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Abstract

Steady-state auditory evoked ®elds were recorded from 15 subjects using a whole head MEG system. Stimuli were 800 ms trains of

binaural clicks with constant stimulus onset asynchrony (SOA). Seven different SOA settings (19, 21, 23, 25, 27, 29 and 31 ms) were used to

give click rates near 40 Hz.

Transient responses to each click were reconstructed using a new algorithm that deconvoluted the averaged responses to the different

trains. Spatio-temporal multiple dipole modelling in relation to 3D MRI scans revealed two overlapping source components in both the left

and right auditory cortex. The primary sources in the medial part of Heschl's gyrus exhibited a N19-P30-N40 m pattern. The secondary,

weaker sources at more lateral sites on Heschl's gyrus showed a N24-P36-N46 m pattern. When applied to transient middle latency auditory

evoked ®elds (MAEFs) recorded at SOAs of 95-135 ms, the primary sources imaged activities similar to the deconvoluted steady-state

responses, but the secondary source activities were inconsistent.

Linear summation of the deconvoluted source waveforms accounted for more than 96% of the steady-state variance. This indicates that the

primary activity of the auditory cortex remains constant up to high stimulation rates and is not speci®cally enhanced around 40 Hz. q 1999

Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

To process sounds and speech in everyday live, the audi-

tory system must be able to estimate temporal patterns

precisely and rapidly. Processing at the level of the auditory

cortex can be studied non-invasively with auditory evoked

potentials (AEP) or magnetic ®elds (AEF). However, due to

overlap, response waveforms may cancel or enhance each

other and form steady-state responses when the interval

between the stimuli is shorter than the duration of the

response (Regan, 1965, 1982). Galambos et al. (1981)

proposed that a periodic 40 Hz auditory event-related poten-

tial resulted from the superimposition of successive de¯ec-

tions in the middle latency evoked potential (MAEP). This

hypothesis has been supported by synthesis of 40 Hz steady-

state response from transient MAEPs and middle latency

auditory evoked ®elds (MAEF) recorded with stimulus

rates around 10 Hz (Stapells et al., 1988; Hari et al., 1989;

Plourde et al., 1991).

In the ®rst report on auditory MAEPs, Geisler et al.

(1958) suggested that they originated in the auditory cortex.

Later studies of the scalp topography of the MAEP and of

the responses recorded in patients with temporal lobe

lesions remained controversial (Vaughan and Ritter, 1970;

Picton et al., 1974; Cohen, 1982; Kraus et al., 1982; Wood

and Wolpaw, 1982; Woods et al., 1987) although complete

abolition of the Na±Pa component of the MAEP occurred in

one patient with bilateral lesions of the auditory cortex

(OÈ zdamar et al., 1982).

The predominantly cortical origin of the MAEP has been

unambiguously demonstrated by dipole source analysis in

patients with lesions, intracranial measurements, and

magnetoencephalography (MEG). Scherg and von Cramon

(1986) presented a spatio-temporal dipole model to explain
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the coronal scalp distribution of the MAEP with two dipole

sources in each temporal cortex. The response recorded at

the vertex showed three main waves: Na at about 18 ms, Pa at

about 30 ms and Nb at about 40 ms, but the response

recorded from more lateral electrodes had different peak

latencies. The spatio-temporal model separated a primary

N9±P30 source component of mainly tangential orientation

from a secondary N27±P39 component of more radial orien-

tation. In more than 60 patients with circumscribed vascular

temporal lobe lesions affecting either the auditory cortex or

the thalamo-cortical auditory radiation, the MAEP source

components were reduced or abolished in the lesioned hemi-

sphere, but unaffected in the intact hemisphere (Scherg and

von Cramon, 1986, 1990).

Consistent with these ®ndings, human intracranial record-

ings with depth (Celesia, 1976; Liegeois-Chauvel et al.,

1991, 1994) and chronic subdural electrodes (Lee et al.,

1984) have demonstrated early cortical responses to audi-

tory stimuli similar to the N19±P30 complex. These

responses were recorded from a restricted region on the

medial portion of Heschl's gyrus. This area of koniocortex

represents the primary auditory cortex (Galaburda and

Sanides, 1980).

Con®rming results have also been obtained by MEG

dipole localisation of middle latency transient (stimulation

rates up to 10 Hz) and steady-state ®elds (periodic stimula-

tion above 10 Hz). Transient MAEFs showed various peaks

with consistent source localisation in the superior temporal

plane: N19/P30/P50 m (Scherg et al., 1989a; MaÈkelaÈ et al.,

1994; Yoshiura et al., 1996; Huotilainen et al., 1998) with

P30 m as the most prominent peak (Pelizzone et al., 1987;

Pantev et al., 1995). Auditory evoked steady-state ®elds

evoked by amplitude modulated (32 Hz) sinusoidal tones

with different carrier frequencies showed that the human

auditory cortex was tonotopically organised with the

lower frequencies more lateral (Romani et al., 1982).

Steady-state MAEFs elicited by 40 Hz clicks in trains

(MaÈkelaÈ and Hari, 1987; Forss et al., 1993) or continuously

(Hari et al., 1989) had at least one main source in the super-

ior temporal cortex.

Makeig (1990) reported time-locked MAEP activity in

the 40 Hz range in response to clicks presented at slow rates

( , 1 Hz). This activity was superimposed on the late N 100

component and separated by using a narrow band-pass ®lter.

The author speculated that clicks presented at these slow

rates activated, in addition to the MAEP peaks, one or

more oscillatory response generators. MAEFs elicited by a

500 ms toneburst of 1000 Hz and ®ltered from 28±48 Hz

showed a similar oscillatory response named gamma-band

response (Pantev et al., 1991; Galambos, 1991). Oscillatory

coupling between thalamic and auditory cortex has been

suggested to generate both the gamma-band response and

the 40 Hz steady-state ®eld (Ribary et al., 1991; Llinas and

Ribary, 1991). Galambos (1991) proposed the gamma-band

response as the underlying physiological activity for both

the transient and the steady state MAEP. Based on single

dipole MEG localisations, however, Pantev et al. (1993)

suggested that the gamma-band response was generated in

a different cortical region from the transient and steady-state

MAEF. These transient and steady-state responses were

themselves dissociated on the basis of single dipole tonoto-

pical organisation, with the transient MAEFs to lower

frequencies being more medial rather than lateral (Pantev

et al., 1995, 1996).

The present study separated the 40 Hz steady-state

response into its underlying physiological components and

identi®ed their related generators in the brain. To achieve

this goal, we developed a new algorithm to deconvolute the

steady-state responses recorded at several stimulus rates

into model transient responses. A paradigm by MaÈkelaÈ

and Hari (1987) that employed 40 Hz click trains to present

trains was modi®ed to use different inter-click intervals (19±

31 ms) in the 40 Hz range.

According to previous studies (Hari et al., 1989; Picton et

al., 1992), our ®rst hypothesis was that the activity of the

primary auditory cortex, as re¯ected in the N19±P30

complex, should not become either refractory or resonant

at stimulation rates between 30 and 60 Hz. In this view the

enhanced amplitude at rates near 40 Hz is caused by the

superimposition of overlapping transient responses and not

by any increased responsiveness at resonant frequencies.

We therefore expected that (a) the steady-state response

between 30 and 60 Hz can be linearly decomposed into a

transient response, and (b) the deconvoluted response is

highly similar to the transient response obtained at slow

click intervals between 95±135 ms (about 9 Hz).

Based on our previous studies on multiple sources of the

MAEP (Scherg and von Cramon, 1986, 1990) and MAEF

(Scherg et al., 1989a), we further hypothesised that at least

two generating areas in the auditory cortex contribute to the

steady-state response. Therefore, spatio-temporal multiple

dipole source analysis (Scherg, 1990) was applied to the

deconvoluted steady-state responses and source locations

were matched with MRI scans.

2. Methods and materials

2.1. Steady-state paradigm

2.1.1. Subjects

Eighteen volunteer subjects without any history of audio-

logical or neurological de®cits participated in our study.

Informed consent was obtained in all cases. Two subjects

had to be excluded from further data analysis due to

magnetic or muscular artifacts, and one subject because an

MRI could not be obtained. Eight of the remaining 15

subjects were male, 7 female. The mean age was 29 years

with a range from 21 to 36 years.

2.1.2. Stimuli

The binaural clicks were generated by passing 0.3 ms
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square waves through special transducers connected to the

subject with 50 cm plastic tubes and foam earpieces. Seven

different trains were presented at 70 dBnHL (Fig. 1). Each

train had a constant repetition rate which varied from 52.6 to

32.3 Hz, i.e. the stimulus onset asynchrony (SOA) between

the single clicks in the train ranged from 19 to 31 ms (step-

size 2 ms). The 19 ms SOA trains contained 42 clicks, the 21

ms SOA trains 38 clicks etc. so that all trains had a duration

of approximately 800 ms.

Click-trains were presented in 4 or 5 runs, each contain-

ing 210 trains. The inter-train intervals (ITIs) were rando-

mised from 0.6 to 1.0 s. To minimise stimulus artifacts,

click polarity was reversed from one train to the next.

Within runs, 30 trains of each SOA were presented. The

SOA was changed in alternating up-down steps of 8 or 6

ms using 4 different preset sequences to enable a compar-

able perception of the virtual pitch change. Each SOA

condition was presented 4±8 times before a change

occurred.

During recordings, subjects were instructed to keep their

eyes open and to ®xate a point on the opposite wall. To

control attention, subjects were asked to respond to each

pitch change by pressing a mouse button.

2.1.3. Procedures and data preprocessing

Recordings were performed in a magnetically shielded

room with a Neuromag-122TM whole-head MEG system

(Ahonen et al., 1993). At each of 61 sensor positions in

the head-shaped arrangement of this system, two ®gure-

of-eight coils with orthogonal orientations measure the

planar gradients of the magnetic ¯ux emerging from the

head. Prior to MEG recording, 4 position indicator coils

were ®xed to the subject's head to determine the head posi-

tion inside the Dewar. For co-registration with MRI, loca-

tions of the indicator coils were digitised together with a set

of surface points including the nasion and the two pre-auri-

cular points. Head positions were determined at the begin-

ning of each run. MEG data were acquired continuously at a

sampling rate of 1000 Hz using a bandpass ®lter of 0.03±330

Hz. After MEG recordings, a high resolution 3D MRI scan

was obtained from all subjects using a Picker Edge MRI

scanner (1.5 Tesla).

Data were ®ltered with a high-pass of 0.3 Hz (12 dB/oct.,

zero-phase shift Butterworth) and averaged off-line. Noisy

channels (0±6, mean 1.7) were excluded from further analy-

sis. To obtain late and sustained evoked ®elds, the responses

to the seven different click-trains were averaged separately

over an epoch of 400 ms pre- and 1400 ms post-stimulus

onset with artifact-rejection set to exclude about 10% of the

sweeps.

Averaged responses were bandpass-®ltered from 20 Hz

(12 dB/oct.) to 150 Hz (24 dB/oct.) using the zero-phase

shift Butterworth ®lters of the FOCUS program (MEGIS

software GmbH, Munich). To obtain steady-state responses,

the ®ltered data were averaged again relative to the single

clicks within trains beginning with the fourth click to mini-

mise effects of the response to the train onset. The resulting

seven steady-state averaged epochs corresponding to the

different inter-click SOAs were baseline corrected and
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Fig. 1. Steady-state paradigm. A: repetitive clicks of 0.3 ms duration were

used to form seven different click trains each lasting 800 ms. The repetition

rate or stimulus onset asynchrony (SOA), respectively, was kept constant

during the whole click-train at one of 7 settings (19, 21, 23, 25, 27, 29, 31

ms). B: the click trains were presented at inter-train intervals (ITI) rando-

mised between 0.6 and 1.0 s. Trains with a ®xed SOA were repeated 4 to 8

times before changing to another SOA setting (cf. Methods).

Fig. 2. Steps of data processing prior to deconvolution illustrated for click

trains of 52.6 Hz (SOA: 19 ms), 40 Hz (25 ms) and 32.3 Hz (31 ms). The

waveforms present the source activity of the right auditory cortex averaged

over three recording sessions of subject 1 (400 ms pre-to 1400 ms post-

stimulus onset). The source waveforms are obtained by spatial ®ltering of

the 122 averaged MEG sensor waveforms. The wideband waveforms

(original) show the prominent P50 m, N100 m and sustained ®eld compo-

nents overlapped by the 40 Hz activity which is separated by band-pass

®ltering (®ltered). Steady-state ®elds are obtained by averaging over each

cycle starting from the fourth cycle to minimise effects of train onset.

Finally, the steady-state ®elds are concatenated in the order of ascending

SOA to form a composite signal of 175 samples (bottom).



concatenated to form a composite waveform of 175

sampling points (Fig. 2).

2.1.4. Temporal deconvolution

The steady-state ®elds F averaged across all periods at a

®xed SOA can be considered to result from the linear over-

lap of multiple sources in the auditory system (plus noise)

on one hand and from the temporal overlap of the transient

responses to each click on the other hand. Denoting B as the

matrix of the underlying transient model ®elds and F as the

matrix of the steady-state or convoluted ®elds (row vectors

bi and fi describe the time signals at each of the 122 MEG

sensors) we can write the periodic convolution as a matrix

multiplication

F � BM �1�
with M being the modulation operator which averages the

current and preceding single-click responses across the

different periodicities. Each column mj in M will reconstruct

one time point in each convoluted response channel fi when

multiplied with bi. Assuming zero amplitude before the

click stimulus and after 100 ms, for example, 100 samples

(at a sampling rate of 1000 Hz) of the transient response

need to be estimated from the steady-state signals. For

convenience, the steady-state signal periods were concate-

nated in an ascending order to form 175 samples (Fig. 2).

Thus with a given modulation matrix M the transient model

response matrix B can be estimated by applying the pseu-

doinverse matrix M -1 to the right of (1), (I: unit matrix):

FM21 � BMM21 � BI � B �2�
By reconvoluting the estimated transient response, the resi-

dual variance (rv) between the measured and reconvoluted

steady-state ®elds can be calculated in order to test the

validity of the hypothesis underlying the modulation matrix

M:

rv � ==F 2 BM== � ==F 2 FM21M== � ==F I 2 M21M
� �

==

�3�
Consistent with previous reports (Hari et al., 1989; Picton et

al., 1992), the simplest hypothesis would assume the tran-

sient response to be constant within the tested range of
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Fig. 3. Simulation testing the linear deconvolution algorithm. Two biphasic

waveforms (samples A & B; solid lines, left) and their sum (A 1 B) are

convoluted to a concatenated steady-state response at seven different SOAs

(right). Deconvolution of the steady-state response reconstructs the original

waveforms identically (dashed lines, left). Amplitude enhancement is seen

around 36 Hz for the summed waveform (A 1 B) after convolution.

Table 1

Fit ranges and residual variance of linearly deconvoluted source waveforms

Fit range (ms) Residual variance (%)

Subject Primary source Secondary source Primary source Secondary source Primary source Secondary source

Begin End Begin End

1 18 21 24 25 0.69 1.32

2 18 21 24 25 2.01 2.46

3 21 24 26 27 1.74 2.72

4 19 22 25 26 1.56 7.49

5 19 22 24 24 0.88 1.05

6 15 19 20 21 4.31 1.3

7 15 19 22 23 -a -

8 18 21 24 25 2.93 6.81

9 17 19 23 24 1.39 1.07

10 17 20 23 24 1.98 1.47

11 18 21 23 24 3.45 2.71

12 20 22 25 26 1.69 4.68

13 16 19 21 22 0.32 -

14 18 21 23 24 3.22 6.35

15 17 19 22 24 1.39 1.26

Median 18 21 23 24 1.72 2.46

Min 15 19 20 21 0.32 1.05

Max 21 24 26 27 4.31 7.49

a No stable bilateral dipole model found.



steady-state SOAs (19±31 ms). For an SOA of 19 ms, for

example, the ®rst column vector m1 in M has zero-valued

elements except for the 1st, 20th, 39th, etc. elements having

values of 1. Likewise the second time point in fi is

constructed by convolution with m2 having non-zero 2nd,

21st 40th etc. elements of value 1. After the 19 vectors for

the fastest cycle (52 Hz), m20 will begin again with a non-

zero 1st followed by non-zero 22nd, 43rd etc. elements

having a spacing corresponding to the 21 ms cycle, and so

on. As an example, imagine a modulation operator for

concatenated data in ascending order with SOAs of 4, 5,

and 6 ms and a sampling rate of 1 ms to convolute a 12

ms response:

4 ms 5 ms cycle 6 ms cycle

1 0 0 0 1 0 0 0 0 1 0 0 0 0 0

0 1 0 0 0 1 0 0 0 0 1 0 0 0 0

0 0 1 0 0 0 1 0 0 0 0 1 0 0 0

0 0 0 1 0 0 0 1 0 0 0 0 1 0 0

1 0 0 0 0 0 0 0 1 0 0 0 0 1 0

0 1 0 0 1 0 0 0 0 0 0 0 0 0 1

0 0 1 0 0 1 0 0 0 1 0 0 0 0 0

0 0 0 1 0 0 1 0 0 0 1 0 0 0 0

1 0 0 0 0 0 0 1 0 0 0 1 0 0 0

0 1 0 0 0 0 0 0 1 0 0 0 1 0 0

0 0 1 0 1 0 0 0 0 0 0 0 0 1 0

0 0 0 1 0 1 0 0 0 0 0 0 0 0 1

In summary, the hypothetical BM matrix multiplication

would calculate a value at each time point in each channel

equal to the sum of the evoked responses to each of the

preceding clicks within the period of time that they might

still be active, and concatenates the responses according to

the different SOAs. The actual FM-1 multiplication will then

derive the single-click evoked response from the concate-

nated responses that were recorded.(Fig. 3)

Non-linear hypothesis testing can be achieved by attenu-

ating non-zero values for shorter SOAs and later latencies.

SOA- dependent and latency-dependent non-linear delays

of the evoked response can be introduced by advancing

and distributing later non-zero values within a column to

previous rows. Thus, non-linear amplitude decreases and

latency delays of later response components can be

modelled using this approach. However, the linear hypoth-

esis resulted in extremely low residual variances in all

subjects (Table 1) which did not leave suf®cient variance

to model a potential non-linear effect. In addition, if the

response did change with SOA, the model should have ®t

some SOA responses better than others. However, rv did not

change systematically across steady-state frequencies.

Therefore, we did not further investigate non-linear hypoth-

eses after initial tests which did not yield a consistent

improvement in residual variance.

In order to analyse our concatenated steady-state ®elds, a

non-zero transient model response pattern of 130 samples

following the click stimulus was reconstructed assuming

zero response activity after 130 ms. The pseudoinverse

matrix M21 was calculated using SVD (Press et al., 1992)

and retaining 99% of the variance in the eigenvalues to

obtain a stabilising regularisation. Implicitly, the selected

range of periodicities results in a high-pass ®ltering of the

underlying transient evoked response by the inverse opera-

tor M21 with a 6 dB cut-off at 32 Hz. Hence, transient and

steady-state data were ®ltered with a high-pass ®lter at 20

Hz as described above to facilitate comparisons and to avoid

excessive noise due to low frequency activity.

2.1.5. Multiple source analysis and temporal deconvolution

Using the spatio-temporal multiple source model (Scherg

and von Cramon, 1985; Scherg and von Cramon, 1986;

Scherg, 1990), the evoked magnetic ®elds B can be

described by the linear overlap of discrete source activity

waveforms sk to be combined in matrix S [n of sources (

samples]

B � CS �4�
The ®xed location and orientation of the N equivalent dipole

sources exhibit stationary ®eld distributions (topographies)

ck which are described by columns in the forward solution

matrix C. Similar to the temporal deconvolution in (2), the

source activities S can be estimated by a spatial deconvolu-

tion (or spatial ®lter) de®ned by the pseudoinverse of C:
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Fig. 4. Source waveforms of recorded steady-state signals ( � convoluted,

solid lines, left) and the corresponding deconvoluted responses (right) of

two subjects (A, 1; B, 15). Reconvoluted responses as computed from the

deconvoluted waveforms are plotted on top (dotted lines, left) for compar-

ison. Differences between the recorded and reconvoluted data are very

small for all SOAs (cf. rv: residual variances, middle). Resonance enhance-

ment is not observed. Apparent maxima in the steady-state responses vary

between subjects according to the underlying transient waveshape (A, 29

ms period; B, 23 ms period). Note the different amplitude scaling of steady-

state and deconvoluted source waveforms.



S � C21B �5�

Applying (4) to (1) and operating with the spatial ®lter from

the left and with the temporal deconvolution from the right,

we get an estimate of the transient source activity matrix S

C21FM21 � C21CSMM21 � SMM21 � SI � S �6�

Since both operations are linear, we were able to deconvo-

lute in time and localise sources interactively (Scherg, 1990)

using the BESAw program (MEGIS Software GmbH

Munich). Alternatively, we could ®rst obtain the convoluted

source activities using the spatial source ®lter and thus

assess the residual variance of the temporal deconvolution

model (Fig. 4).

Mapping of the ®eld distribution normal to the level of

the MEG whole head sensor array was done by employing

the minimum norm estimate using the Neuromag-122TM

software. For MEG source analysis, a spherical head

model was used (HaÈmaÈlaÈinen and Sarvas, 1987). The origin

of the sphere was estimated for each subject from individual

MRI scans (Ahonen et al., 1993). Using the head position

indicators, dipole positions were mapped onto the individual

MRI scans to study the anatomical relevance and plausibil-

ity of solutions using the Neuromag-122TM software. Peak

latencies and amplitudes of source waveforms were

measured using the BESAw program. Further details

about the source analysis are described along with the

respective data sets in the results section.

2.1.6. Transient paradigm

To compare the results of deconvolution with transient

MAEFs, 5 subjects (2 female, mean age 29) were studied

in a second experiment. Three subjects were measured in

the same recording session in which steady-state responses

were obtained, and two subjects were studied in separate

sessions.

Clicks (0.3 ms duration) were presented binaurally at

pseudo-randomised SOAs ranging from 95 to 135 ms.

Single click intensity was kept identical to the steady-state

experiment. Stimuli were grouped in 4 or 5 sets of 4000

clicks each, and recordings were performed in the same

way as described above.

Averages were computed off-line with a 0.3 Hz highpass

®lter applied to the raw data. Bad channels were excluded and

artifact rejection was used to omit about 10% of the sweeps.

Averaged data was bandpass ®ltered between 20 (12 dB/oct.)

and 150 Hz (24 dB/oct.) with a zero-phase shift Butterworth

®lter applied to a segment from 100 ms before to 200 ms after

the stimulus. The same 130 ms interval post-stimulus was

segmented for comparison with the deconvoluted data.

3. Results

3.1. Steady-state paradigm

3.1.1. Deconvoluted MEG data and ®eld maps

Deconvolution of the steady-state MEG signals resulted
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Fig. 5. Original steady-state (left) and deconvoluted (right) MEG data set of subject 9. The 122 planar gradiometer signals of the Neuromag-122TM system are

displayed in top view with the latitudinal and longitudinal derivatives of each sensor plotted in pairs above each other. Two bad channels have been switched

off. Focal auditory evoked activity is seen over both temporal lobes. Due to the origin of the signals deep inside the Sylvian ®ssure maximum peak-to-peak

gradients are only in the order of 10fT/cm in the deconvoluted data.



in a transient-like activation pattern in all subjects. In the

planar gradiometers, the deconvoluted steady-state response

showed a symmetric distribution with maximum amplitudes

over both temporal lobes (Fig. 5). Waves Nam, Pam, Nbm

and Pbm were consistently observed over the Sylvian

®ssures bilaterally. At different sensors, peak latencies

varied from 17±23, 27±33, 39±45 and 51±56 ms for compo-

nents Nam to Pbm. Occasionally, Nam was preceded by a

small earlier de¯ection in the range of 8±15 ms. In two

subjects repeated measurements over 2±3 days showed

excellent response reproducibility.

Mapping of the ®eld distribution of waves Nam to Pam

showed dipolar activity over both temporal lobes. In the

latency range from Nam onset to Pam, the ®eld patterns

remained dipolar over the Sylvian ®ssure, but the orienta-

tion of the dipolar ®eld pattern changed. The oblique

forward orientation on the rising edge of Nam commonly

turned more towards vertical during the falling edge of Nam

and back during Pam (Fig. 6). This sequence could be seen

in 11 of the 15 subjects. In subjects 6, 8 and 15, the dipolar

pattern turned from a vertical orientation forward. Subject 7

exhibited the common dipolar ®eld rotation pattern over the

right hemisphere, but showed a dipolar pattern at more

parietal sites over the left hemisphere. This subject's MRI

showed an unusual anatomical orientation of the medial part

of the left Heschl's gyrus.

3.1.2. Steady-state ®eld sources in the auditory cortex

The rotation pattern suggested at least two generators in

each hemisphere with temporally overlapping activities to

contribute to the Nam±Pbm complex (Scherg, 1990). To

estimate equivalent sources, two short epochs in the time

range of the Nam de¯ection were chosen at which the ®eld

topography remained stable. The ®rst epoch was selected

from the onset of Nam to the peak and the second at the end

of Nam (Table 1). At each of these intervals, a bilateral

dipole pair was ®tted simultaneously. Fitting was started

from a symmetrical con®guration with one dipole in each

temporal lobe. The ®t of a third dipole pair in the latency of

Nbm to Pbm resulted in strong interactions between all

dipoles, indicating that the separation and imaging of 3

source activity patterns in each hemisphere was impossible.

Finally, the 4 dipole con®guration as ®tted to the earlier

intervals was used as a spatial ®lter to image two different

activation patterns of each temporal lobe over the whole

response epoch and to examine their consistency across

subjects.

In the ®rst interval around 19 ms, the dipole ®t resulted in

a con®guration of a bilateral dipole pair in all cases except

subject 7. Projection into the MRI-scan revealed a position

at the medial aspect of Heschl's gyrus in 25 out of 28 hemi-

spheres. Both dipole positions in subject 2 and the right in

subject 6 were located about 4±6 mm above the medial

portion of the Sylvian ®ssure. In the second interval around

24 ms, a separate dipole pair could be ®tted in 13 out of 15

cases. In subject 13, a dipole could only be ®tted in the right

hemisphere. All 27 dipoles ®tted in the second interval were

located lateral to those obtained in the early interval. In an

ANOVA for repeated measurements, the difference between

the 3D locations of the primary and secondary sources was

signi®cant for both hemispheres (right: df � 2:12 F �
24:79 P , 0:001; left: df � 2:11 F � 5:65 P , 0:05).

Secondary dipoles were located at Heschl's gyrus or planum

temporale in 23 out of 27 hemispheres. In 3 hemispheres,

dipoles were located above the Sylvian ®ssure and in one at

the white matter below Heschl's gyrus. This was probably

due to MEG source localisation inaccuracy and overlap in

the second interval. Thus, the constellation with primary

dipoles at medial Heschl's gyrus and secondary dipoles

lateral from primary dipoles at Heschl's gyrus or planum

temporale was observed in 20 hemispheres, not considering

the cases with locations above the Sylvian ®ssure or in white

matter. The median distance between the medial and lateral

dipoles was 11.4 (8:2 2 16:7) mm for right (n � 10) and

11.3 (5:0 2 32:2) mm for left hemispheres (n � 10). Fig.

7 shows a representative example of dipole localisations

co-registered with MRI.
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Fig. 6. MEG ®eld maps of the deconvoluted signals of subject 9 at 20 ms

and 24 ms (contour step 2 fT). The change in orientation of the bilateral

dipolar pattern between these latencies suggests the contribution of at least

two sources in each temporal lobe.



Fig. 8 depicts the source waveforms of all subjects

except subject 7. The medial and lateral source activities

exhibited similar waveforms with the lateral activities

delayed by 5±7 ms. The primary, medial source activity

peaked at N19, P30 and N41 m, the lateral at N24, P36 and

N46 m. In subjects 3 and 4, the lateral sources were very

super®cial and showed only a weak activity pattern.

Primary source currents were about twice the size of the

secondary currents (Table 2).

3.1.3. Accuracy of temporal deconvolution

The accuracy of the deconvolution procedure was tested

by reconvoluting the steady-state responses from the 4

source waveforms derived in each subject and then

comparing the reconvoluted and original source waveforms

obtained by applying the spatial source ®lter to the conca-

tenated steady-state responses (Fig. 4). Reconvoluted

steady-state waveforms accounted for 98.3% (median,

range: 95.7±99.3%) of the original primary and for

97.5% (median, range: 92.5±99.0%) of the original second-

ary source waveforms. Calculated for all source waveforms

together, they accounted for 98.2% (median, range: 96.2±

99.6%) of the variance. Residual variances between origi-

nal and reconvoluted source waveforms are listed in Table

1.

3.1.4. Evolution of the steady-state ®elds during click trains

To investigate the stability of the source components

during the click trains, we compared 4 subaverages over

different epochs during the train comprising: (a) click

responses 1±8, (b) 20±N (N � 42 to 26 depending on peri-

odicity), (c) 4±N (data presented above; Fig. 8). The primary

component was highly similar in all subaverages in ampli-

tude. Only the secondary component showed a non-signi®-

cant increase in amplitude towards later clicks in the train.

Mean latencies of the later 20±N steady-state epoch were

prolonged relative to the early subaverage 1±8. This

increase was 1.2, 3.2 and 3.3 ms for the primary N19/P30/

N41 m peaks, respectively, and 0.4, 2.8 and 3.5 ms for the

secondary N24/P36/N46 m peaks. It was signi®cant for all

component waveforms except for the left secondary compo-

nent (ANOVA for repeated measurement, P , 0:05). The

differences between the average waveforms used for the

analysis (4-N) and the later average (20±N) were negligible

in both amplitude and latency except for a small increase in

peak latencies of the later 20±N average (range 0.3±1.9 ms,

signi®cant at P , 0:05 only for the left primary source

component).
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Fig. 7. Dipole sources of subject 15 co-registered with MRI in axial,

coronal and sagital views. The primary sources (N19 ±P30 m) are located

at the medial aspect of Heschl's Gyrus deep inside the Sylvian ®ssure. The

secondary sources are located about 1 cm more laterally.

Fig. 8. Deconvoluted dipole source waveforms of all subjects except

subject 7 (cf. text). Grand average source waveforms are shown at the

bottom (avr). Primary peaks N19, P30 and N41 m and secondary peak

N24, P36 and N46 m (arrows) are consistently observed. Current magni-

tudes of the primary sources were about twice those of the secondary

sources. In subjects 3 & 4, the secondary dipoles estimated only a small

super®cial source current (2,3). In subject 13, the left secondary dipole ®t

was unstable.



3.1.5. Transient paradigm

3.1.5.1. MAEF surface data Using single click stimuli at

ISIs of 95±135 ms, MAEF response peaks Nam, Pam, Nbm

and Pbm could be identi®ed consistently in all 5 subjects.

The distribution was symmetrical with maximum planar

gradiometer amplitudes and dipolar ®eld patterns over

both temporal lobes.

3.1.5.2. MAEF source imaging Source imaging of the

transient MAEFs with the dipole model obtained from the

deconvoluted data showed source waveforms similar to the

primary transient sources. Source activity peaks N19 and

P30 m were observed in all subjects. In the transient

primary source waveforms, the de¯ection around 41 ms

(N41 m) was more variable than the same peak in the

deconvoluted data, possibly due to the larger noise level

of the transient MAEF. The transient MAEF showed a

slightly earlier N19 m and later P30 m as compared to the

deconvoluted steady-state peaks (Table 2). However, this

difference was not signi®cant. The secondary sources

imaged no consistent activation pattern following transient

single click stimulation. Source waveforms to both

stimulations are overlayed in Fig. 9 for comparison.

4. Discussion

4.1. Sources for the MAEF in the auditory cortex

Spatio-temporal source analysis of the deconvoluted

response indicated that two cortical sources with temporally

overlapping activation patterns contribute to the auditory

steady-state ®eld. A primary source with an N19±P30±

N41 m activity could be separated from a secondary source

with an N24±P36±N46 m pattern. This could explain why

Hari et al. (1989) found that the localisation of a single

dipole model of the 40 Hz steady-state ®eld changed

systematically by about 1 cm with a period of 7±8 ms.

Similar observations have been reported by Pantev et al.

(1996) on steady-state ®elds evoked by repeated Gaussian

tone pulses. Temporally overlapping sources in different

areas of auditory cortex have also been reported for the

late human AEPs (Scherg and von Cramon, 1985; Scherg

et al., 1989b) and the auditory middle latency response of

rats (Barth and Di, 1991). Ribary et al. (1991) suggested

thalamic and cortical sources for the 40 Hz steady-state

®eld with the thalamus scanning widespread regions of the

cortex. We cannot rule out an additional subcortical source,

but the different ®eld orientations and the more lateral

source localisations around 24 ms are clear evidence that

multiple focal generators in the auditory cortex are the

predominant source of the 40 Hz auditory steady-state ®eld.

The localisation of our ®rst source to the medial part of

Heschl's gyrus and the 19.4 and 29.1 ms peak latencies of

the corresponding source waveforms suggest that the activ-

ity is generated in the primary auditory cortex. This is

supported by intracranial recordings (Celesia, 1976; Lee et

al., 1984; Liegeois-Chauvel et al., 1991, 1994). The high

similarity of the deconvoluted and transient MAEFs

suggests that they represent the same cortical process.

The nature of our second source remains unclear. Four

different hypotheses can be considered:

1. The secondary component might be speci®c for steady-

state or rapid stimulation. It could represent the temporal

processing of repetitive events. In order to perceive the

different pitches of the click-trains the cortex would have

to monitor the intervals between the clicks. This hypoth-
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Table 2

Latencies and amplitudes of peaks in source waveforms

Mean latency ^ SD (ms) Mean amplitudes (range) (nAm) Number of subjectsa n

Deconvoluted Transient Deconvoluted Transient Deconvoluted Transient

Primary component

N19 Right 19.4 ^ 1.7 18.4 ^ 0.6 4.1(2.4±7.4) 4.8(2.6±7.4) 14 5

Left 19.5 ^ 1.4 18.8 ^ 1.0 3.6(1.9±7.3) 4.0(1.9±7.5) 14 5

P30 Right 28.8 ^ 1.4 30.7 ^ 1.4 3.5(2.0±7.7) 3.9(2.5±6.0) 14 5

Left 29.4 ^ 1.9 31.3 ^ 1.5 3.3(1.1±9.8) 5.0(3.0±7.9) 14 5

N41 Right 40.6 ^ 1.9 43.5 ^ 2.1 3.2(1.4±7.9) 3.0(1.0±5.1) 14 5

Left 41.1 ^ 1.7 42.4 ^ 1.7 3.1(1.2±8.5) 3.4(2.1±5.1) 14 5

Secondary component (m)

N24 Right 23.8 ^ 1.3 - 2.2(1.1±4.1) - 12 -

Left 24.0 ^ 1.7 - 2.0(0.6-3.9) - 11 -

P36 Right 35.2 ^ 2.2 - 2.3(0.7±4.8) - 12 -

Left 36.0 ^ 3.2 - 2.1(0.9±4.8) - 11 -

N46 Right 46.2 ^ 2.7 - 2.1(0.8±4.2) - 12 -

Left 46.1 ^ 3.9 - 1.8(0.7±4.0) - 11 -

a Components with baseline to peak source current , 0.5 nAm excluded.



esis could account for the inconsistent waveforms

recorded for the transient MAEFs where such temporal

processing is unnecessary.

2. The second source might represent the tangential projec-

tion of a predominantly radial current source. Scherg and

von Cramon (1986) described two overlapping sources

for the MAEP. In addition to a tangential dipole model-

ling the N19±P30 component they found a radial dipolar

source active 8 ms later. Since radial components remain

undetected in the MEG, only a weak tangential projec-

tion of this mainly radial component would be expected

in magnetic recordings. This limitation as well as the fact

that the secondary component reported here was not

found in the transient data argue against this hypothesis.

A more detailed comparison between deconvoluted and

transient responses, using both electrical and magnetic

recordings would be needed to assess this hypothesis.

3. It is possible that the secondary component might depend

on the subject paying attention to the stimuli, or to some

particular aspect of the stimuli. The auditory regions of

the primate cortex appear to be organised into a central

core area, surrounded by belt and parabelt regions (Morel

and Kaas, 1992). The core regions are probably automa-

tically activated by incoming auditory information, but

the belt and parabelt regions may only be activated if the

connectivity is facilitated by some attentional processing

(Olshausen et al., 1993; Grady et al., 1997).

4. The source might represent a response to low-frequency

stimuli. Clicks have a wide frequency spectrum. Stimu-

lation at lower frequencies elicits responses with longer

latencies than stimulation at higher frequencies (Scherg

and Volk, 1983; Scherg et al., 1989a). Our second dipole

might therefore model the processing of low frequencies

in more lateral sites of primary auditory cortex. A weak

point in this hypothesis is that it cannot explain why we

did not ®nd the same activity in transient responses.

4.2. Source activation patterns and scalp-recorded peaks

Temporal integration of successive stimuli could require

prolonged activation in the involved generators. One char-

acteristic ®nding in our deconvoluted data is the constancy

of wave Nbm (respective N41 and N46m in source wave-

forms) which has been reported to be rather inconsistent

between subjects (e.g. OÈ zdamar and Kraus, 1983). A similar

effect has been reported by Picton et al. (1992) who found

Nb being more pronounced to stimulation at ISIs of 13±37

ms than at longer ISIs using maximum length sequences.

They ascribed this effect to an additional generator in the

range from 30 to 50 ms with a steeper recovery function

than Nb (see also Erwin and Buchwald, 1986a). Part of the

inconstancy regarding Nbm may, therefore, depend on the

different amounts of highpass ®ltering which attenuates the

overlapping P50 component and thereby enhances Nbm. On

the other hand, MAEPs recorded during natural slow-wave

sleep have shown disappearance of wave Nb while Na and Pa

could still be recorded (Erwin and Buchwald, 1986b; Deiber

et al., 1989).

From intracranial recordings, a triphasic response pattern

with peaks at 14, 19 and 30 ms is concordantly assumed as

the response of the primary auditory cortex. (Celesia, 1976;

Lee et al., 1984; Liegeois-Chauvel et al., 1991). Later

de¯ections recorded from the same site as the early cortical

response were only reported inconsistently (Celesia, 1976;

Liegeois-Chauvel et al., 1994) or could not be observed

because the averaged epoch was too short (Lee et al.,

1984; Liegeois-Chauvel et al., 1991). A distinct generator

has been described for the P50 component in a more lateral

part of primary auditory cortex by intracranial recordings

(Liegeois-Chauvel et al., 1994) and has similarly been

reported from MEG data (Scherg et al., 1989a). While

N19 and P30 m were found to mirror the primary auditory

cortex response, the nature of N41 m can not be derived

from the available intracranial data. Our source analysis

suggests that N41 m is an additional de¯ection of the

primary auditory cortex response and contributes to Nbm

together with N46 m of our secondary source. Whether

the consistency of N41 and N46 m we observed is caused

by processing speci®c to the periodic stimuli we used cannot

as yet be de®nitely answered.
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Fig. 9. Comparison of transient (solid lines) with deconvoluted (dotted)

source waveforms in 5 subjects. Grand mean displayed at the bottom (avr).

The 4-dipole model was ®tted to the deconvoluted data and then used as a

spatial ®lter to decompose the transient data into source waveforms for

comparison. The primary N19±P30 m source component is similarly

observed for both types of stimulation. As in MAEPs, it is the most promi-

nent component of the broad-band (0.3±330 Hz) transient response. De¯ec-

tions following P30 m are more variable in the transient as compared to the

deconvoluted responses. Transient secondary source activities are quite

variable across subjects while the deconvoluted secondary source wave-

forms depict a consistent N24±P36±N46 m pattern.



4.3. Transient and steady-state responses

The present results support the hypothesis that the 40 Hz

steady-state response mainly represents the overlapping of

transient waveforms. Low residual variance between

recorded and reconvoluted signals indicates that a linear

model works well for the range of SOAs chosen in the

present experiment. Individual waveform patterns of the

transient response can account for the amplitude enhance-

ment at rates near 40 Hz without recourse to further expla-

nation. This is consistent with the ®ndings of Picton et al.

(1992) who reported latencies and amplitudes of Na, Pa and

Nb to remain stable at ISIs from 13 to 37 ms. It has also been

shown before that the auditory steady-state responses can be

reconstructed from transient middle latency responses

(Stapells et al., 1988; Hari et al., 1989; Plourde et al.,

1991). In this study click trains of 800 ms duration instead

of a continuous steady-state paradigm have been used for

the evaluation of the deconvolution technique. However, the

observed fast stabilisation of the response during the train,

in particular in amplitude and waveshape, suggests that our

results also apply to continuous steady-state responses.

We did not ®nd any clear effect of increasing stimulus

rate on the response. This would have disrupted the decon-

volution procedure unless additional parameters were

included. Our results therefore differ from those of Azzena

et al. (1995), who found that the steady-state electrical

response at 60 Hz was smaller than that synthesised by

adding together transient responses. They found the oppo-

site effect at 30 Hz although this did not appear to reach

signi®cance. They interpreted these effects as indicating that

the response decreases in amplitude and increases in latency

with increasing rate. Their rates were slightly beyond those

studied in our experiment (32.2±52.6). However, our data

did not provide any suggestion of rate-dependant effects.

Another possible explanation for the differences is that

they recorded a much smaller number of responses

(2000). The response may be more stable both physiologi-

cally and technically (less residual noise) when the record-

ings are based on many more responses.

Santarelli et al., (1995) have suggested that the electrical

auditory steady-state response at 40 Hz contains activity

related to some resonant activity in the auditory system in

addition to the superimposed transient responses. Their

main evidence was that the response to the last click in a

train of clicks contained activity that was different from the

response to a single click or to the average response to the

clicks within the train. However, we consider it more likely

that the auditory system generated an offset-response at the

end of the train.

The deconvoluted responses resemble the response

pattern that is commonly known for MAEFs. Latency

ranges of Nam, Pam, Nbm and Pbm were found to be congru-

ent with those that have been reported for transient MAEFs

and MAEPs. Activity in the 40 Hz range at latencies up to

130 ms reported to be characteristic for the transient

gamma-band response was not observed in our data. This

supports the hypothesis that the gamma-band response is

different from the processes responsible for auditory middle

latency and steady-state responses and can only be recorded

at slow stimulation rates (Makeig, 1990; Pantev et al.,

1993).

Franowicz and Barth (1995) showed that the 40 Hz

response in the auditory cortex of the rat is quite distinct

from spontaneous gamma-band activity which ¯uctuated in

its spatio-temporal distribution. They also found that the

steady-state response generated in the auditory cortex

involved a more focal region of the cortex than the normal

transient response. This suggests that the steady-state

response may be generated by only a subset of the neurons

that respond to transients. Our results do not ®t easily with

these ®ndings. The fact that the rats were lightly anaesthe-

tised might have limited the extent of the steady state

response more than the transient response. It is also possible

that focal sources and more widely distributed sources may

have similar effects at some distance from the cortex.

Although we cannot rule out this possibility, we consider

the anaesthesia explanation more likely.

Pantev et al., (1995, 1996) found different tonotopic orga-

nisations for Pam and steady-state ®elds. They assumed that

a steady-state ®eld composed of successive MAEFs should

mainly consist of wave Pam. Using a single dipole analysis,

they concluded that the steady-state ®eld was generated

differently from the transient MAEF (Pantev et al., 1995).

As shown here, however, the steady-state ®eld is composed

of waves Nam, Pam, Nbm and Pbm in an equivalent relation

with at least two contributing sources. It is possible that an

analysis using two sources and a more complex source

waveform might make the tonotopic organisations of the

transient and steady-state MAEFs more homologous, but

this hypothesis will need experimental evaluation. The

question is complex since different regions of the auditory

cortex have mirror-symmetric tonotopic organisations

(Morel et al., 1993; Rauschecker et al., 1995, 1997; Kosaki

et al., 1997).

4.4. Analysis techniques for steady-state responses

This paper shows that deconvolution improves the analy-

sis of auditory steady-state responses. Conventional analysis

of steady-state responses is restricted by ®lter effects of the

averaging procedure and the temporal convolution of

components. The `apparent latency'which can be calculated

by linear regression of the phase delay at different rates of

stimulation has been used to further characterise steady-

state responses (Regan, 1982; Picton, 1987). Yet, Hari et

al. (1989) have shown that this is only a nonspeci®c estimate

and cannot be used to describe the latency of a convoluted

response.

Deconvolution allows to study the particular waveforms

which overlap to the periodic response recorded at steady-

state stimulation. The technique requires stimulation at
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different frequencies and, therefore, the linear approach can

only be successful if the overlapping response remains

stable over the used range of stimulation frequencies.

MAEPs at ISI ranges comparable to our present study

have been reported before by Picton et al., (1992) using

maximum length sequences (MLS). An MLS can be used

to control the order of sensory stimuli in a way that allows to

remove the overlapping responses at fast stimulation. This

technique was ®rst used by Eyshold and Schneider (1982) to

record auditory brainstem responses. Drawbacks of this

method are the wide ISI range employed in averaging

which is assumed to elicit the same response and the depen-

dency of stimulation on a ®xed sequence.

A so-called `Adjar' technique to remove overlapping

responses has been proposed by Woldorff and Hillyard

(Woldorf and Hillyard, 1991; Woldorff, 1993). Based on

the conventional average and the known ISI jitter the effect

of overlapping is estimated and subtracted. This method can

be applied once or in an iterative algorithm. While this

method is ¯exible in not restricting the design of paradigms,

it depends, on the other hand, on an initial average to esti-

mate the effects of overlapping.

The deconvolution technique introduced in this report

might be another interesting tool in further investigations

on early cortical processing. Used with frequency-speci®c

stimuli and electrically obtained data (in addition to the

magnetic data), it could help further our knowledge of the

physiology of the human auditory cortex. Major questions

concern the representation of pitch, spectral and temporal

cues in the primary and secondary areas of the auditory

cortex. Using a non-linear approach for deconvolution

should allow one to look at possible refractory effects of

rapid stimulation. These effects did not show up in our

results but might be important in data obtained at different

stimulation rates and in other modalities.
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