first and second
stimuli (1 on the same subject). ERSP changes induced by the stimuli were, therefore, not
present in a majority of subjects at any ISI. The densities of the ERSPs in cases when it was
induced were too few for statistical comparisons to be made. On the other hand, every subject
(14/14) exhibited at least one IC with ITC activation at a 40-70 msec latency after the first
stimulus, and also an equal or reduced ITC activation at a 40-70 msec latency after the second
stimulus, suggestive of habituation to repetitive stimulation. Figure 1A shows a representative
64 trial average of the ITC induced by stimuli at the 250 msec ISl in one subject, along with
the event related potential after each stimulus. The superimposed individual waveforms shown
are from a sensor in the posterior frontal lobe. Note that every subject reliably showed this type
of ITC response, namely a large amplitude response following the first stimulus followed by
a lower amplitude response after the second stimulus (Fig. 1B). The M50 sources calculated
for the ITCs were present in frontal, and impinged on parietal, cortex (Fig. 1C). In 4/14 subjects,
there were two ICs showing such characteristics, and in 2/14 subjects, there were three ICs
showing M50-like responsiveness. The ITC density was measured in subjects that had more
than one M50-like IC, and the highest density (pixel gray values) measured was chosen as that
subject's M50 response IC. Figure 2 shows the IC for a representative subject with ERSP
induced ITC following the first stimulus at ~50 msec latency, and a reduced density ITC
following the second stimulus, also at ~50 msec latency (Fig. 2 A, C). No activation was
observed at ~25 msec in either IC. The inflated maps for these ICs showed that the sources
were localized to the parietal and frontal lobe in each case, with no activation in the region of
the auditory cortex (Fig. 2 B, D). Localization of the M50 in the frontal lobe was present in
11/14 subjects, and in the occipital lobe in 3/14. In 9/14 subjects, additional sources were
evident in the occipital, parietal and anterior temporal lobe. That is, in a majority of subjects,
localization of the M50 included the frontal and at least one other lobe.

M50 Integrated Optical Density (IOD) measures-initial activation of ITC

The mean IOD following the first stimulus was calculated for subjects tested at the 250 msec
(n=14), 500 msec (h=12) and 1,000 msec (h=6) ISls. These IOD means (gray values of all
pixels in the ROI of the first response in the 250 msec IS1 531,664+45,695, in the 500 msec
IS1 543,453+72,130, and in the 1,000 msec 1SI 624,980+11,703) were statistically tested and
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found not to be statistically different (RM ANOVA df=31, F=0.39, p=0.7). That is, the density
of the ITC following the first stimulus was equivalent across the three different ISIs, suggesting
that the initial activation of the M50 was equivalent across all 1SIs. In addition, we performed
IOD measures on the 40-70 msec latency region following the first stimulus in the No Response
condition (n=8, 174,910+27,093 gray values) and compared this ITC density to the one
following the first stimulus in the Response condition (n=8, 179,610+34,758 gray values).
There was no statistically significant difference between these measures (RM ANOVA df=15,
F=0.06, p=0.8), suggesting that the density of the ITC following the first stimulus of a pair was
not changed by the subsequent requirement to respond in the go-no go Response task, compared
to that in the same-different No Response condition.

M50 Habituation to repetitive stimuli

The response after the second stimulus as a percent of the response after the first was calculated
for each subject's M50 IC. The average percent habituation for the 14 subjects studied at the
250 msec IS1 was 13+5 %, while at the 500 msec ISl it was 66+10 %, and at the 1,000 msec
ISI it was 76x14 %). Figure 3A shows that, in relation to the response to the first stimulus (100
% for each ISI), the average percent habituation at the three ISIs tested progressively decreased,
representing a gradual recovery curve of the response as the ISIs increased. In addition, the
percent habituation of the ITC for different frequencies is plotted for 0-10, 10-20, 20-30, 30-40
and >40 Hz. The recovery curves for the individual frequency ranges suggest that lower
frequencies recovered faster than higher frequencies. Statistical comparison of the percent
habituation at the three ISIs showed that there was a significant difference in percent habituation
across 1SIs (RM ANOVA df=31, F=14.5, p<0.001). Post hoc analysis (Scheffe test) showed
that the percent habituation at the 250 msec ISI was significantly lower than that at the 500
msec and 1,000 msec ISls (p<0.01).

M50 Response vs No Response habituation

ERSPs were present in a minority of cases in the No Response (3/8) and Response (3/8)
conditions. In only one case (see below) was the ERSP of a density similar to that for the ITCs.
Otherwise, it was of considerably lower density, but because they were so few in number (n=3),
statistical comparisons were not made. As described above, the density of the ITC following
the first stimulus in the No Response trials (250 msec 1SI) did not differ from that after the first
stimulus in the Response trials (also using a 250 msec ISI). This suggests that the density of
the response to the initial stimulation was not affected by the requirement to respond. When
the ITC density after the second stimulus in the Response condition was compared to that
following the No Response condition, there was a trend towards a decrement in habituation.
That is, the habituation (response to the second stimulus as a percent of the response to the
first) described above at the 250 msec ISI in the No Response condition was 234 %, while
that at the 250 msec ISI during the Response condition was almost double at 41+7 % (RM
ANOVA df=15, F=3.99, p=0.09). This suggests that the requirement to respond led to a
numerical (statistically insignificant) decrease in the habituation to repetitive stimuli, at least
at the 250 msec ISI.

Figure 4 shows a representative ITC plot of a M50 source in the No Response (Fig. 4A) and
in the Response (Fig. 4B) condition. In this case, the ITC induced by the first and second stimuli
appeared to be of increased density in the Response condition, although there was no statistical
difference between the mean ITC density in the group (n=8) following the first stimulus across
the two conditions, and only a numerical trend towards increased mean ITC density in the
group (n=8) after the second stimulus in the Response condition. The I1Cs shown in this figure
also represent the only case in which a significant ERSP was present in both No Response and
Response conditions at 40-70 msec latency.
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Primary auditory cortex (Pa)

Localization of the primary auditory cortex was based on determining a magnetic source on
the inflated maps. All of the localization maps were first searched for activation in the primary
auditory cortex on the posterior aspect of the superior temporal lobe. Of the 14 subjects
recorded at the 250 msec IS|, all but one showed at least one map with activation of the primary
auditory cortex. Of the remaining 13 subjects, all but 4 showed activation sites in both left and
right primary auditory cortices, and the others showed activation only on one auditory cortex.
The corresponding ERSP and ITC plots of these sources were then searched for activation at
20-30 msec latency after the first and/or second stimulus of a pair. Similar to the patterns seen
at the 40-70 msec latency, the ERSP plots showed that only a minority of subjects (5/14)
exhibited activation, while the ITC plots showed activation at a 20-30 msec latency following
either the first (10/13) or second (9/13) stimulus of a pair. In fewer cases (5/13) activation was
present after both the first and the second stimuli.

Of the 12 subjects recorded at the 500 msec IS, all but 4 showed at least one inflated map with
activation of the primary auditory cortex, with 4/8 showing activation on both left and right
auditory cortex and 4/8 showing activation only on one side. The corresponding ITC plots
showed activation at a 20-30 msec latency following either the first (7/8) or the second (3/8)
stimulus of a pair. Of the 6 subjects recorded at the 1,000 msec ISI, 5/6 subjects showed
activation on both left and right auditory cortices, and 1/6 did not show auditory cortex
activation. Again atthe 1,000 msec ISl, the ITC plots showed activation at a 20-30 msec latency
following either the first (4/5) or second (4/5) stimulus of a pair.

Figure 5 shows localization of different ICs on the left and right auditory cortices on inflated
maps in a representative subject. The ITC plots for the corresponding ICs showed that the ITC
at these sources was present at the 20-30 msec latency after the first and/or second stimulus of
a pair, denoting activation of the primary auditory cortex at the latency of the Pa potential
(20-30 msec). This figure was chosen because it also shows activity at a 40-70 msec latency
in the case of the left auditory cortex localization (Fig. 5A, 1C23) in this subject, although not
in the right auditory cortex (Fig 5B, 1C35). There was ITC activation at the 40-70 msec latency
after the first stimulus in 1Cs of inflated maps showing auditory cortex localization in either
left (9/14) or right side (4/14). ITC activation was present at 40-70 msec only after the second
stimulus (and not the first), or was increased in density after the second stimulus compared to
the first, in some of these cases on the left (5/9) and on the right (2/4) auditory cortex. Such
activity did not meet the M50 criterion of habituation to repetitive stimulation. However, in
4/9 of these cases on the left and 2/4 cases on the right, there was ITC activation at 40-70 msec
after the first stimulus that also decreased in density after the second. While this met the
criterion for M50 habituation, none of these ICs had comparable ITC densities to the ICs
meeting the criteria for M50 sources. Nevertheless, in a minority of cases, ITC activation that
habituated to repetitive stimulation was occasionally present in auditory cortex sources.

Oscillatory activation

In a number of ITC plots, oscillatory activation was present, persisting hundreds of
milliseconds. Such oscillations were evident in 4/14 M50 sources at the 250 msec ISI (Mean
+SE, Frequency 22+4 Hz), 6/12 M50 sources at the 500 msec ISI (22+2 Hz), and in 3/6 M50
sources at the 1,000 msec ISI (23+£2 Hz). Such oscillations were less frequently observed in
primary auditory cortex sources (2/14 at 250 msec, 2/12 at 500 msec, 3/6 at 1,000 msec). In
the No Response condition, 5/8 plots showed oscillations in the ITC after the first stimulus,
with only 2/5 showing oscillations after the first and second stimulus (21+1 Hz). However, in
7/8 plots in the Response condition there was oscillatory ITC after the first stimulus, and 4/8
showed oscillations after the first and second stimuli (22+1 Hz). An example of such oscillatory
activation is shown in figure 4 for both No Response and Response conditions for a M50 source.
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These oscillations were most evident as recurrent activation in the 0-10 Hz band (across the
top of each ITC plot). These oscillations were sometimes present in advance of the first stimulus
and persisted until after the second stimulus. The ITC plot in figure 1C shows activation
peaking at ~50 msec after the first stimulus followed by recurrent activation until the second
stimulus. The ITC plot in figure 4 for the No Response (Fig. 4A) and Response (Fig. 4B)
conditions shows oscillatory activation at a frequency of 20 Hz, with more pronounced density
in the Response condition. An example of oscillatory activation, characteristically less
pronounced than for M50 sources, is also shown for a primary auditory cortex source in Figure
5A.

Discussion

Briefly, our results showed that each subject exhibited localization of a source on inflated maps
for primary auditory evoked responses in the region of the auditory cortex at a 20-30 msec
latency. However, responses at a 40-70 msec latency that also decreased following the second
stimulus of a pair, detected as ITC activation after each stimulus, were generally not localizable
to the auditory cortex, rather showing multiple sources, usually including the frontal lobes.
That is, the M50 response, the presumed equivalent of the P50 midlatency auditory evoked
potential, which shows habituation to repetitive stimulation, was not primarily localized to the
auditory cortex, and may represent non-auditory activation. Measures of ERSP density showed
little consistency across subjects and 1SIs. Measures of ITC density were more consistent and
revealed that the density of ITC at M50 sources was similar following the first stimulus at any
of the ISIs used, suggesting equivalent initial activation of the system with the first stimulus
of a pair. Similarly, in the No Response and Response conditions, the density of ITC at M50
sources was similar following the first stimulus, again suggestive of equivalent and consistent
initial activation of the system. However, habituation to repetitive stimulation was evident in
the decrease in density of ITC at these sources induced by the second stimulus of each pair,
especially at the 250 msec ISI. Finally, M50 sources elicited oscillatory ITC that lasted
hundreds of milliseconds, and were especially prominent in the Response condition.

M50 Localization

Rather than assuming that M50 sources would be localized in and around the primary auditory
cortex on the superior temporal gyrus, we determined localization from a) the greatest
activation at ~50 msec latency that would b) habituate to repetitive stimulation (see Figure 2).
Recent EEG recordings with subdural electrodes revealed that paired stimuli induced
habituating responses at ~50 msec latency in only a minority of subjects (6/24), and only in
temporo-parietal and prefrontal cortex, but not in primary auditory cortex (Grunwald et al.,
2003). Previous MEG studies have measured only temporal lobe channels and averaged them
to estimate M50 sources (Clementz et al., 1997), while some modeled equivalent current
dipoles, averaged them (Hanlon et al., 2005), and localized them to the temporal lobe by
modeling different dipoles for activation after the first compared to the second stimuli (Thoma
et al., 2005), all using only a single ISl, i.e. all assumed a primary auditory cortex source and
none generated a recovery curve using different ISls.

The present analysis used ICA to localize sources without averaging, did not assume a superior
temporal gyrus source and used three ISls to generate a recovery curve for the same response
(Figure 3). Our findings suggest that M50 sources were present in all subjects and showed
diffuse localization usually including frontal lobes. The consistency of the density of activation
following the first stimulus of a pair lends further credence to the fact that it was the same
phenomenon that was measured across ISls in each subject. However, in a minority of cases,
there was activation at ~50 msec latency at primary auditory cortex sources, suggesting M50-
like activation, but not as great as that seen in frontal lobe sources. We suspect that such
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responses, seen only in a limited population, may have led others to localize the M50 to primary
auditory cortex. This also suggests that auditory stimuli do also lead to activation of this region,
in addition to frontal/diffuse regions, at least in a minority of subjects. A primary auditory
cortex source (presumed to be the equivalent of the Pa potential) on the superior temporal gyrus
was present in all but one of our subjects, usually in each hemisphere. The magnetic equivalent
of the Pa potential, then, was consistently manifested in primary auditory cortex at ~25 msec
latency (Figure 5).

ERSP and ITC activation

Our results suggest that the paired stimulus paradigm that led to activation of M50 sources
using the criteria outlined did not induce significant and consistent changes in ERSP. Rather,
only the ITC reflected consistent activation at ~50 msec latency and only the ITC showed a
decrement with repetitive stimulation at the same latency. Moreover, only the ITC revealed a
recovery curve for this effect at increasing ISls (see Figure 3). This suggests that the activation
induced essentially led to phase resetting, in keeping with an oscillatory model of function.
The M50 may thus represent a process leading to an increase in phase concentration of
oscillations. If this is the case, considerations limited to ERSP contributions may not reveal
the true nature of M50 manifestation.

We speculate that the M50 represents a phase resetting induced by the stimulus on ongoing
oscillations. This is in keeping with a model of sensory function based on thalamocortical
oscillations, with the primary afferent (specific thalamic) pathways representing the content
of sensory experience and the intralaminar diffuse (non-specific thalamic) pathways
representing the context of sensory experience (Llinas 2001). The former may be reflected in
the primary cortical (Pa) response, while the latter may be represented by intralaminar diffuse
(P50/M50) activation. This is in keeping with the proposed origin of the P50 potential as a
preattentional/arousal-related, non-auditory response (Erwin and Buchwald, 19864, b). Such
activation would be characterized by rapid habituation in the absence of significant changes
in the initial response, as observed in the present studies. That is, while primary cortical
activation is consistent in modulating ongoing oscillations, habituation of the M50 would
provide a change in phase resetting with repetitive stimulation.

Response vs No Response

Oscillations

Since there were no significant increases in the average density of the ITC (although there was
an increase in individual cases, see e.g. Figure 4) in the Response vs No Response condition,
it can be concluded that the subsequent need to respond did not influence the overall level of
coherence prior to the response. We should note that the No Response condition was not
entirely passive as it required a same-different discrimination, so that some level of attention
was required. Future studies will need to assess more complex tasks to determine if the level
of attention required is related to the density of ITC activation. In the Response condition, there
was a trend towards decreased habituation, indicative of a greater load in the same different,
go-no go discrimination. However, these data do confirm the frontal lobe localization of M50-
like sources (Figure 4).

Although oscillatory activation in the low frequency band (0-10 Hz) appeared greater in the
Response condition, it was also present in the No Response condition, regardless of I1SI. While
such oscillatory activation was more often found in M50 sources (Figure 4), it could also be
seen in some primary auditory cortex sources, although of lower density (Figure 5). The
frequency of oscillations was measured at ~20 Hz across the three ISIs tested and ~20 Hz in
the No Response and Response trials. These oscillations occurred only during the delivery of
the paired stimuli and not across the entire sampling period. The presence of such oscillations
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at the low frequency band suggests that the paired stimulus task was superimposed on a
secondary state of coherent activation that may have expectation as a component since
oscillations sometimes preceded the first stimulus.

In summary, these preliminary studies suggest that the paired stimulus paradigm can be used
to detect localization of M50 responses and habituation to repetitive stimulation. The data point
to a non-auditory, possibly arousal or preattentional, role for the M50.
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Figure 1. Independent Component showing activation at ~50 msec that habituated after the second
stimulus

A. The superimposed individual waveforms shown at the top are from a sensor in the posterior
frontal lobe showing a response after the first stimulus and a much reduced response after the
second. Below that are the inter-trial coherence (ITC) image and event related potential (ERP)
showing the strength of phase-locking of the MEG signal for an independent component for
two stimuli with an ISI of 250 msec. The ITC showed a band of increased coherence ~50-100
msec after the first stimulus in the alpha and beta frequency ranges. This phase locking
contributes to the event related potential (ERP) shown below the ITC. The false color scale
indicating synchronization at positive values (red) and desynchronization at negative values
(blue) (green in image indicates p<.001). B. Superposition of response following the first
stimulus S1 (red) and the second S2 (blue) showing decreased responsiveness after the second,
i.e. habituation. C. Localization of independent components in A. Inflated maps showing
localization of the source with distributed activation at several fronto-parietal sites.
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Figure 2. Independent Components showing activation at ~50 msec that habituate after the second
stimulus

A. Leftside. Activation at IC28 in arepresentative subject showing a plot of the evoked average
magnetic response after the first stimulus. Right, distribution of the magnetic flux over the
sensors. Below the fT plot is a plot of the ERSP induced at this source before (175 msec before
the stimulus) and after (225 msec after) the first stimulus (vertical dashed line), showing little
activation at ~50 msec. The left axis shows the activation by frequency between 0 and 50 Hz,
while the right axis shows the false color scale indicating synchronization at positive values
(green to red) and desynchronization at negative values (green to blue). The ITC plot below
the ERSP plot also shows activation by frequency on the left axis but on the left axis is shown
the density of activation from none (green) to greatest (black). The ITC showed significant
activation at ~50 msec latency. Right side. Activation of the same IC after the second stimulus
of a pair, in this case at the 250 msec ISI, denoted by the vertical dotted line. The fT plot shows
a plot of the evoked response after the second stimulus. The ERSP plot shows no activation at
~50 msec after the second stimulus, while the ITC plot shows a lower level of activation at
~50 msec than after the first stimulus. B. Inflated map of the source of 1C28 showing activation
at several fronto-parietal sites. C. Left side. Activation at IC18 in another subject showing the
fT plot evoked response, activation of the ERSP plot at a latency ~60 msec, but considerable
activation of the ITC plot at ~50 msec. Note the oscillatory activation recurring about every
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50 msec. Right side. Activation of the same IC after the second stimulus of a pair, in this case
at the 250 msec IS, denoted by the vertical dotted line. The fT plot shows a plot of the evoked
response after the second stimulus. The ERSP plot shows some difference (desynchronization)
at ~25-50 msec after the second stimulus, while the ITC plot shows a lower level of activation
at ~50 msec than after the first stimulus. D. Inflated map of the source of 1C18 showing
activation at several frontal and parietal lobe sites.
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Figure 3. Recovery curve of M50 at various ISIs

The average (£SE) percent habituation of the M50 ITC density for all subjects is plotted such
that the response to the first stimulus of a pair at any ISI was designated as 100%. The ITC
density for all frequencies is plotted as a thick black line with filled diamonds. Individual
frequency ranges are plotted as 0-10 Hz filled circles, 10-20 Hz filled triangles, 20-30 Hz open
triangles, 30-40 Hz open squares, and over 40 Hz as filled squares. The percent habituation at
the 250 msec ISI was 135 %, while at the 500 msec S| it was 66+10 %, and at the 1,000 msec
ISI it was 76+14 %. Percent habituation at the 250 msec ISI was significantly lower than that
at the 500 msec and 1,000 msec ISIs (p<0.01). The habituation of the individual frequency
ranges followed the same trend as the overall recovery curve. However, habituation was greater
at the higher frequencies.
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Figure 4. No Response vs Response activation

A. A source (IC4) in a subject during the No Response condition showing a response in the fT
plot and after the first (vertical pink dotted line) and second (vertical dotted line) stimuli. Note
the activation of the ITC following the first stimulus was reduced after the second stimulus,
although both stimuli induced oscillatory activation. B. A source (IC13) in the same subject
during the Response condition showing a response in the fT plot and after the first (vertical
pink dotted line) and second (vertical dotted line) stimuli. Note the increased activation of the
ITC following the second stimulus was reduced, but also increased compared to the No
response condition, although both stimuli induced oscillatory activation. C. Inflated map of
the source of 1C4 shown in A, exhibiting activation at several frontal and parietal lobe sites.
D. Inflated map of the source of 1C13 shown in B, exhibiting activation at several frontal lobe
sites.
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Figure 5. Independent Components showing activation at ~25 msec

A. A source (IC23) in a subject during the 250 msec 1SI showing the response in the fT plot,
and the responses after the first (left ERSP and ITC plots) and second (right ERSP and ITC
plots) stimuli. Note the activation of the ITC following the first stimulus was present at ~25
msec (as well as at ~50 msec), but absent at ~25 msec after the second stimulus (and reduced
after the second stimulus at ~50 msec latency), and both stimuli induced oscillatory activation.
The inflated map on the right shows the localization of a source on the superior temporal gyrus,
as well as other parts of the temporal and frontal lobes, denoting activation of the left primary
auditory cortex. B. A source (IC35) in a subject during the 250 msec 1Sl showing a response
in the fT plot, and the responses after the first (left ERSP and ITC plots) and second (right
ERSP and ITC plots) stimuli. Note the lack of activation of the ITC following the first stimulus
at ~25 msec (as well as at ~50 msec), but present at ~25 msec after the second stimulus (and
absent after the second stimulus at ~50 msec latency), and both stimuli induced oscillatory
activation. The inflated map on the left shows the localization of a source on the superior
temporal gyrus, as well as other parts of the temporal, occipital and frontal lobes, denoting
activation of the right primary auditory cortex.
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