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Abstract

The aim of the present study was to investigate the functional organization of the auditory cortex for pure tones of 1, 2, 4, 6, 8
and 12 kHz. Ten subjects were tested with a whole-head magnetometer (151 channels). The location, latency and amplitude of the
generators of the N1m (the main component of the response, peaking approximately at 100 ms) were explored simultaneously in the
right and left hemispheres under monaural stimulation. Our results revealed that tonotopy is a rather complex functional organi-
zation of the auditory cortex. From 1 to 12 kHz, tonotopic maps were found for contralateral as well as for ipsilateral stimulation:
NIm generators were found to be tonotopically organized mainly in an anterior—posterior direction in both hemispheres, whatever
the stimulated ear, but also in an inferior—superior direction in the right hemisphere. Furthermore, latencies were longer in the left
than in the right hemisphere. Two different representations of spectral distribution were found in the right auditory cortex: one for

ipsilateral and one for contralateral stimulation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Since the early 1960s (Bekesy, 1960), it has been
known that sounds activate specific areas of the cochlea
according to their frequency. The basal area of the coch-
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lea codes high and the apical area low frequencies. This
tonotopy also exists throughout the auditory pathway
up to the primary auditory cortex. The first studies
describing this cortical organization were made in mon-
keys (Merzenich and Brugge, 1973) and in cats (Merze-
nich et al., 1975).

In humans, the first investigations of the auditory
cortex were hindered by the fact that the techniques used
to record the cortical activity were invasive (e.g. Celesia,
1976).

A breakthrough in the study of cortical tonotopy
came with the appearance and development of less or
non-invasive measurement techniques: positron emis-
sion tomography (PET), functional magnetic resonance
imaging (fMRI), electroencephalography (EEG), and
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magneto-encephalography (MEG). With stimulation
frequencies between 250 and 6000 Hz, most of the stud-
ies observed a tonotopic organization of the auditory
cortex in an anterior-to-posterior direction, with high
frequency tones represented more posterior and medial
in the auditory cortex: e.g. Lauter et al. (1985) using
PET; Wessinger et al. (1997) and Bilecen et al. (1998)
using fMRI; Verkindt et al. (1995) using EEG; and Pan-
tev et al. (1988, 1993) using MEG.

There are, however, very few studies describing the
tonotopic organization of the auditory cortex for fre-
quencies higher than 6000 Hz, although these frequen-
cies have been shown to convey important acoustic
cues in speech recognition, especially for sibilant conso-
nants (Behrens and Blumstein, 1988). Muhlnickel et al.
(1998) demonstrated that the auditory evoked fields
(AEF) for 8000 Hz tones were deeper in the auditory
cortex than those for 6000 Hz tones. In a recent study,
Fujioka et al. (2002) found a significant regression in
the left hemisphere for tones of frequencies between
4000 and 15,000 Hz to be located more medially in pro-
portion to the logarithm of stimulus frequency, but did
not observe any significant difference in dipole locations
for each tone frequency.

Another important feature in the tonotopy of Al is
the variability of the cortical maps according to the
hemisphere studied and to the ear stimulated. It has
been suggested, by intracerebral electrode studies (Lie-
geois-Chauvel et al., 2001), that the right hemisphere is
more precisely organized than the left, but no neuro-
magnetic studies have yet clearly demonstrated this. A
few MEG studies also noted discrepancies between right
and left hemisphere. Indeed, Rosburg et al. (1998) found
a tonotopic organization only in the left auditory cortex,
and Fujioka et al. (2002) found a tendency, which did
not, however, attain statistical significance, for the right
hemisphere to be less highly organized than the left. The
variation in cortical maps depending on the ear stimu-
lated remains unknown, no studies, to our knowledge,
having focused specifically on this topic yet.

Thus, the main goal of the present study was to de-
scribe accurately the tonotopic organization of the audi-
tory cortex. First, we examined whether functional
organization still exists for high frequency tones: i.e.,
higher than 6000 Hz. Next, we examined the variability
of the tonotopic maps, whether the hemispheres were
differently organized, and whether the functional organ-
ization of the maps is affected by the ear stimulated.

2. Materials and methods

Ten healthy right-handed male subjects (aged between
20 and 25 years) participated in this study. All had normal
hearing with no history of otological or neurological dis-
order. Informed consent was obtained from the partici-

pants prior to the study and the subjects were paid
for their participation. The experimental procedures
were approved by an ethical committee in Lyon (France).

Auditory stimuli were tone bursts of 200 ms duration,
with 3 ms rise and fall time. Stimuli were pure tones of 6
different frequencies: 1000, 2000, 4000, 6000, 8000 and
12,000 Hz. For each frequency, intensity was set to 60
dB relative to the individual hearing threshold (dB
SL). The presentation of these six stimuli was varied
pseudo-randomly (successive repetition of the same tone
was avoided) with interstimulus interval varying ran-
domly between 600 and 800 ms. Seven hundred and fifty
stimuli (125 of each frequency) constituted one train of
stimuli. Four trains were recorded alternately in each
ear, with 1-min rest pauses between trains.

Tones were generated by a piezo-electric transducer
(with a linear bandwith from 2000 to 16,000 Hz) located
I m away from the subject’s head, and were delivered
through a plastic tube (13 mm in inner diameter, 1 m
long) into a specially designed polyester adapter with sil-
icon ear tubing. Outside of the tube, the signal was ana-
lyzed for each frequency, and total harmonic distortions
for each frequency were always lower than 0.01%.

Magnetic fields were recorded in MEG Center of Paris
with an Omega 2000 Whole Head System with 151 gradi-
ometers (CTF, Vancouver). Sampling rate was 625 Hz.

All neuromagnetic measurements were carried out
within a magnetically shielded room, with the subject ly-
ing in a supine position. The ambient noise inside the
room was always less than 60 dB SPL. In order to restrain
head movement, the subject’s head was held against the
inner surface of the MEG recording system by means
of a silicon helmet fitted by means of adjustable Velcro.

2.1. Data analysis

Analysis were first performed on the average of the
two first trains of stimuli, i.e. the average of 250 record-
ings for each frequency. Epoch recordings of 890 ms
length (with prestimulus time of 200 ms) were filtered
with a lowpass filter with a cutoff frequency of 0.1 Hz.
All recordings were visually inspected, and those con-
taminated by muscle or eye-blink artifacts were rejected
before the averaging procedure. Next, the same analysis
was performed on the average of the last two trains in
order to assess the reproducibility of the experiment.

Source analysis was based on a single moving equiv-
alent current dipole (ECD) model in a spherical vol-
ume conductor. Generators of the recorded response
were modeled with a Single Moving Dipole Fit Algo-
rithm. Multi-dipole models, taking into account the
multiple sources of the generators in the auditory cor-
tex, tended to be unstable and were consequently not
used in our study.

The N1m wave was analyzed specifically in the chan-
nels corresponding to the hemisphere studied with



D. Gabriel et al. | Hearing Research 197 (2004) 55—64 57

respect to latency (time interval between the stimulus
onset and the maximal Root Mean Square value of
the N1m wave), amplitude (measured with Root Mean
Square and with Dipole Moment), and the location of
the ECD for ipsilateral and contralateral stimulation.
All these parameters were studied at the peak of the
NIm wave. The location of ECD was accepted if it
was in agreement with the following two requirements:

1. The error function (calculated with a normalized
least-square method and expressed as a percentage)
in the fitting of the ECD in the recorded magnetic field
had to be <15%.

The error equation was the following:

S (By — B))
LB
with N = number of sensors or electrodes; M = num-
ber of time points in fit window; B = observed signal
at sensor i; B’ = calculated signal at sensor i.
2. In the 10 ms around the N1m peak, the dipole loca-

tion must be stationary (variation less than 5 mm in
each direction)

Error =

I

As MEG recordings are quite focal in each hemi-
sphere, the two hemispheres were analyzed separately
(in half of the channels), whichever the ear being stimu-
lated: the moving dipole fit algorithm provides more
reliable results when used in this way.

Consequently, the NIm wave was studied in four
conditions:

— in the left hemisphere with contralateral (i.e., right
ear) stimulation (LHc).

— in the left hemisphere with ipsilateral (i.e., left ear)
stimulation (LHi).

— in the right hemisphere with contralateral stimulation
(i.e., left ear) stimulation (RHc).

— in the right hemisphere with ipsilateral stimulation
(i.e. right ear) stimulation (RHi).

During MEG recording, source location was estimated
in a head-based coordinate system. In order to fix sensor
positions relative to the head, three coils were positioned
on the nasion and on the two pre-auricular points. The
origin of this coordinate system was set at the midpoint
of the medio-lateral axis (y axis) which connected the
two pre-auricular points. The posterior—anterior axis (x
axis) was oriented from this origin to the nasion, and
the inferior—superior axis (z axis) was perpendicular to
the x—y plane and pointing to the vertex.

2.1.1. MRI recordings
Magnetic resonance imaging (MRI) was performed
in six subjects, using a 1.5-T scanner (Gyroscan Intera

Philips). Recordings were a 3D sagittal acquisition, with
a repetition time of 24 ms, an echo time of 8 ms, and
slice thickness of 0.98 cm. During the MRI recording,
three small capsules of vitamin E were fixed above the
landmark sites on the head.

In order to match the MEG recordings with the MRI
slices, three landmark sites were used during the MRI
recording: one in the nasion (intersection between the
nose and forehead), one in the left ear canal and one
in the right ear canal. During the MEG experiment, coils
were located on these landmarks, the location of these
coils being recorded by the MEG system itself.

2.1.2. Statistical analysis

The posterior—anterior, medial-lateral and inferior—
superior ECD locations, the RMS amplitude, the dipole
moment and the latency of the NIm were analyzed sep-
arately in the above four N1m wave study conditions
(LHc, LHi, RHc, RHi) with a one-way repeated meas-
ures ANOVA, the repeated measures factor being fre-
quency (1000, 2000, 4000, 6000, 8000, and 12,000 Hz).

The comparisons between ipsi- and contra-lateral
stimulation and between left and right hemisphere were
made with a two-way repeated measures ANOVA, the
repeated measures factor being frequency and either
ear stimulated or hemisphere studied.

Post-hoc comparisons were made by Tukey test.

3. Results

e Functional organization in the left hemisphere
(Table 1)

Two subjects did not provide reliable data in at least
one of the six stimulation frequencies after contralateral
stimulation, and were excluded from contralateral statis-
tical analysis. For ipsilateral stimulation, the N1m wave
was also difficult to map in at least one frequency in four
subjects, who were excluded from the ipsilateral
analysis.

Following contralateral stimulation (LHc), a tono-
topic organization was observed in the anterior—posteri-
or (X) axis [F(7,40)=3.978, p=0.006], the 1 kHz
generator of the N1m wave being located significantly
more frontally in the primary cortex than the 12 kHz
generator (p = 0.006). This effect could be observed in
all subjects individually, except one. A marginally signif-
icant organization was observed in the medial-lateral (Y)
axis [F(7,40) =2.313, p=0.065]. But no functional
organization was observed between frequencies in the
inferior—superior (Z) plane.

NIm wave amplitude decreased gradually with
increasing  stimulus  frequency [F(7,47) = 11.010,
p <0.001 for RMS; F(7,40) = 4.378, p = 0.003 for dipole
moment].
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Latency, amplitude, dipole moment, and ECD location of NIm components and their corresponding standard deviation in the left hemisphere
following right or left ear presentation of pure tones of six different frequencies (1000, 2000, 4000, 6000, 8,000 and 12,000 Hz)

N Latency (ms) Amplitude (fT) Dip mom (nAm) ECD location
X (cm) Y (cm) Z (cm)

Left hemisphere
Contralateral stimulation
1000 Hz 8 (10) 105.25 £5.47 982.50 £223.14 46.10 £ 16.97 0.491 £0.784 5.271 £0.191 5.778 £ 0.422
2000 Hz 8 (10) 104.38 = 6.00 795.63 £ 150.01 39.78 £ 13.37 0.308 +0.789 5.180 £ 0.345 5.545 £ 0.640
4000 Hz 8 (10) 100.75 £ 5.85 714.13 £115.92 35.18 £9.47 0.109 £ 0.961 5.213 £0.256 5.733£0.493
6000 Hz 8(9) 105.63 £9.26 631.38 £117.50 33.53 £10.81 —0.004 = 0.976 5.065 £0.434 5.690 + 0.691
8000 Hz 8(9) 108.25 £ 6.63 600.25 £ 131.38 33.40 £ 10.88 0.203 £ 0.859 4.943 +0.456 5.893 £ 0.676
12,000 Hz 8 (8) 110.63 £ 7.15 573.88 £ 109.32 27.18 £10.42 —0.074 £ 0.887 5.270 £ 0.460 5.910 + 0.727
Ipsilateral stimulation
1000 Hz 6 (10) 118.17 £5.74 806.67 £ 211.13 37.85+9.54 0.80 £ 0.71 5.17+0.574 5.582£0.517
2000 Hz 6 (10) 117.83 £ 4.62 616.00 £ 171.11 28.85 % 14.35 0.40 £0.75 5.41£0.710 5.483+0.674
4000 Hz 6 (10) 114.50 £5.32 534.83 £ 151.53 23.53 £9.86 0.52 £0.65 5.53£0.543 5.710 £ 0.814
6000 Hz 6(9) 117.83 £ 11.77 454.00 = 103.59 20.68 + 6.88 0.13+0.99 5.42 £0.404 5.687 £ 0.666
8000 Hz 6 (6) 126.67 + 18.69 419.67 £78.23 21.57+5.46 0.36 £ 0.84 5.10 £ 0.650 5.720 £ 0.764
12,000 Hz 6 (6) 127.33 £ 16.85 377.00 £ 94.06 17.39 £5.47 0.42 £0.85 5.33£0.455 5.787 £ 0.803

N is the number of subjects with an observable N1m in all six frequencies. In brackets are the number of subjects with an observable N1m for the

corresponding stimulation frequency.

Following an ipsilateral stimulation (LHi), there was
also a tonotopic organization in the anterior—posterior
plane [F(5,25) = 2.668, p = 0.047], with the 1 kHz gener-
ator located more frontally than the 6 kHz generator
which was the most posterior generator.

The same amplitude effect was observed following con-
tralateral stimulation; i.e., a decrease in amplitude with
increasing stimulus frequency [RMS: F(5,25) = 18.155,
p <0.001; dipole moment : F(5,25) = 8.735; p < 0.001].

Data of the seven subjects responding to ipsi- and
contralateral stimulation from 1 to 6 kHz tones were
analyzed in order to demonstrate an effect of the side
of stimulation (Table 3).

No differences in the location of the equivalent cur-
rent dipoles (Fig. 1A) were observed in respect with

the stimulated ear. However, latencies were signifi-
cantly shorter [F(1,35) = 60.990; p <0.001] and ampli-
tude significantly higher [F(1,35)=11.287; p =0.015]
after contralateral stimulation than after ipsilateral
stimulation.

Furthermore, in the six subjects responding to ipsi-
and contralateral stimulation from 1 to 12 kHz, the
same effect of amplitude could be observed for high fre-
quencies, i.e. a significantly lower rms amplitude for ipsi
than for contralateral stimulation [for rms amplitude:
F(1,5) = 26.64; p = 0.004] (Fig. 4).

e Functional organization in the right hemisphere
(Table 2)

With an ipsilateral stimulation, N1m ECD sources
could not be modeled in at least one of the stimulation
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Fig. 1. Differences in the location of the NIm generators in the axial plane, according to stimulated ear. (A) Location of the generators in the left
hemisphere, averaged from the seven subjects responding to both ipsilateral and contralateral stimulation for frequencies from 1 to 6 kHz. (B)
Location of the generators in the right hemisphere, averaged from the nine subjects responding to both ipsilateral and contralateral stimulation for
frequencies from 1 to 6 kHz. The N1m generators appearing with right ear stimulation are represented in black, and those appearing with left ear
stimulation in grey. Error bars represent standard error. As there were no significant differences in the inferior—superior direction between LHc vs.

LHi and between RHc vs. RHi, variation in this axis is not represent

ed.
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Latency, amplitude, dipole moment, ECD location of NIm components and their corresponding standard deviation in the right hemisphere
following right or left ear presentation of pure tones of six different frequencies (1000, 2000, 4000, 6000, 8000 and 12,000 Hz)

N Latency (ms) Amplitude (fT) Dip mom (nAm) ECD location
X (cm) Y (cm) Z (cm)

Right hemisphere
Contralateral stimulation
1000 Hz 10(10) 102.90 £ 7.96 960.80 * 362.63 48.54 + 21.65 0.852 £0.584 —5.030 £ 0.436 5.426 £ 0.827
2000 Hz 10(10) 101.80 = 9.26 881.60 £ 299.91 44.48 £ 18.28 0.771 £ 0.555 —5.001 £0.236 5.450 £0.741
4000 Hz 10(10) 101.00 £ 11.06 787.20 £ 261.60 38.58 £17.23 0.655£0.572 —5.094 £ 0.260 5.641 £0.643
6000 Hz 10(10) 97.20 £7.70 688.00 £ 304.93 35.51 £20.02 0.557 £0.647 —4.996 £ 0.514 5.781 £ 0.680
8000 Hz 10(10) 102.20 £ 7.60 624.60 £ 253.49 29.65 £ 15.31 0.448 £ 0.538 —5.139 £ 0.447 5.995 £ 0.651
12,000 Hz 10(10) 103.40 £ 10.21 624.50 £ 229.87 31.94 £ 14.28 0.225 £ 0.995 —4.831 £ 0.442 5.834 £0.784
Ipsilateral stimulation
1000 Hz 6(10) 117.33 £ 9.46 738.17 £207.00 31.42£9.04 1.443 £ 0.599 —5.258 £0.237 5.393 £0.968
2000 Hz 6(10) 116.83 £ 8.45 624.33 £227.01 27.23 £11.99 1.332£0.419 —5.310 £ 0.581 5.592 £0.756
4000 Hz 6(10) 111.67 £10.86 617.50 £ 119.12 24.75 £ 8.94 1.103 £0.473 —5.502 £ 0.446 5.800 £ 0.952
6000 Hz 6(9) 111.33 £ 11.13 572.33 £130.88 25.43 £10.81 0.765 £ 0.387 —5.313 £0.570 5.792 £0.999
8000 Hz 6(6) 111.67 £ 10.98 486.17 £ 125.34 20.22 £ 5.81 0.724 £0.238 —5.528 £0.530 6.074 £ 0.697
12,000 Hz 6(6) 107.17 £ 11.81 503.67 £ 114.73 20.95 £ 6.81 0.710 £ 0.340 —5.352£0.335 6.180 £ 0.604

N is the number of subjects with an observable N1m in all six frequencies. In brackets is the number of subjects with an observable N1m for the
corresponding stimulation frequency.

frequencies in four subjects. Therefore, these subjects
were excluded from further RHi analysis.

With contralateral stimulation (RHc), neurons in the
primary auditory cortex were organized tonotopically in

&Y

the anterior—posterior [F(9,45) = 8.956, p <0.001] and
in the inferior-superior [F(9,45)=3.558, p=0.009]
planes (Fig. 2C). In all our subjects but one, 12 kHz
generators were located more posteriorly than 1 kHz

Y
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Fig. 2. Top (A), back (B), right (C) and left (D) views of the NIm wave generators following contralateral stimulation (LHc and RHc) in the eight
subjects responding to every frequency. In the top view, the anterior—posterior variation of the dipoles is represented, as is the trend in the inferior—
superior direction in the right side view. Error bars represent standard error. @: 1000 Hz generator; l: 2000 Hz; A: 4000 Hz; O: 6000 Hz; [J: 8000
Hz; A: 12,000 Hz.
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Table 3

Equivalent current dipole location in the auditory cortex of subjects with an observable NIm from 1000 to 6000 Hz whatever the stimulated ear

ECD location

Contralateral stimulation

Ipsilateral stimulation

N X (cm) Y (cm) Z (cm) N X (cm) Y (cm) Z (cm)

(mean + SD) (mean + SD) (mean + SD) (mean + SD) (mean + SD) (mean + SD)
Right hemisphere
1000 Hz 9(10) 0.600 = 0.496 —4.880 + 0.351 5.436 £0.997 9(10) 0.893 = 0.684 —5.211£0.323 5.320 £ 0.955
2000 Hz 9(10) 0.569 £ 0.515 —4.934 £0.205 5.599 £ 0.800 9(10) 0.880 + 0.826 —5.206 £ 0.378 5.333£0.710
4000 Hz 9(10) 0.400 = 0.457 —5.104 £ 0.165 5.681 £0.753 9(10) 0.493 +0.709 —5.499 +0.439 5.516 £0.924
6000 Hz 9(10) 0.309 £ 0.615 —5.026 £ 0.445 5.829 £ 0.666 909) 0.284 £ 0.603 —5.180 £ 0.433 5.611 £0.870
Left hemisphere
1000 Hz 7(10) 0.521 £ 0.841 5.229 £ 0.160 5.823£0.435 7(10) 0.723 £ 0.685 5.224 £ 0.546 5.791 £0.728
2000 Hz 7(10) 0.297 £ 0.852 5.110 £ 0.305 5.570 £ 0.687 7(10) 0.319 £0.712 5.487 £0.677 5.736 £ 0.908
4000 Hz 7(10) 0.067 £ 1.031 5.190 £ 0.267 5.803 £ 0.488 7(10) 0.346 £ 0.758 5.623 £ 0.555 5.907 £ 0.908
6000 Hz 709) 0.013 £ 1.054 5.001 £ 0.427 5.807 £ 0.655 709) 0.080 £ 0.917 5.411 £0.370 6.016 = 1.062

N is the number of subjects with an observable N1m. In brackets is the number of subjects with an observable N1m for the corresponding stimulation

frequency.

generators, and two subjects only did not have 12 kHz
generators located more superiorly than 1 kHz genera-
tors. N1m amplitude was significantly lower with high fre-
quency tones than with low frequencies [F(9,45) = 7.885,
p <0.001], especially 1 and 2 kHz vs. 8 and 12 kHz tones.

Ipsilateral stimulation also generates a tonotopic
organization in the anterior—posterior [F(5,25) = 4.824,
p =0.003] and in the inferior-superior [F(5,25) = 5.838,
p =0.001)] directions. The N1m amplitude was gradu-
ally decreasing with increasing stimulus frequency
[F(5,25) =9.958, p<0.001] and the amplitude of 1
kHz tones was significantly higher than all others stim-
ulus frequencies amplitudes.

A comparison of differences in location, latency and
amplitude between an ipsi- and contralateral stimulation
was made on the nine subjects who had observable N1m
from 1 to 6 kHz (Table 3). N1m generators were not lo-
cated at the same place with respect to the stimulation:
there was a tendency for contralateral generators to be
located more frontally than ipsilateral generators
[F(1,45) = 5.046; p = 0.055], post-hoc Tukey test reveal-
ing the difference to be significant for 1 kHz
(»p = 0.045) and 2 kHz tones (p = 0.043). But the genera-
tors were also significantly located more towards the
right [F(1,45) = 14.871; p=0.005] for 2, 4 kHz and
6000 Hz tones, with a trend for the 1 kHz tone (Fig. 1B).

In the six subjects responding to ipsi- and contralat-
eral stimulation from 1 to 12 kHz, a clear effect of ampli-
tude could be observed for high frequency tones, with an
higher rms amplitude [F(1,5) =9.019; p = 0.03] for con-
tralateral than for ipsilateral stimulation (Fig. 4).

¢ Differences between hemispheres

We compared left and right hemispheres in the eight
subjects who had an observable N1m in every frequency
after contralateral stimulation (Fig. 2). There was a mar-
ginally significant difference in the location of generators
in the anterior—posterior direction between the right and

the left hemisphere [F(1,7) = 4.348; p = 0.076]. Planned
comparisons revealed this to be especially true for 1
kHz (p =0.08), 2 kHz (p =0.032), 6 kHz (p =0.091)
and 12 kHz (p = 0.057) tones.

An example of the location of the ECD in one subject
is given in Fig. 3.

A trend for latencies to be shorter in the right than in
the left hemisphere was found [F(1,35)=4.853;
p =0.063]. In order to study the impact of high fre-
quency tones on these latency differences, planned com-
parisons were performed. Results indicated that
latencies were significantly longer in the left hemisphere
for tones of 6 kHz [F(1,7) = 12.790; p = 0.009] and 12

Fig. 3. Axial view of the location of the ECD from 1000 to 6000 kHz
in one subject. Filled circle: 1000 Hz generator. B: 2000 Hz; A: 4000 Hz;
O: 6000 Hz. Right ear stimulation: light. Left ear stimulation: dark.
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kHz [F(1,7) = 5.727; p = 0.047], with a tendency for 8
kHz tones [F(1.7) = 4.225; p = 0.079].

4. Discussion
4.1. Latency and amplitude

Roberts and Poeppel (1996) found that N1m wave la-
tency varied with respect to stimulus frequency. Conse-
quently, in the present study one would expect increased
NIm latency with increasing stimulus frequency for
tones higher than 1 kHz. However, as in the studies by
Naka et al. (1999) and Fujioka et al. (2002), no such cor-
relation was observed, and at all the frequencies tested
in our study, no significant relation between Nlm la-
tency and stimulus frequency was found, whichever
the ear stimulated. Thus, Roberts and Poeppel’s (1996)
finding of increased N1m latency with increasing stimu-
lus frequency for tones higher than 1 kHz was not con-
firmed. It is hard to explain these differences between
Roberts and Poeppel’s results and those of other studies
including ours. The hypothesis suggested by Fujioka
et al., who attributed the observed differences to differ-
ences in type of stimulation (binaural vs. monaural) or
in stimulus frequency (low vs. high), cannot explain this,
as we used monaural stimulation and the frequencies
tested began at 1 kHz. An alternative hypothesis might
be in terms of stimulus intensity. Roberts and Poeppel’s
intensity was set to the same sound pressure level what-
ever the frequency, which did not take account of the

LEFT HEMISPHERE
1200

1000 -

800 ¢

600 -

400 -

RMS AMPLITUDE (fT)

200 4

hearing threshold of the subjects and may consequently
have been biased by possible cases of hearing loss. In
our study, stimulation was at 60 dB above the individual
hearing threshold, so that every frequency level used was
somewhat normalized.

Nlm amplitude and dipole moment gradually de-
creased as stimulus frequency increased. This decrease
was especially observable between 1 and 6 kHz; for
higher frequencies, amplitude remained low. A first
hypothesis to explain these results could be that, as fre-
quency increases between 1 and 6 kHz, less and less im-
pulses from cochlear neurons succeed in remaining
phase-locked with the incoming stimulus, and only the
place coding remains operative. Another possible expla-
nation of this decrease is that the ECD may be located
more and more deeply in the auditory cortex as stimulus
frequency increases; however, this would not agree with
our results on tonotopic organization, since the dipole
only shifted more posteriorly, and not more deeply, with
increasing stimulus frequency (see below). Therefore,
unlike Fujioka et al.’s (2002) results, ours do not suggest
the existence of a barrier between tones lower and tones
higher than 6 kHz. We may rather hypothesize that
tones above 6 kHz only activate a supraliminary N1m,
so that, if the tones had generated an AEF of lower
amplitude, no N1m might have been recorded.

4.2. Tonotopic organization of the auditory cortex

Several studies have already focused on the tonotopic
organization of the auditory cortex for middle or low
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Fig. 4. Ipsilateral-contralateral comparisons for rms amplitude and dipole moment of the N1m wave in the six subjects responding to both ipsilateral
and contralateral stimulation from 1 to 12 kHz in the left hemisphere, and in the six subjects responding to both ipsilateral and contralateral

stimulation in the right hemisphere.
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frequency waves up to 5 kHz. Concerning the N1m gen-
erators, most results have indicated a clear medio-lateral
tendency, with activation of structures deeper in the
auditory cortex with increasing stimulus frequency.
However, such an organization remains controversial,
as it seems not to be observed consistently in all subjects
(Lutkenhoner et al., 2003).

The four conditions of our study (LHc, LHi, RHc,
and RHi) revealed a tonotopic auditory cortex organiza-
tion for high frequency tones, although not in the
medio-lateral direction. In the left hemisphere, this
organization was only significant in the anterior—posteri-
or direction, with high frequency tones being located
more posteriorly than low frequency tones. In the right
hemisphere, high frequency tones were more posterior
but also more superior than low frequencies. For con-
tralateral stimulation, our results did not necessarily
contradict those of previous studies. In the anterior—
posterior direction, we found differences in N1m gener-
ator location between low (up to 4 kHz) and high
frequency tones (more than 6 kHz), whereas the major-
ity of previous studies did not describe any such differ-
ence, as they explored only low and medium
frequencies. Furthermore, in the left hemisphere, a trend
to lateral-to-medial functional organization after right
ear stimulation was also observed. In case of ipsilateral
stimulation, there are a very small number of studies
which have as yet focused on tonotopy. Whereas PET
techniques have proved unable to find any tonotopic
organization in the ipsilateral hemisphere (Lauter
et al., 1985; Lockwood et al., 1999), EEG and fMRI
measurements revealed similar organization in right
and left hemispheres after right ear stimulation (Ver-
kindt et al., 1995; Strainer et al., 1997). Our results are
not totally in agreement here, suggesting rather that
ipsilateral maps are closer to contralateral maps in the
same hemisphere, since ipsi- and contra-lateral right-
hemisphere maps showed the same inferior-superior
tonotopic organization.

The anatomic location of the N1m generators is still a
matter of debate in spite of all the MEG studies on the
topic. Several studies have suggested that N1m origi-
nates from Heschl’s Gyrus (Elberling et al., 1982; Reite
et al., 1994); but the secondary auditory areas in the
supratemporal plane are another possibility (Pantev
et al., 1995; Liitkenhoner and Steinstrdter, 1998). It
would be useful to compare the location of these activa-
tion sites with cyto-architectonic data in order to assess
whether frequency-dependent activated areas are lo-
cated in the same physiologically defined field, which
would reflect tonotopy, or in separate fields, which
would not point to any tonotopic organization
(Schonwiesner et al., 2002). However, a single tonotop-
ically organized generator in the auditory cortex should
not be too readily assumed, as there is growing evidence
for several sources within the auditory cortex generating

the N1lm (Williamson et al., 1991; Litkenhoner and
Steinstriter, 1998). Moreover, Cansino et al. (1994)
found another N1m tonotopic organization in the asso-
ciation cortex, although N1m might also originate from
parietal (Lavikainen et al., 1994) or frontal (Giard et al.,
1994) areas.

The major problem arising in all these studies, includ-
ing our own, concerns the interpretation of this dipole
organization. As the Nlm wave clearly emerges from
multiple sources in the auditory cortex (Naatanen and
Picton, 1987), what help is a single moving dipole model
regarding tonotopy? This question is all the more impor-
tant in that multiple dipole models tend to be unstable
and consequently inadequate. This problem is not a
new one, and several studies have already noted that this
single dipole approximation is a major limitation (Hari,
1990; Schreiner, 1998), and thus questioned on the use
of magnetoencephalography in tonotopy (Liitkenhoner
et al., 2003).

In order to propose an answer to this question, it may
be useful to focus briefly on studies in animals. Micro-
electrode studies of non-human primates have provided
many clues regarding the tonotopy of the auditory cor-
tex and certainly give a good idea of how the human
auditory cortex may be functionally organized. These
studies tend to demonstrate the existence of at least se-
ven tonotopic areas in the auditory cortex (Kosaki et
al., 1997), with two or three being located in the primary
auditory cortex (Kaas and Hackett, 2000). All these
observations are made with numerous (up to 100)
microelectrodes implanted in the auditory cortex. These
results are clearly not definitive, and new frequency-
specific regions may be discovered soon with improve-
ments the accuracy of recording techniques. In human
studies, the spatial resolution of non-invasive recording
techniques is insufficient for clear comparison, and
intracerebral recording are limited in the number of
microelectrodes that can be implanted. Consequently,
one may assume that, whatever the recording technique
used, tonotopy studies in human subjects certainly lack
accuracy and may fail to observe some frequency-
dependent areas (for example, in MEG: Liitkenhoner
et al., 2003; in fMRI: Schonwiesner et al., 2002).

In the present study, and also in all MEG studies with
single dipole model analysis, two hypotheses can be
made about dipole location and variation in the audi-
tory cortex:

(1) The recorded N1m is generated by one predomi-
nant generator (i.e. an area with more activated
neurons in it or nearer the scalp surface) and a
few activation areas of less importance. In that
ideal case, the dipole location and variation would
be mainly based on the predominant generator
location and thus the single dipole model would
reflect one major tonotopic map.
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(2) The N1m wave is the result of the activation of sev-
eral frequency-dependent areas of more or less
equal importance. The location of the equivalent
current dipole would thus be simply the center of
mass of all these areas, and would have no physio-
logical reality. The crucial point, however, concerns
the variation in dipole location. Indeed, even if all
of these generators exhibit their frequency-depend-
ence in the generation of the N1m wave, it may be
assumed that the variation in dipole location
reflects an overall tonotopy for the N1m.

Consequently, whichever of these hypotheses is the
right one, the observations made in our study can be ex-
plained by the fact that, for low frequency tones, the fre-
quency-dependent areas of the generators coding the
NI100 m are mainly located anteriorly, whereas with
increasing stimulus frequency these areas as a whole
shift in a more posterior direction.

4.3. Several tonotopic maps?

Pantev et al. (1998) observed a small difference in the
location of N1m sources between ipsilateral and contra-
lateral stimulation. Our study confirms these results and
shows that, in the right hemisphere of the auditory cor-
tex, two different tonotopic maps of the N1m could in-
deed coexist. Two hypotheses can be put forward to
explain these results. First of all, just as the fiber trajec-
tory is not the same for ipsilateral and for contralateral
stimulation, as seen in the differences in latency, it may
also be that the neurons activated by these two kinds
of stimulation are different. Another hypothesis could
be that, as there are multiple sources generating the
N1m, more generators could be activated with contra-
lateral than with ipsilateral stimulation or only the rela-
tive amplitude of the underlying sources. With the
approximation of one single current equivalent dipole,
a shift in the location of the dipole may be observed.
In addition to demonstrating that tonotopic mapping
of pure tones extends to high frequencies, the present re-
sults thus suggest that the auditory cortex has two rep-
resentations of the cochlea, at least in the right cortex:
one for ipsilateral and one for contralateral stimulation.

4.4. Differences between hemispheres

One of the major drawbacks in MEG studies of neural
asymmetry was that the first neuromagnetometers could
not record brain activity in both hemispheres simultane-
ously. Recording one hemisphere at a time increases such
disruptive effects as fatigue or altered vigilance. Nowa-
days, with whole-head neuromagnetometers, this no
longer applies, and tonotopic functional organization lat-
erality can be assessed with precision. Several studies have
found functional asymmetry in auditory processing. For

example, right hemisphere N1m generators are of greater
amplitude (Kanno et al., 1996) and cover a larger area
(Zouridakis et al., 1998) in the auditory cortex than do left
hemisphere N1m generators. In the present study, N1m
source location was more anterior in the right than in
the left hemisphere, which is in agreement with previous
whole-head MEG studies (Mikela et al., 1993; Nakasato
et al., 1995; Pantev et al., 1998). This observation can be
explained by the fact that the left temporal plane of
right-handed subjects is significantly more posterior than
the right (Geschwind and Levitsky, 1968; Szikla et al.,
1977). Furthermore, as explained above, tonotopic
organization differs between hemispheres, with only an
anterior-to-posterior tonotopic map in the left hemi-
sphere, whereas there is both an anterior-to-posterior
and an inferior-to-superior map in the right. Moreover,
we observed that latencies were longer in the left than in
the right hemisphere, although this was just a trend.
One possible explanation could be that the above-men-
tioned anatomical asymmetry of the temporal lobes is cor-
related with longer ascending pathways. Anatomic
studies, however, are needed to investigate this hypothe-
sis. However, it should be noted that our study was only
performed in right-handed male subjects, and that hemi-
spheric differences may not be the same in female or in
left-handed subjects.

In conclusion, new clues are provided as to the tono-
topic organization of the auditory cortex in humans.
Firstly, high frequency tones are encoded more posteri-
orly than low frequency tones. Secondly, functional dif-
ferences are found between Al hemispheres, with
generator location varying in antero-posterior and in-
fero-superior directions in the right hemisphere, whereas
in the left hemisphere such a tonotopic gradient was ob-
served only in the antero-posterior direction. Thirdly,
the right auditory cortex would seem to encode several
tonotopic maps, depending on which ear is stimulated.
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