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Abstract

This paper presents data concerning auditory evoked responses in the middle latency range (wave Pam / Pa) and slow latency range
(wave N1m/N1) recorded from 12 subjects. It is the first group study to report multi-channel data of both MEG and EEG recordings
from the human auditory cortex. The experimental procedure involved potential and current density topographical brain mapping as well
as magnetic and electric source analysis. Responses were compared for the following 3 stimulus frequencies: 500, 1000 and 4000 Hz. It
was found that two areas of the auditory cortex showed mirrored tonotopic organization; one area, the source of N1m/N1 wave,
exhibited higher frequencies at progressively deeper locations, while the second area, the source of the Pam / Pa wave, exhibited higher
frequencies at progressively more superficial locations. The Pa tonotopic map was located in the primary auditory cortex anterior to the
N1m /N1 mirror map. It is likely that N1m /N1 results from activation of secondary auditory areas. The location of the Pa map in Al,
and its N1 mirror image in secondary auditory areas is in agreement with observations from animal studies.
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1. Introduction

An auditory stimulus triggers a series of time-locked
transient evoked responses along the auditory pathway, the
earliest of which are the brain-stem responses occurring
within the first 10 msec. During the following time seg-
ment a series of overlapping cortical activations can be
recorded: the oscillatory gamma-band response, the middle
latency components, and the slow auditory responses (with
latencies longer than 80 msec). If the auditory stimulus
continues for several seconds, a stimulus-locked DC shift
(sustained response) can also be observed.

The middle latency response (MLR) has received con-
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siderably less attention than the slow auditory response.
This is due to the smaller amplitude (low signal-to-noise
ratio) of the MLR and the difficulty in separating neural
from myogenic generators (Bickford et al., 1964; Streletz
et al., 1977). To record such short waves, a high degree of
neural synchronization is required and, hence, acoustic
clicks, Gaussian pulses and short tone bursts usually serve
as stimuli. Middle latency potentials appear from 10 to 60
msec after stimulus onset. Six different waves have been
reported: NO (latency of about 8 msec), PO (about 12
msec), Na (about 18 msec), Pa (about 30 msec), Nb (about
40 msec) and P1 (about 50 msec); the negative / positive
complex Na/Pa is consistently observed in normal sub-
jects, whereas all other waves are variable in latency and
morphology, as well as in frequency of occurrence across
subjects (Mendel and Goldstein, 1971; Picton et al., 1974;
Streletz et al., 1977; Ozdamar and Kraus, 1983).
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89.0 msec, S.E.M. 1.6 msec) with a negative maximum on
fronto-central electrodes and a polarity reversal on
postero-lateral electrodes.

Similar to the magnetic recordings, the waves Na
(around 15 msec), Nb (around 40 msec), P1 (around 50
msec) and P2 (around 150 msec) were not clearly distin-
guishable in all subjects or in all conditions and were thus
not considered for further analysis. A significant peak
latency difference was found between electric Pa and
magnetic Pam waves (2.3 msec mean delay for Pa, paired
t test, P < 0.05), whereas no significant latency difference
was found between N1 and N1m. No frequency depend-
encies were found for the latencies of Pam/Pa and
Nlm/N1.

Fig. 2 shows scalp potential and magnetic field maps
for 3 different stimulus frequencies of one of the subjects
investigated. On potential maps, a clear polarity reversal is
observed across a line approximately delineating the Syl-
vian fissure for both Pa and N1. Pa maps exhibit a
positivity more frontally located than the N1 negativity
and a negativity which spreads more across the occipital
area. The Pa positivity follows a frontal shift with increas-
ing frequency accompanied by an increase of the posterior
negativity. Similarly, the N1 negativity is shifted slightly
frontally with an increase of lateral positivity with increas-
ing stimulus frequency. The same type of change in scalp
topography with increasing stimulus frequency was ob-
served on the right hemiscalp. This typical topography
(with some variability) was found in all subjects and also
appears in the grand averaged response distributions.

On magnetic maps, a clear dipolar pattern was found
for both Pam and N1m waves with a polarity reversal
according to the upward (Pam) and downward (N1m)
orientation of the underlying neural generators. The
changes of the Pam field distribution with increasing stim-
ulus frequency are less pronounced than in the Nlm
distribution, where the positive and negative extremum
field values become more distant from each other with
increasing frequency. For N1m, the negative and positive
extrema are rotated counterclockwise with higher fre-
quency. The zero field isocontours are more anterior for
Pam than for N1m. Visual inspection of the maps indicates
that the general orientation of the underlying neural gener-
ators is in agreement with electric and magnetic distribu-
tions.

The data from 4 of the 12 subjects (04, h04, h10, h13)
were excluded from all further analysis of electrical data
because of the high level of residual noise.

Fig. 3 shows sequences of SCD maps around Pa and N1
peaks for the 3 stimulus frequencies. Clear and sharp
sink / source patterns are visible on those maps for both
waves, reflecting major neural activity in the supratempo-
ral cortex. A closer visual inspection of the sink/source
locations indicates a slightly more anterior and inferior
current density reversal for the Pa than for the N1 wave.
The Pa lateral sink (red) peaks below electrode T3, while
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the N1 lateral source (yellow) peaks between electrodes
T3, TS and TP3. For the N1 SCD maps, the lateral source
has a larger amplitude for the highest frequency. Similarly,
the Pa SCD maps show a lateral sink of slightly larger
amplitudes for the highest frequency.

A 1-way ANOVA performed on normalized amplitudes
indicates a significant frequency effect (on O1, TS, C4 and
02 electrodes F (2, 12) > 3.9, P < 0.05) for Pa, and (on
T5, T3, C3, C4 and T4 electrodes F (2, 12) > 4.6, P <
0.05) for N1.

3.2. Source localization results

Dipole modeling of the AEP was performed for each
frequency on the inter-subject grand average response
(more than 10,000 stimulus-related epochs) from 25 to 35
msec for the Pa and from 75 to 100 msec for the N1. After
randomization of the initial dipole parameters, a unique
inverse solution was found for each frequency and for each
component with two stationary dipoles, one in each hemi-
sphere. The mean RRE across latencies ranges from 1.2 to
1.8% for Pa and from 1.7 to 2.0% for N1, according to the
stimulus frequency. The extremum magnitude of the dipole
moments is always higher in the left hemisphere (con-
tralateral to the stimulation) than in the right hemisphere
(mean left / right dipole moment ratio is 2.5 for Pa, and 1.4
for N1).

Projections of the dipole positions (filled circles) and of
the dipole vector extremities (open squares) are drawn on
the top and back views of the spherical head (Fig. 4). For
the 3 frequencies represented, dipole moments were nor-
malized to emphasize differences in dipole orientation
only. For the Pa component, the dipoles were oriented
frontally and were tilted inward with increasing stimulus
frequency. For the N1 component, the dipoles were ori-
ented vertically and the changes with increasing frequency
corresponded to a tilt of the dipoles toward more radial
orientations. The dipole positions relative to the different
stimulus frequencies were found to be close to each other.
Comparing the dipole location differences between Pa and
N1 waves across stimulus frequencies, the positions of the
Pa dipoles were found to be an average of 1 cm more
anterior than the positions of the N1 dipoles.

The source analysis of the magnetic data provided
consistent results for both the Pam and the N1m. Charac-
terized by posterior-anterior, medial-lateral and inferior-su-
perior coordinates; the RMS field value, the RRE, as well
as the dipole moment of each subject, the calculated source
locations were averaged across subjects for all different
stimulus frequencies. The means obtained in this fashion
with their standard errors of the mean are illustrated in Fig.
5. Filled squares represent the Pam values; filled circles
represent the N1m values. The N1m-RRE of subject w13
was higher than 5% and therefore his N1m source loca-
tions were excluded from further evaluation. The low
mean values of the RRE indicate that in all subjects the
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Fig. 4. Bottom and front projections of the stationary equivalent current
dipoles found from the electrical potentials in a spherical head model,
around Pa (25-35 msec) and N1 (75-100 msec). The dipole positions
(filled circles) and the dipole vector extremities (open squares) are drawn
for the 3 stimulus frequencies (connected by dashed lines). The dipole
moments are normalized and for the sake of clarity only the dipole
vectors for 500 Hz tone bursts are presented by arrows.

ECD model used explains most of the field variance. The
fit to the model was systematically somewhat better for
N1m than for Pam (main effect of wave: F (1, 9)=5.9,
P <0.05). The mean RMS field values of N1m were
significantly larger than those of Pam for all stimulus
frequencies (main effect of wave: F (1, 9)=39.1, P<
0.001). Furthermore, a main effect of frequency (F (2,

18) = 8.2, P <0.01) was found. Post-hoc Scheffé testing
revealed that the main effect of frequency was caused by
the RMS difference between 1000 and 4000 Hz (P < 0.01).
Similarly, the dipole moment produces main effects of
wave (F (1, 9)=11.06, P <0.01) and frequency (F (2,
18) = 6.0, P <0.05). Again, the effect of frequency was
due to dipole moment differences between 1000 and 4000
Hz (P < 0.05). The source location of Pam was found to
be a mean of approximately 5 mm more anterior than the
source of NIm (main effect of wave: F (1, 9= 8.1,
P < 0.05). Moreover, the Pam source location was about 5
mm more superior (main effect of wave: F (1, 9)=27.7,
P < 0.001). The most intriguing source localization result,
however, was the reverse change of the depth of Pam and
N1m equivalent current dipoles with increasing the stimu-
lus frequency. Whereas the N1m source moves from more
lateral to more medial cortical areas with increasing stimu-
lus frequency, the Pam source has an opposite behavior,
showing a mirror-image tonotopic representation, changing
from more medial to more lateral areas with increasing the
stimulus frequency. These results are corroborated by the
2-way ANOVA, indicating a significant interaction of
wave X frequency (F (2, 18) =37.1, P <0.0001). Post-
hoc Scheffé comparisons for this interaction showed sig-
nificant differences in depth of the 500 Hz-Pam-source
from the Pam sources evoked by the 1000 (P < 0.05) and
4000 Hz (P <0.001) tones. For the N1m a significant
difference of depth was found for the sources evoked by
the 500 Hz and the 4000 Hz tones (P < 0.01). The follow-
ing differences were found between Pam and Nlm loca-
tions: Pam-500 Hz from N1m-500 Hz (P < 0.001); and
Pam-500 Hz from N1m-1000 Hz (P < 0.01); Pam-1000
Hz from the N1m-500 Hz (P < 0.05); and finally, the

2 ] 7.5
a 1.5: = Fom R s UV SUPPOVEIN S AR 1
g 1 g g i
=11 et S 6.5
6 ] B Q, 1
8 05 5 72 64 y
17 k o) ! 1
g o & 7 5.5 ¢
05 L S [ N S
100 1000 10000 100 1000 10000
—o— NIm
~&— Pam
100+ 10+ 25+

O ey S Y ¥ S E—— 20

£ 60 \ ....... g 6 g 154
199} ] ] ]
1 [a4 ] ey ]

20 2 T\./. ....... [S3: EESTTRIR! (RN S
0d——rrrrb—— 0 0 F——rrrrb— i
100 1000 10000 100 1000 10000 100 1000 10000

frequency (Hz) frequency (Hz) frequency (Hz)

Fig. 5. Dependence of the estimated posterior-anterior, medial-lateral and inferior-superior coordinates of the source locations of Pam (filled squares) and
N1m (filled circles), the root mean square and the dipole moment values of the field and the relative residual error of the fit from the stimulus frequency,

averaged across the 12 subjects investigated.



source depth of Pam and N1m evoked by the 4000 Hz tone
differed significantly (P < 0.05).

This finding was reproducible in all but one subject
(subj. €04) and is shown in Fig. 6. The calculated medial-
lateral coordinates for N1m are indicated by circles, those
for Pam by squares. The lines inserted into the scatter plots
represent logarithmic fits for the calculated medial-lateral
coordinates of N1m and Pam. The coefficients of determi-
nation (squared correlation coefficients) of these functions
are also noted in each scatter plot, indicating that the Pam
and Nlm source locations are linearly increasing and
decreasing, respectively, as a function of the logarithm of
the stimulus frequency in 10 of 12 subjects (while in the
eleventh subject the data do not permit a conclusion). The
same tendency to change from more medial to more lateral
location with increasing stimulus frequency was found for
the source location of the middle latency P1m wave, which
was discernible for all stimulus frequencies in 3 out of the
12 subjects.

For 4 subjects the Pam and N1m source locations were
superimposed onto MRI sections. The overlays of these
estimated source locations onto the MR images demon-
strate a good correlation of the reconstructed sources with
the anatomic structures of the auditory cortex (Talairach
and Tournoux, 1988). Fig. 7 presents an example (subj.
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h04) with axial and coronal views. The Pam and N1m
source locations consistently overlap the transverse tempo-
ral convolutions as well as the supratemporal plane, which
are known to embed the primary and the secondary corti-
cal areas in humans (Brodmann’s areas 41, 42, and 22).

Finally, the individual posterior-anterior, medial-lateral
and inferior-superior coordinates of the estimated Pam and
N1m source locations were averaged for each stimulus
frequency across subjects. These averaged values are pre-
sented in the 3D plot of Fig. 8 and are intended to illustrate
the ““centers of activity’” of tonally corresponding excited
neuronal populations generating the Pam and N1m waves.
The figure demonstrates spatially separated 3D locations
and an obvious mirror-image tonotopic representation of
the Pam and N1m source locations with respect to the
corresponding frequency of the stimulus. Increasing the
frequency Pam source locations move from more medial to
more lateral cortical regions, whereas the N1m sources
move in an opposite direction, from more lateral to more
medial regions, but generally to more lateral cortical area.
Thus, when projected onto a coronal section (medial-lateral
direction) the regions embedding the Pam and N1m sources
for the different stimulus frequencies only partly overlap.
They differ by less than 5 mm in anterior-posterior and
inferior-superior directions.
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Fig. 6. Dependence of the estimated distance of the source location of the M100 from the origin of the coordinate system of the head frame in
medial-lateral direction for each test subject investigated. This value represents indirectly the depth of the corresponding equivalent source and is shown on
a semi-logarithmic scale. The abscissa represents the stimulus frequency, and the ordinate the y coordinate of the estimated source location. Although the
values on the y-axes vary across subjects, the difference between the highest and the lowest value amounts to a constant 3 cm. The thick lines represent
logarithmic function fits to the y values. The coefficients of determination (squared correlation coefficients) of these functions are noted in each plot.
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4. Discussion

In this first multi-channel coherent MEG /EEG group
study of the human auditory cortex, stable auditory evoked
middle latency responses (wave Pam/Pa) and slow la-
tency responses (wave N1m /N1) were obtained from each
of 12 subjects and at 3 stimulus frequencies (500, 1000
and 4000 Hz). The potential and current density topograph-
ical brain mapping and the magnetic and electric source
analyses produced consistent results: the sources of the
major wave Pa of the middle latency complex were found
to be located within the auditory cortex. In line with other
observations, this was also true for the sources of the slow
auditory evoked responses (N1), which are located about
0.5~1 cm more posterior than the region occupied by the
Pa sources. Along the medial-lateral axis, the change in
location with pitch differed significantly for the two com-
ponents. Consistent with earlier results, when stimulus
frequencies were increased the N1m location shifted to
deeper structures along the surface of the auditory cortex.
The Pam demonstrated a mirrored tonotopy; the higher
frequencies were located more laterally than the lower

500 Hz

1000 Hz

4000 Hz

frequencies. The Pa tonotopic map was located anterior to
the mirror map of N1. The Pa source organization is in
good agreement with the results of animal studies.

The other middle latency waves Na, Nb and P1, al-
though present in some subjects, were not systematically
discernible and had very variable scalp topography in
MEG as well as in EEG data. It is very likely that this was
due to the stimulus paradigm applied in this study. The
relatively long stimulus duration of 50 msec with 3 msec
rise / decay time and the moderate intensity of 60 dB nHL
were designed and used to guarantee the best possible
frequency specificity of the evoked middle latency re-
sponses. However, they probably do not have a strong
enough synchronization effect to reliably elicit middle
latency waves earlier than Pa (Scherg et al., 1989). The
small percentage of responses in which the P1 wave
occurred can be understood in terms of the monaural
stimulation employed in this study; monaural stimulation
is less effective for eliciting the P1 than binaural stimula-
tion (Cacace et al., 1990), especially when a relatively high
stimulus repetition rate is used (Erwin and Buchwald,
1986a). The argument that some waves may go undetected

Pam

Fig. 7. Superimposition of the estimated Pam and N1m source locations of subject h04 (filled squares) onto the individual axial and coronal MRI slices.
The numbers, inscrted on the left of each slice, mean the distance from the center of the measuring coil. In the axial slices these values have a negative
sign, the axis orientation is from cranial to caudal (positive to caudal). In coronal slices the sign is positive, the axis orientation is from ventral to dorsal

(positive to dorsal).
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Fig. 8. Mean 3D source locations of Pam and N1m for the 3 different
stimulus frequencies averaged across subjects. The coordinate system of
these source locations is described in the Methods section.
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due to the orientation of their current dipoles seems to be
invalid, since the present study employed not only MEG
measurements, but also EEG recordings.

Our analysis has thus been focused on the most promi-
nent wave in the middle latency response complex, the
Pa/Pam and on corresponding findings for the extensively
studied N1/N1m wave. Pa showed clear polarity reversal
across electrodes approximately delineating the Sylvian
fissure (T3, TP3, and P3 in the left and T4, TP4 and P4 in
the right hemisphere). This polarity reversal is topographi-
cally similar, although not identical, to what was observed
for the N1 wave. Mapping the current density exhibited
major contributions from generators in the auditory cortex.
A similar topography over both hemiscalps suggests that
both hemispheres are simultaneously active during the Pa
wave. The Pa topography differed from that of N1; apart
from the difference in polarity, the Pa scalp potential
distribution seemed to be globally tilted toward frontal
areas as compared to N1. Similar tilt results were also
observed in the magnetic field maps of Pam and Nim.
This suggests that these two waves do not share the same
underlying sources. Furthermore, the locations of the sink
of the Pa and the source of N1 indicated more anterior and
inferior locations for the Pa generators than for the N1
generators. Moreover, for the Pa wave, the positive poten-
tial and positive source values had larger amplitudes than
their negative counterparts. This suggests that the major Pa
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generators do not conform to a strict tangentially orienta-
tion with respect to the scalp surface.

4.1. Different locations of Pa and N1 equivalent sources
within the auditory cortex

Several overlapping sources between 70 and 150 msec
have been proposed (see Niatanen and Picton, 1987) to
account for N1. The aim of our dipole analysis was not to
disclose all different generators active in the auditory
cortex, but rather to consider a model which permitted a
description of the tonotopic organization in the cortex.
Since only waves with a good signal-to-noise ratio served
such a purpose, we focused on Pa and N1 equivalent
sources and employed for analysis relatively short intervals
around the Pa (25-35 msec) and N1 (75-100 msec) peaks.
In these time periods, the neural activity can be fairly well
modeled by one dipole in each hemisphere. However, it
should be noted that the source modeling, presently em-
ployed, allowed us to detect only locations associated with
a center of activity. Due to the moderate signal-to-noise
ratio in individual EEG recordings, especially for the
middle Jatency responses, dipole modeling based on indi-
vidual subject data could lead to rather variable dipole
solutions and, sometimes, to non-physiological rcsults.
Therefore, the EEG dipole modeling was performed on the
cross-subject grand average responses. The Pa and N1
equivalent sources were found to be located within the
area of the auditory cortex. The EEG source analysis
indicated that the Pa source is located about 1 cm more
anterior than the N1 source.

The results of the MEG source analysis agree with
those of the EEG source analysis. The MEG analyses also
indicate that the major components of the middle latency
and the slow auditory evoked fields, Pam and N1m, re-
spectively (with latency difference of about 60 msec),
represent the activity of distinct neural populations within
the auditory cortex, with the Pam neuronal pool being
located more anterior than the majority of neurons con-
tributing to N1m. Pam seems to display the activity of
auditory cortical regions located on the transverse gyri of
Heschl based on its latency as well as its estimated source
locations projected onto the individual MRIs. This result
obtained in humans can be correlated with the experimen-
tal results of Arezzo et al. (1975), obtained from the
auditory cortex of alert rhesus monkeys. The P22 wave
(latency of about 22 msec), representing the activity of the
primary auditory cortex of the rhesus monkey can be
regarded as analogous to the Pa in humans. The center of
cortical activities contributing to the N1m is slightly poste-
rior and lateral to the Pam generators. This MEG source
analysis result is in agreement with that of the EEG
analysis and indicates that the secondary auditory areas at
the supratemporal plane are the generators of N1, a sugges-
tion consistent with previous electric and magnetic studies
of the human auditory cortex (Scherg and Von Cramon,
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1985; Hari, 1990; Liegeois-Chauvel et al., 1990; Bertrand
et al., 1991; Pantev et al., 1991).

4.2. Mirror-image tonotopically organized auditory corti-
cal areas

A fundamentally different functional organization of the
middle latency (Pa/Pam) and the slow auditory evoked
responses (N1,/N1m) was observed in the electric scalp
potential and magnetic field topographies and in the corre-
sponding current density maps. For N1, the frequency
effect on topography agrees with previous studies (Bertrand
et al., 1991; Woods et al., 1993). In correspondence with
the EEG data, a rotation of the magnetic field topography
has been observed in the present study and agrees with
previous report of Tiitinen et al. (1993). For the Pa wave,
similar topographic changes were observed when the stim-
ulus frequency varied. The topographic changes should
again be interpreted as a tilt in the orientation of the
underlying generators, being both more frontally and more
medially oriented for higher frequencies. These findings of
a frontal shift in topography are consistent with the find-
ings of larger Pa amplitude at the vertex for low frequency
stimuli (Thornton et al., 1977; Scherg and Volk, 1983;
Kraus and McGee, 1988).

These observations were consistent across subjects and
were confirmed by the magnetic and electric source analy-
ses. Two tonotopic maps were not only obvious from the
source locations, but also from the change in orientation of
the Pa and N1 sources. The organization along the fre-
quency axis of these maps cannot be derived from the
electric source analysis as the uncertainty of the dipole
locations is to high. The magnetic source analysis demon-
strates, however, two mirror-imaged maps with respect to
the frequency representation. These non-invasively ob-
tained results in humans are in agreement with results
obtained in animal experiments (Woolsey and Walzl, 1942;
Woolsey, 1960, 1971; Merzenich et al., 1973, 1975).
Application of microelectrode mapping and neuroanatomi-
cal tracing techniques have shown that in cats both the
primary auditory cortex (Al) and the anterior auditory field
(AAF), which is located rostrally to Al, show complete
and highly ordered representations of the cochlea. More-
over, AAF displays a reversal in cochlear place representa-
tion across its border in Al, with the most basal portion of
the cochlea represented along their mutual boundary.

Galaburda and Sanides (1980) noted that there are 7
secondary areas surrounding the primary auditory cortex.
In our study one tonotopically organized cortical area is
represented by the sources of the Pa responses, which
might be generated in the primary auditory areas (Brod-
mann’s areas 41 and 42). The other tonotopically orga-
nized area is represented by the N1 equivalent sources,
which receive contributions from secondary auditory areas
at the supratemporal plane (Brodmann’s area 22). The
plausibility of this interpretation is supported by the pro-

jections made of the estimated source locations onto the
corresponding individual MRIs. In summary, we have
demonstrated two tonotopic maps differing in location and
mirrored with respect to their frequency dependence.
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