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Magnetoencephalography in the study of cortical
auditory processing

Minna Huotilainen

Abstract

This thesis deals with the auditory system of the human brain. Seven pub-
lications presenting magnetoencephalographic (MEG) results on the func-
tional organization of the auditory cortex and source modelling of MEG
data are presented. The data, displaying brain structures which are organ-
ized according to stimulus features and related to the detection and short-
term memory responses of the auditory system, were mostly gathered using
the Neuromag-122 whole-head magnetometer. New methods to whole-head
MEG data analysis were reported in order to utilize the data obtained with
the magnetometer.

The experimental paradigms in the publications of this thesis dealt with
the tonotopic and ampliotopic organization of the auditory cortex, the pro-
cessing of simple and complex sounds, and auditory memory. The data was
analyzed using dipole models, minimum-norm estimation and signal-space
projection method.

Keywords: auditory system, magnetoencephalography, tonotopy, amp-
liotopy, N1m, mismatch negativity, equivalent current dipole, minimum-
norm estimate, signal space projection method
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1 Introduction

The rapidly developing field
of cognitive neuroscience combines
multiple disciplines such as mathem-
atics, physics, psychology, biology,
chemistry, and medicine. The tech-
nology needed to explore brain activ-
ity is developing rapidly. Mathemat-
ical models are being introduced to
interpret the data, new experimental
paradigms to clarify the brain pro-
cesses in different tasks are being ap-
plied, and theories of brain function
are becoming more and more spe-
cific.

The data of five of the seven
publications included in this thesis
were gathered using the Neuromag-
122 whole-head magnetometer |[3].
The construction of this instrument
was completed in 1992 representing
the most recent advancement in the
measurement of magnetic fields and
making Finland the leading country
of magnetoencephalography (MEG)
instrumentation. The device cov-
ers the head with 122 sensors, thus
allowing whole-head MEG measure-
ments with only one positioning of
the instrument. To develop meth-
ods for data analysis, the goal of this
thesis, is necessary in order to fully
utilize the data obtained with this
device.

The experimental paradigms in
the publications of this thesis dealt
with the tonotopic and ampliotopic
organization of the auditory cortex
and the processing of simple and
complex sounds. The data was ana-
lyzed using dipole models, minimum-
norm estimation and signal-space

projection method. In Publication
I, the stimulus-change detection sys-
tem that is reflected by the mis-
match response (MMNm) for com-
plex sound patterns was found to
be located in or near the audit-
ory cortex. In Publication II, the
source of the MMNm was found to
be tonotopically organized. In Pub-
lication III, plasticity in the adult
human brain was studied by using
the minimum-norm estimate (MNE)
projected onto the surface of the
brain — a new way for MEG data
presentation. In Publication IV, on
the basis of the amplitude changes
of the MMNm it was suggested that,
for a given stimulus frequency, there
exists processing capacity which is
separable from processing of other
stimulus features.

In Publication V, a new data-
analysis method, the signal-space
projection (SSP), was introduced
and its applicability in rejecting
or suppressing blink artefacts from
auditory evoked response data was
demonstrated.

In Publication VI, the evoked
sustained response to tones, the sus-
tained field (SF), was found to have
its source in a tonotopically organ-
ized cortical area, whose tonotopy
resembles that of another, transient
evoked response, the N1m. In Pub-
lication VII, evidence for ampliotopy
in the auditory area producing the
N1m response was found by estimat-
ing source locations for responses to
tones of different amplitudes and by
applying a model of refractoriness to




the source strengths.

In Section 2, after a brief present-
ation of the basic principles of acous-
tics and the functioning of the ear,
the anatomy of the auditory path-
ways, and the organization of the
auditory cortex are reviewed in more
detail. The event-related responses
of the brain are briefly reviewed in
Section 3.

Methodology for studying brain
activity along with some applica-
tions is presented in Section 4, with
the emphasis on three MEG data

analysis methods, the dipole model
(ECD), the minimum-norm estimate
(MNE), and the projection method
(SSP). In Section 5, the three ana-
lysis methods are applied to a set of
data where multiple sources are sim-
ultaneously active, and their relative
merits are discussed.

Thereafter, general conclusions
are presented on the applicability
of the different analysis methods in
analysing MEG data. Finally, the
List of Publications is presented and
each publication is summarized.

2 From vibrations of the air to electric activity pat-

terns in the brain

2.1 Vibrations of the air — acoustics

Sound, a wave of increases and
decreases of air pressure, can result
from mechanical movement of, for
example, a string of a guitar. The
frequency of the sound (subjectively
perceived as pitch) is expressed as
the number of cycles per second, i.e.,
in Hertz (Hz).

The sound amplitude (perceived
as loudness) is the magnitude of
change in the air pressure, typ-
ically expressed in the decibel
scale:  A=20log,o(P/Py), where
Py=20 uN/m?. The reference pres-
sure Fy is required to make a sound
of 1 kHz just audible to the average
healthy listener, and corresponds to

2.2 The human ear

The human ear [78] consists of
the outer, the middle, and the in-

0 dB. The human ear is able to re-
spond to frequencies from 20 Hz to
20 kHz and, without pain, to a 120-
dB range of sound pressures.

The location of a sound source is
estimated by comparing the signals
arriving in the two ears. When the
distances from the sound source to
the ears are different, the two sig-
nals differ in amplitude, onset time,
phase, and frequency spectrum. At
frequencies below 1.5 kHz, the in-
teraural time difference is used as a
cue for estimating the location of the
sound source, whereas interaural in-
tensity difference is used at frequen-
cies higher than 1 kHz.

ner ear (see Fig. 1A). The outer ear
guides the sound waves to the tym-

Figure 1: A) The pinna (P) reflects the sound waves to the tympanic membrane (TM;.
The oscillation moves the bones of the middle ear, malleus, incus, and stapes (M, I, S

’

which relay the sound to the cochlea (C) of the inner ear. B) The three compartments

of cochlea, the scala tympani (ST), the scala vestibuli (SV), and the scala media %SM;,
and the basilar membrane (BM) oscillate and move the stereocilia of the hair cells

HC

b

which in turn send electric pulses to the auditory nerve (AN).

panic membrane, affects sound per-
ception by amplifying frequencies at
about 1 and at about 4 kHz [98], and
makes sound source location estima-
tion easier by adding echoes which
depend on the angle between the
pinna and the incoming sound.

The middle ear is an impedance
transducer: it transmits the vibra-
tion from the air to the fluid-filled in-
ner ear. Without the middle ear, the
vibration would meet a high acous-
tic impedance barrier and most of its
energy would thus be reflected.

The most important contributors
to the impedance matching are the
ossicles, the three small middle-ear
bones (malleus, incus, and stapes).
The stapes is attached to the oval
window, a small opening in the coch-
lea, and mediates the vibration into
the inner ear.

The cochlea (Fig. 1B), a spiral
bone cavity, consists of three liquid-
filled compartments [98], all of which
oscillate in step with the stapes. The
organ of Corti rests on the basilar
membrane. The mechanical move-
ment is transformed into electric
pulse patterns in the hair cells situ-
ated in the organ of Corti. The hair
cells are arranged into three to five
rows of outer and one row of inner
hair cells.

On the apical surface of each
hair cell there is a bundle of ste-
reocilia containing actin, which has
been proposed to be a key factor
in the active change of stiffness of
the stereocilia [79]. The bundles
are displaced when the tectorial and
basilar membranes move with re-
spect to each other. The displace-
ment opens ion channels mechanic-




ally [8, 14], current flows into the hair
cell, and the cell is depolarized.

Connected to each outer hair cell,
there are two to six terminals of af-
ferent nerve fibers [62], each syn-
apsing with only one hair cell. There
are also efferent endings synapsing
on the afferent terminals and dir-
ectly on the outer hair cell. Connec-
ted to each inner hair cell, there are
six to eight afferent nerve fibers [63],
each fiber synapsing with several in-
ner hair cells. There are also efferent
fibers making contact with the affer-
ent terminals.

The depolarization of the hair
cell causes neurotransmitter release
at the base of the cell. The transmit-
ter excites the afferent neurons con-
nected to the cell and initiates action
potentials in the ascending neurons
of the auditory nerve. Approxim-
ately half of the fibers of the audit-
ory nerve are ascending and the rest
descending [2].

In the cochlea, information on
the sound signal, i.e., its amplitude,
frequency spectrum, and phase re-
lationships, is transformed into a
partly digital representation; there
is no quantization in the timing of
the nerve impulses, but the quantum
of the response size is one action
potential. The axons of the audit-
ory nerve have a characteristic re-
sponse pattern to sound stimulation:
The probability of the cells to fire
is greatest at the beginning of the
sound. During the sound, the prob-
ability is greatest at the rising edge

of the sound signal. After the end
of the sound, the firing probability
drops briefly under spontaneous fir-
ing level.

When a sound enters the ear,
it results in a traveling wave that
progresses along the length of the
cochlea, starting at the oval window
[17]. The basilar membrane and the
hair cells are mechanically tuned in
a tonotopical arrangement: along the
basilar membrane, the location of
each cell is in an approximately log-
arithmic relation to the frequency it
is tuned to. Thus, each octave maps
onto an area which is about 3 mm
long on the basilar membrane. High-
frequency sounds cause a standing
wave peaking at the base, near the
oval window, whereas low-frequency
sounds cause strongest oscillations
near the apex.

At the base of the cochlea the
basilar membrane is narrow and stiff,
and the outer hair cells and their ste-
reocilia are short and rigid. At the
apex the basilar membrane is more
flexible, and the hair cells and their
stereocilia are more than twice as
long as and more flexible than those
at the base.

The amplitude of the sound sig-
nal affects the response pattern of
the hair cells in two ways: The cells
fire more actively during louder than
during softer sounds. Also, a broader
region of cells around the charac-
teristic frequency fire during louder
than during softer sounds.

10

Figure 2: A) The auditory pathways from the ears to the auditory cortices are presen-
ted with green. After the cochlear nucleus (CN) in the ipsilateral side, the main pathway
crosses to the contralateral side to the inferior colliculus (IC), medial geniculate body
(MGB) of the thalamus, and the auditory cortex (AC). B) The human brain is seen
from the left. The central nervous system consists the spinal cord® (SC), the medulla
(M), the pons (P), the cerebellum (CB), the midbrain (MB), the diencephalon (DE),
and the cerebral hemispheres (H).

2.3 From the ear to the brain

The auditory pathways are
presented in Fig. 2A. The ipsilat-
eral cochlear nucleus is the first nuc-
leus of the auditory pathway. It
has three divisions, anteroventral,
posteroventral, and dorsal, all of
which are tonotopically organized
[51]. Most of the response patterns
of the cells in the cochlear nucleus
are similar to those in the cochlear
nerve, but sustained responses and
responses to onsets and offsets of
sound are also found [2|. This indic-
ates that, in addition to the features
already presented in the auditory
nerve, new features of the sound, re-

lated mainly to sound duration, are
derived in the cochlear nucleus [68]
before feeding the patterns forward.

From the ipsilateral cochlear nuc-
leus, the main auditory pathway
projects to the contralateral super-
ior olivary complex (SOC), which
is the first nucleus of binaural in-
tegration, receiving input from both
cochlear nuclei. The main parts of
SOC are the medial SOC, sensit-
ive to interaural time differences of
low-frequency sounds, and the lat-
eral SOC, sensitive to interaural in-
tensity differences of high-frequency
sounds.  This suggests that the
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SOC processes mainly the location
of the stimulus [23]. Fibers from
both SOCs and both cochlear nuc-
lei enter the nucleus of lateral lem-
niscus, which in turn projects to the
inferior colliculus.

The medial geniculate body
(MGB) of the thalamus receives in-
put from the inferior colliculus and
projects to the primary and second-
ary auditory cortices. The thalamus

might be a gating mechanism of
information entering the cortex; it
might be involved in the mainten-
ance of consciousness (for a review
on thalamocortical interaction, see
Nunez [67]). In the MGB, there
is a tonotopically organized ventral
nucleus and two non-tonotopically
organized divisions receiving also
risiml and somatosensory inputs
98].

2.4 The human auditory cortex

The auditory cortex in each
hemisphere (see Fig. 2A) is located
on the upper surface of the temporal
lobe, in the Heschl’s gyrus in the
Sylvian fissure [77]. The human aud-
itory cortex consists of primary aud-
itory cortex (Al) surrounded by sec-
ondary auditory areas (AII) [98]. -

The AT and at least some of the
AIl areas are tonotopically organ-
ized, containing several maps of the
audible frequency spectrum. These
organizations have been observed in
cortical recordings [12, 39], by elec-
troencephalography (EEG) [10, 96],
by MEG [19, 72, 85, 104], and
by positron emission tomography
(PET) [48].

In monkeys, single cells in aud-
itory cortex display a variety of
frequency tuning curves including
sharp, broad, and multiple-minima
tuning. The characteristic frequen-
cies of the cells with sharp frequency-
tuning curves cover the whole range
of audible frequencies.

Ampliotopy of the human aud-
itory cortex has been suggested on

the basis of MEG recordings [71].
In monkeys, intensity-tuning curves
with their best intensities covering
the range of 15 to 95 dB have been
reported [11], suggesting cortical or-
ganization according to stimulus in-
tensity. The left and right tem-
poral cortices are highly asymmetric
(20, 99]. With respect to bony land-
marks, the responses to tones are loc-
ated significantly higher and tend to
be more posterior over the left hemi-
sphere [84].

This is also reflected as a func-
tional difference between the hemi-
spheres. Almost all right-handed
people have their speech functions
lateralized to the left hemisphere and
perform better in verbal auditory
tasks when the task is presented to
the right ear [40].

The primary auditory cortex pro-
Jects to several association regions.
Broca’s area is located in the frontal
lobe usually in the left hemisphere
and is involved in the production of
speech. Wernicke’s area is located in
the temporal lobe posterior to the
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auditory cortex usually in the left
hemisphere and it is involved in the
processing of complex auditory in-
formation such as phonemes.

The left and right auditory cor-
tices are interconnected through the

corpus callosum; transfer times vary
between 3 and 30 ms [52]. The
connections originate typically at
the homologous loci from the other
hemisphere.

3 Event-related correlates of brain activation

The functioning of the human
brain can be studied noninvasively
using EEG and MEG |31, 34]. When
nerve cells are active, small currents
flow in the tissue producing weak
magnetic fields measurable outside
the head and changes of electric po-
tential on the surface of the head.
The transmembrane currents of a
large group of synchronously activ-
ated cortical pyramidal cells are the
major contributor to the surface-
recorded electric potentials and mag-
netic fields [15, 25, 66, 46]).

Because of the almost spherical
symmetry of the head, most of the
MEG signal is produced by the tan-
gential component of the cortical
currents, while both radial and tan-
gential components contribute to the
EEG signal. In addition, MEG is
less sensitive to currents deep in the
brain than EEG. Because of these
differences, a simultaneous EEG and
MEG measurement can be shown to
give more information than the use
of the same number of EEG or MEG
channels alone.

EEG and MEG differ fundament-
ally from metabolic brain imaging

methods such as positron emission
tomography (PET) and functional
magnetic resonance imaging (fMRI):
by measuring electric potentials and
magnetic fields caused by the active
neurons themselves, it is possible to
study the information processing in
the brain on a millisecond scale.

Event-related potentials, ERPs,
and event-related magnetic fields,
ERFs, are averages of continuous
EEG and MEG signal time-locked to
an event, for example the presenta-
tion of a stimulus. Depending on the
response size and the noise level, the
stimulus or task is repeated typically
50-500 times and the epochs of EEG
and MEG are averaged in order to
extract the ERP and ERF from the
background EEG and MEG activity
and noise.

Auditory event-related responses
(see Fig. 3 for an example) consist
of short-latency (0-10 ms), middle-
latency (10-50 ms), and long-latency
(50-500 ms) responses, most prom-
inent of which are the P50(m), the
N1(m), and the P2(m), * peak-
ing on the average at 50, 100, and
200 ms after the stimulus onset, re-

“Here, P50, N1, P2, and SP are electric responses, P50m, N1m, P2m, and SF their
magnetic counterparts, and P50(m), N1(m), and P2(m) refer to both electric and mag-

netic responses.
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Figure 3: ERFs of SK, a blind subject from Publication III. Responses to the standard
(thin line) and deviant (thick line) tones in the temporal (left and right) and occipital
(middle columns) channels. In the passive condition (upper row), the subject was read-
ing Braille and ignoring the tones. In the active condition (lower row), the subject was
counting the deviant tones. The P50m, the N1m, and the P2m peaks are shown with

arrows. The area corresponding to the MMNm response is shaded.

spectively. In addition, the sus-
tained potential/field (SP/SF) lasts
throughout the duration of the stim-
ulus.

Event-related responses can be
used to study noninvasively inform-
ation processing in the brain [54,

3.1 The P50(m) response

The generators of the P50(m)
(sometimes termed P1) have been
found by intracranial [49] and MEG
[32, 50, 100] recordings to be in the
supratemporal cortex. Patients with

56, 80]. With different experimental
setups, cognitive neuroscientists try
to localize their generator mechan-
isms in the brain and to reveal the
relation of these deflections to differ-
ent stages of information processing.

extensive bilateral lesions of the su-
perior temporal cortices, however,
have been shown to have intact P50
responses [103|, suggesting subcor-
tical subgenerators of P50(m).

3.2 The auditory N1(m) and P2(m) responses

The NI1(m) reflects activity
of several cerebral sources [56].
Auditory-cortex generators were first
suggested on the basis of EEG
[94] and confirmed by MEG re-
cordings [28]. Further, with long

inter-stimulus intervals, a sensory-
modality non-specific component
may contribute to the NI1(m) re-
sponse [30, 56]. Finally, evidence
of a frontal N1(m) component has
been presented [21].
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It has been found that in cases
when the N1(m) response has been
elicited, the stimulus has typically
also been consciously detected by the
subject, i.e., the elicitation of the
N1(m) has been linked to a sensory

3.3 The mismatch response

After an occasional deviant tone
is presented among a series of
identical auditory stimuli, the mis-
match response, MMN(m), can be
observed [53]. An example of this re-
sponse is presented in Fig. 3, shaded
area. This response begins during
the N1(m) but peaks later, typic-
ally 100-200 ms after stimulus on-
set. MMN(m) is most easily seen
by subtracting the response to the
standards from that to the deviants.
The use of the subtraction method
is based on the assumption that the
basic responses to the standards and
the deviants are otherwise the same
in this condition. When this assump-
tion is not fullfilled, other techniques
can be used [81, 82]. MMN(m) can
be recorded even in the absence of
attention [55], although strongly fo-
cused attention may affect the size of
the response [55, 92, 101, 102].

Several locations of origin have
been suggested for the MMN(m) [4].
The most prominent component of
MMN(m) is located in or near the
auditory cortex [5, 26, 29], and it has
been suggested to reflect attention-
independent change-detection [60].
The frontal MMN(m) component [7,
22, 89] might reflect the brain mech-
anisms aiming at an involuntary at-

event, detection [73].

The P2(m) seems to have a non-
specific source [95] and an auditory-
cortex component [32]. The cognit-
ive functions it reflects are not yet
understood.

tention switch to sound change [59].

According to a view first presen-
ted by Néiitinen [57], the neural
mechanisms reflected by MMN(m)
might be those underlying the hu-
man auditory sensory memory. Ac-
cording to this view, the features of
the repetitive stimulus are stored in
an auditory memory trace and the
features of the new sensory input
are automatically compared with the
trace. When the features of the de-
viant do not match with the memory
trace of the standard, the MMN(m)
is elicited. The temporal charac-
teristics of the trace are similar to
those reported for the auditory sens-
ory memory, termed echoic memory
[64].

Since MMN(m) is observed even
in the absence of attention or any
task to the subject, it is possible
to measure this response also in pa-
tients who are unable to respond in
a typical memory test, and thus sev-
eral clinical applications of general
evaluation of cortical function are
being investigated.

With the MMN(m), one can ob-
jectively measure the representation
accuracy of the sensory memory. For
example, in the evaluation of coch-
lear implants, MMN(m) makes it

15




possible to study not only whether a
sound is perceived but also whether
it is discriminable from another
sound [45, 82]. Central hearing dis-
orders of newborns have also been
explored using MMN(m) (6, 13]. As
an index of central deficit in aud-

itory memory, MMN(m) has been
used in studies of Alzheimer’s dis-
ease patients [75, 76]. The use of the
MMN in the prognosis of the state of
comatose patients has shown prom-
ising results [42].

3.4 Responses reflecting active stimulus discrimination

When the subject is paying at-
tention to the stimuli (e.g. giving a
response to each deviant or counting
the number of deviants), a complex
of multiple responses is elicited as a
response to the target stimuli. The
most prominent peaks in this com-
plex are the N2 and P3 responses.
The N2b [58, 60, 86], which forms
the N2 together with MMN(m), is
apparently related to active stimu-
lus monitoring and reflects discrim-
ination and/or decision-making pro-

cesses.

The P3 deflection [90] has been
proposed to reflect various processes
related to decision-making, memory,
and/or orienting [18, 83]. The P3 de-
flection does probably not reflect the
activity of a single localized cereb-
ral event since multiple generators
have been observed at the P3 latency
[9, 26]. Deep or radial sources seem
to contribute to the P3 deflection
since no reports of a magnetic P3m
have been published.

4 Methods for analysing electromagnetic brain re-

sponses

The MEG measurements for this
thesis were performed using the 24-
channel magnetometer of the Low
Temperature Laboratory, Helsinki
University of Technology and the
122-channel Neuromag magnetomet-
ers of the Low Temperature Labor-
atory and the BioMag Laboratory,
Helsinki University Central Hospital.
The measurements were performed
in]magnetically shielded rooms [44,
70].

The Neuromag-122 magneto-
meter covers the whole scalp, thus
allowing one to measure brain activ-

ity from both hemispheres and all
lobes simultaneously. This is an es-
sential improvement in MEG techno-
logy — in previous instruments, a set
of 24-37 channels had to be placed
successively on different areas of the
head surface in order to cover a lar-
ger area for more accurate source
localization.

Superconducting quantum inter-
ference devices (SQUIDs) are used to
detect small changes in the magnetic
field. The external flux is applied
to the SQUID via the input coil at-
tached to a flux transformer placed
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as near to the brain as possible. The
pickup coils in the Neuromag mag-
netometer are first-order planar gra-

diometers [61], which are sensitive
to tangential derivatives of the mag-
netic field.

4.1 Interpreting electric potentials and magnetic fields

The current density J(r) can be
thought of consisting of the volume
current J¥(r), which is passive cur-
rent as the result of electric field
in the tissue, and of the primary
current JP(r). To determine the
primary current JP(r) in the brain on
the basis of the electric potential and
the magnetic field measured outside
the brain is called the bioelectromag-
netic inverse problem. In order to
obtain a unique solution to the in-
verse problem, a model of the con-
ductive volume and the source are
needed.

It can be safely assumed that
primary currents arise only in brain
tissue. The brain can be modelled
with a sphere whose surface fits as
closely as possible to the local in-
terior skull surface [37]. In all stud-
ies included in this thesis, a spherical
volume-conductor model was used.
For more accurate results, three-
dimensional mesh reconstructions of
the brain and head surfaces are in-
creasingly being applied [16, 105].

Anatomical data from computer-
ized tomography, CT, or magnetic
resonance imaging, MRI [69], are im-
portant in functional imaging; when
the functional information is super-
imposed on the anatomical image,
the location of the source can be
compared to the structural details of
the brain {33]. Anatomical images

are also needed in accurate EEG and
MEG source modeling: the sphere
best fitting the local interior skull
surface or 3-dimensional mesh ren-
dering of the surfaces for modeling
the conductive materials [38] can be
constructed on the basis of the ana-
tomical images.

In selecting a source model,
however, several things should be
considered. All possible a priori in-
formation on the characteristics of
the source should be taken into ac-
count in the choice of the model.
If small source areas are expected,
as in the case of the earliest soma-
tosensory responses [69], non-linear
dipolar models can be applied. If
the sources are more wide-spread,
as in Publication III, linear methods
like minimum-norm estimates or lat-
tices of dipoles are more appropriate
to depict the spatio-temporal beha-
viour of the currents. When only the
temporal behaviour of sources char-
acterized by known field patterns are
needed, linear projection methods
can be used without modeling the
current distribution or the volume
conductor.

In addition to the MEG data
analysis methods developed in this
thesis, several modifications of old
techniques and a few novel meth-
ods have been developed. PET
and fMRI data are increasingly used
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as constraints to the electromag-
netic source models. Low resolution
brain electromagnetic tomography,
LORETA [74], is a new, still con-
troversial technique for solving the
inverse problem without assuming
restricted sources. Spatiotemporal
MNLS inverse [97] and FOCUSS [24]
are other new methods to estim-

4.2 Minimum-norm estimate

The minimum-norm estimate
(MNE) [34, 35, 36, 41, 87| is a con-
tinuous estimate of the primary cur-
rent JP(r) in the brain confined to a
specified volume.

A vector field L;(r) describing
the spatial sensitivity of a detector
to primary currents can be defined
as

B; = / Lir)-P(r)dv, (1)

where B; is the output of the ith de-
tector. The MNE, an estimate J* of
the primary current JP, is a linear
combination of the lead fields of the
detectors,

n
J* = ZwiLi, (2)
1=1

where w; are scalars determined by
the signals of the detectors in each
measurement.

We assume that the estimate J*
reproduces the measured field values

b = /G Li(r) - 3*(1)dG, (3)

ate a continuous current distribu-
tion. Brain electromagnetic source
analysis, BESA [88], and current re-
construction and imaging framework
CURRY (1] offer, in addition to min-
imizing variance, also other criteria
for restricted source (dipole) fitting
and a multitude of linear data visu-
alization and analysis techniques.

where G is the volume into which
the estimate is confined to. Combin-
ing (3) and (4) we get a set of linear
equations

b =IIw, 4)

where b = (b1,...,0,)T, w =
(wy, ...,w,)T, and IT is a matrix con-
taining the inner products of the lead
fields.

The use of the MNE requires only
the assumption of a current region G.
It is the current distribution with the
smallest norm

1372 = /G PEOPIG  (5)

that is capable of explaining the
measured signals.

The MNE is the best estimate of
the primary current in cases when
the a priori information of the distri-
bution of the primary current is lim-
ited to knowledge about the source
volume. In a simple case, the sur-
face of a sphere is used, but in more
sophisticated examples one can use
a reconstruction of the cortical fold-
ings of the brain or areas found to be
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Figure 4: Right-hemisphere responses of SK, a blind subject from Publication III, to
deviant tones in an active discrimination condition are shown in 50-ms steps, with frontal
areas to the right. Upper row: The MNE is depicted with arrows. Notice the strong
temporal and occipital activity circled with dotted and dashed lines, respectively. Middle
row: Magnetic field isocontour maps showing the magnetic field entering (blue) and com-
ing out of the head (red). Lower row: Magnetic field gradient isocontour maps showing
the strongest gradient above the source with dark green.

Temporal
MaXurim

Figure 5: Temporal (left) and occipital (right) maxima were chosen for the MNE of
the primary current distribution. The values of the primary current are presented with
colour scaling projected onto a three-dimensional triangular mesh of the subject’s brain
surface on top of a rendering of the cortical surface. Figure from Publication III.
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active with methods measuring brain
metabolism.

Examples of the MNEs calcu-
lated on the surface of a sphere
are presented in Fig. 4 (upper row).
Samples of the continuous MNE are
presented with arrows, whose direc-
tion and size correspond to the dir-
ection and strength of the estimated
primary current.

The MNE is an unstable es-
timate without regularization [87]
which is a technique suppressing
those components of the estimate
that are not detected strongly by the
sensors. This can be done by ignor-
ing the noise-dominated components
of the estimate or, more optimally,
by weighting the components for ex-
ample according to their signal-to-
noise ratios [65].

Minimum-norm estimation was
related to brain anatomy in Publica-
tion IIl in a new way; the MNE was
computed on a spherical surface and

projected onto a three-dimensional
mesh of the cortical surface. For
visualization, the continuous MNE
is typically sampled and the cur-
rent direction and strength of each
sample is presented with an arrow,
see Fig. 4. We chose to present the
results in the form of a color-coded
map, see Fig. 5, thus presenting only
the strength information without the
direction information. Calculating
the MNE on the mesh reconstruction
would increase accuracy of the res-
ult, since the choice of the volume G
affects the results.

Prior to dipole fitting in Publica-
tions I, IT, IV, VI, and VII, the MNE
was used for visual inspection of the
data. The MNE was computed on a
spherical surface fitting closely to the
local cortical curvature. The MNE
was used to confirm that the number
of dipoles corresponded to the num-
ber of current maxima in the estim-
ate.

4.3 Single- and multiple-dipole models

In order to justify the use of a
current dipole as a source model] one
must assume that the activity is gen-
erated by a current in a small source
area containing a dipolar term so
that its magnetic field can be closely
approximated by that of a point-like
current dipole. Radial sources do
not generate a magnetic field outside
a spherically symmetric conductor,
and thus only tangential dipoles are
used with the spherical model for
MEG data interpretation. A tan-
gential dipole has five parameters:

three for the location, one for the dir-
ection, and one for the strength of
the current flow. These parameters
can be determined numerically by a
least-squares fit.

The parameters for a small num-
ber of dipoles can be fitted by se-
lecting, separately for each source,
first, the temporal range where
it is most active compared with
other sources, and second, the chan-
nel combination which shows the
double-lobed dipolar field pattern
elicited by this source simultaneously
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trying to avoid contamination from
other sources. Using these as initial
values, an iterative fit of the loca-
tions, orientations, and/or strengths
can be performed taking into ac-
count data from all channels and all
time points during the active periods
of the sources.

If the activity of several sources
overlaps in time, the accuracy to loc-
ate sources increases with increas-
ing spatial separation. If many
sources are active close to each
other and also in temporal syn-
chrony, dipole modelling is not suffi-
cient for separating or even locating
the sources. Also, if the number of
data-explaining dipoles differs from
the number of actual sources, the di-
pole locations may be incorrect.

The goodness-of-fit value, g, is a
measure of how similar the field pat-
tern caused by the equivalent current
dipole and the measured field pat-
tern are [43]. This is given by

g=1- (i bz?)_ zn:(bi—éi)Qy (6)
=1

=1

where b; are the experimental data,

n is the number of channels, and b;
are the field values calculated using
the equivalent current dipole.

In practice, more than 20 chan-
nels are needed for a non-biased di-
pole location estimation, and the fit
can be considered to justify the use
of a dipole when the goodness-of-fit
is over 70%. Increasing the number
of channels reduces the goodness-of-
fit value since more data will simul-
taneously introduce more noise.

In Publications I, II, IV, VI, and
VII, the dipole model was used as
a source model. In Publication I,
the dipole model explained 69-99%
of the field variance at 24 channels.
The source strengths varied from 8
to 23 nAm (average of 9 subjects).
With only 24 channels, one-dipole
fitting was in practice the only pos-
sibility for point-like source localiza-
tion.

In Publication II, the magnetic
field was measured with the 24-
channel magnetometer from two
overlapping locations. This in-
creased the accuracy to locate
sources by revealing the field dis-
tribution from a wider area, and
revealed the subtle tonotopical
changes in the current direction.

In Publication IV the magnetic
field was measured with 122 chan-
nels over the head; dipole modelling
was used to locate the sources. More
than 200 epochs of MEG were av-
eraged for all stimulus classes and
the dipole model explained more
than 85% of the field variance at 44
channels centered around the aud-
itory cortex. Since the head pos-
ition in the two conditions or the
estimated source locations for the
responses to the frequency change
did not differ significantly, the meas-
ured field gradient values from the
channel showing the largest response
were used as estimates of the source
strengths in addition to the dipole
moments. In this case, these two
analysis methods produced relatively
similar results; 33 and 49% reduction
in source strength.

In Publication VI, as in Public-
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ation II, the source current direc-
tion was a more robust indicator of
tonotopy than the source location es-
timated with a current dipole. In
Publication VII, a systematic ampli-
otopic change was observed in source
locations when estimated with cur-
rent dipoles. The stimulus presenta-
tion rate was high in order to maxim-
ize the interaction between different

stimulus intensities. This, however,
yielded small responses, low signal-
to-noise ratios, and low goodness-of-
fit values. For this reason, a model
of cortical refractoriness was formu-
lated and the ampliotopy was suc-
cessfully confirmed with both mag-
netic field gradient values and dipole
moments.

4.4 The signal-space projection method

In studies of the temporal beha-
vior of neuronal sources, the signal-
space projection method, SSP [91,
93], is applicable in the analysis of
both spontaneous and evoked MEG
and EEG data elicited by both spa-
tially distributed and well-localized
neuronal sources.

The measured signals can be rep-
resented as a time-dependent vec-
tor M(¢) in an n-dimensional sig-
nal space, where n is the number of
channels of the measurement device;
each component of M(¢) correspond
to one channel in the measurement.
Each EEG and MEG channel meas-
ures a weighted sum of activity of
the sources in the brain. Thus,
vectors in the m-dimensional signal
space correspond to source configur-
ations, i.e., to the time-independent
location and direction information of
the sources in the brain.

The SSP method can be used
for identifying N sub-populations of
sources with time-independent spa-
tial distributions, which are determ-
ined as vectors in the signal space.
When the strengths of these sources

vary in time, the amplitudes of the
signal vectors vary proportionately.

The signal vector M(¢) can be ex-
pressed as

M(t) = 3 ai(t)si + ), (7)

=1

where vectors s; are unit vectors
characterizing the sources and can
be referred to as components of the
signal in the signal space. The
coefficients a;(t) describe the tem-
poral behavior of the sources; n(¢)
is noise from other, simultaneous
brain activity and from extracerebral
sources. For each source %, the cor-
responding source vector s; defines
the shape of the field pattern pro-
duced by this source; each compon-
ent of s; indicating the signal val-
ues measured by the different sensor
channels.

If the temporal behavior of the
sources contributing to the measured
data is to be studied, the vectors s;
can be determined as field patterns
of interest e.g. at peak latencies of
evoked responses, assuming that the
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field pattern remains the same over
time. On the other hand, if activ-
ity in given brain areas is of interest,
vectors s; can be obtained by calcu-
lating the field pattern generated by
sources in the regions of interest. In
practice, when determining the vec-
tors s; from the measured data, it is
useful to restrict the set of channels
to those in which the signal exceeds
the noise level [91].

After determining the vectors s;,
the N-dimensional vector a(t) =
[a1(t),a2(t), ...,an ®)]T  describing
the temporal behavior of the sources
is to be determined. Equation (7)
can be written as follows:

M(t) = Sa(t) +n(t), (8

where the source matrix S =
(s1,82,...,8n) is independent of time.
If the expectation value E{n(t)} =
0, an unbiased estimate for a(t) is

a(t) = STM(), (9)

where St = [STS]1ST is the pseu-
doinverse of S. For each source vec-
tor corresponding to the sources se-
lected, this estimate describes the
source waveforms as a function of
time (for an example, see Fig. 7).
In contrast to dipole modeling, the
signal-space projection method gives
an estimate of the source strength
also when the source is weak. With
weak sources, the dipole model typ-
ically fails to explain the measured
data successfully giving no useful es-
timate of the source strength.

A component of the signal space
can be projected out of the data
in order to reveal other sources.

The projected-out signal space is or-
thogonal to the source or set of
sources. This allows investigation
of data without the contribution of
the projected-out source, and thus
may make dipole modelling or other
source estimation possible in some
cases. Evidently, the projection op-
eration must be taken into account in
modelling calculations when source
modelling is performed on data left
after the projection. Unfortunately,
data misinterpretation is evident if
the projected-out source is picked
with distortion or is not stable over
time.

In Publication V, SSP was used
to reject epochs containing eye-blink
artefacts. The magnetic field pat-
tern at the peak of the average of
a few eye blinks was selected as a
representative of an eye-blink source
vector. When during an epoch the
angle between the measured signal
vector and the eye-blink vector was
below a rejection criterion, the epoch
was rejected from the ERF average.
The rejection according to SSP was
in good agreement with rejection ac-
cording to traditional methods using
EOG rejection.

The use of SSP in correcting data
containing eye-blink artefacts was
also demonstrated in Publication V.
The auditory ERF was revealed after
eye-blink suppression with SSP. This
method saves even more time than
eye-blink rejection with SSP, because
almost all epochs can be used in
the average. After the suppression,
however, sources with similar field
distributions to an eye-blink artefact
can not be studied.
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5 Comparative source analysis

In this Section, examples of the
use of the MNE, multidipole models,
and the SSP in analyzing brain ac-
tivation data are presented and these

analysis methods are compared with
each other. The data used are from
Subject SK in Publication III.

5.1 Minimum-norm estimation

In Publication III, auditory
event-related MEG data from blind
and sighted subjects were presen-
ted. Plasticity of the human brain,
i.e., the ability of the brain to reor-
ganize and adapt to changing con-
ditions, was studied by presenting
standard and deviant tones in the
passive (subjects were reading) and
active (subjects were counting the
deviant stimuli) conditions. In the
active condition, in the blind sub-
jects, prominent activity was ob-
served in the parieto-occipital areas
of the brain. The responses were
analyzed using unweighted MNEs
calculated on the surface of a sphere
which was fitted as closely as pos-
sible to the subject’s brain in tem-
poral, parietal, and occipital areas.
The result was then projected onto
a triangular mesh reconstruction of
the brain surface, see Fig. 5.

The MNE was derived from the
deviant response at the latencies of
the maximum activity in the tem-
poral and occipital sensors, 140 and
330 ms, respectively, for this sub-
ject. Because of limited space in the
journal, the relation of these data
to the known peaks of the audit-
ory evoked response, the P50m, the
N1m, the MMNm, the N2b, and the

P3, was not discussed in Publication
ITI. These peaks can be recognized
by studying their temporal behavior
and location of origin.

In the passive condition, the
P50m, the N1m, the P2m, and the
MMNm evoked responses are ex-
pected during the time period 30-
200 ms (see Fig. 3). In the act-
ive condition, the P50m, Nim, and
MMNm responses were also present
as in the reading condition. System-
atic attentional modulation [27, 53]
was not observed in this subject. Ad-
ditional deflections, however, were
observed over the parieto-occipital
areas.

By calculating the MNE in steps
of 10 ms and inspecting the es-
timated current distribution in the
occipital areas, it was possible to
study the strength, direction, and
temporal behavior of the additional
sources. The MNEs of the response
to the deviants in the active condi-
tion are presented in steps of 50 ms
in Fig. 4, showing parieto-occipital
activity starting already at 150 ms
after the stimulus onset. In this
early phase, the direction of the cur-
rent was from right occipital areas
towards left parietal areas. The
strength of the activity was approx-
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imately the same as in the auditory
cortex provided that the depths of
the two sources were the same.

There is a reduction of amplitude
in the MNE at the parieto-occipital
area at about 200 ms. After this, a
strong signal from a parieto-occipital
location appears, lasting from 250 to
450 ms. The direction of this current
is from the occipital areas towards
the parietal regions, also mainly from
right to left.

To conclude, according to MNE,
parieto-occipital areas were activ-

5.2 Dipole modelling

The magnetic field and gradient
maps of the deviant response of Sub-
ject SK in the active condition are
displayed in Fig. 4 in steps of 50
ms for demonstration purposes. The
gradient maps show some contribu-
tion from the parieto-occipital cortex
as early as 100 and 150 ms after stim-
ulus onset. At latencies from 200 to
400 ms, a strong, clearly nondipolar
field distribution can be observed in
the occipital areas.

In the auditory areas, a dipolar
(double-lobed) field distribution can
be observed at the latencies of the
P50m and the N1m in the responses
to the standard tone and at the
latency of the MMNm in the subtrac-
tion curve (the mapping was done in
10 ms steps). To model the sources
of these responses, a current dipole
was fitted by selecting 44 channels
centered around the auditory cor-
tex. This number of channels is large
enough to get an unbiased estimate

ated in this blind subject, when
a deviant (target) stimulus was
presented in the active condition.
There seem to be two sources
of attention-related activity in the
parieto-occipital areas. The sources
are separated by their time behaviors
and by their slightly different orient-
ations. There seems to be a minor
difference also in the location of the
source; the later component seems
to be located closer to the parietal
areas.

of the source location, while contain-
ing no contribution from the other
source area in the opposite hemi-
sphere.

A sphere, fitting as close as pos-
sible to the temporal, parietal, and
occipital cortical surfaces of this sub-
ject, was used as the volume model.
The dipoles in the auditory cortices
were able to explain 82-95% of the
variance of the measured data above
the auditory cortex (see Table) in
the passive condition and 79-95% in
the active condition (Fig. 6). During
the MMNm, a contribution from the
parieto-occipital sources presumably
reduced the goodness-of-fit value.
The occipital and parietal activity
in the active condition was left un-
explained by the auditory-cortex di-
poles.

An attempt was made to explain
the parieto-occipital activity with a
single current dipole. Since the
source does not seem to be localized,
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[ Results of dipole modelling |

[ Source name Passive condition | Active condition |

and location peak [ms]| | g [%] | peak [ms| [ g [%] |
P50m right temporal 47 89 46 89
P50m left temporal 49 89 47 89
Nlm right temporal 109 94 98 94
Nlm left temporal 98 95 102 95
P2m right temporal 212 84 216 84
P2m left temporal 208 87 212 87
MMNm | right temporal 142 85 132 79
MMNm left temporal 149 82 139 83
N2b parieto-occipital 180 47
P3 parieto-occipital 300 38

Table 1: Results of dipole modelling show that sources in the right and left temporal
cortices explain 79-95% of the measured data over the temporal cortices. The sources in
the occipital cortex, however, explain less than 50% of the data, which can be considered

as an indicator of a more widespread source area.

it is not surprising that the model
failed to explain the measured data
seen in the parieto-occipital channels
(Fig. 6). This attempt resulted in a
very deep source location and unsat-
isfactorily large variance.

To conclude, with dipole mod-
elling it was possible to estimate

5.3 Signal-space projection

In the responses to the deviants,
the strength of the right and left
temporal-cortex sources peaked at
129 and 120 ms, respectively, after
the stimulus onset. The field pat-
terns at these latencies were picked
as source vectors s, and s; to charac-
terize temporal-cortex activity. The
field pattern for the signal vectors

the location and orientation of the
sources in the auditory cortices dur-
ing the peaks of the responses. The
location, strength, and temporal be-
havior of the occipital and parietal
sources, however, could not be estim-
ated using dipole modelling.

was chosen at 64 channels over the
right and left hemispheres. The con-
tribution of these sources was projec-
ted out of the data measured in the
active condition.

The parieto-occipital sensor
showed a strong response peaking
as early as 180 ms after stimulus on-
set, suggesting a possible contribu-
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Figure 6: Original measured responses to deviant tones (thin line) and dipole explana-
tion (thick line) for one dipole in each auditory cortex in the passive (upper) and active
(middle row) condition. The last row shows the case for a three-dipole fit including an
additional occipital dipole in the active condition.

Temporal Occipital Occipital Temporal
- /\ ~7 1 _A/\ /‘/f ~ /\ 1 /\/\ /#/
v v % ~ —~— v

T T T T r T T T

0 200 400 ms

Figure 7: Temporal behavior of the temporal (left and right) and occipital sources
(middle columns) in the active condition was found by choosing projection operators
from the left and right temporal cortex and the two occipital cortex maxima.
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tion from the N2b component. This
hypothesis is also supported by pre-
vious EEG findings of evoked re-
sponses from blind subjects in active
discrimination conditions [47]. The
field pattern at 180 ms was picked
as source vector s,; using 56 parieto-
occipital channels and projected out
of the data.

After the projection, another
parieto-occipital response remained
in the data peaking at about 260 ms

after stimulus onset. The field pat-
tern was picked as source vector S,
using 56 parieto-occipital channels.
After projecting out the activ-
ity characterized by these four source
vectors, only noise was left in the
remaining data. To conclude, ac-
cording to SSP, the parieto-occipital
responses, although widespread, are
characterized by two stable field dis-
tributions over time, peaking at 180
and 260 ms after stimulus onset.

5.4 Comparison of source-analysis methods

The stepwise MNE (Fig. 5)
presents the whole temporal pattern
of the primary current. This is the
most straightforward way of examin-
ing the data because no assumptions
are made about the number or loc-
ation of sources. Accuracy is in-
creased if the MNE is calculated on
a three-dimensional mesh rendering
of the cortical surface. Even when
calculated on a spherical surface, the
MNE used in conjunction with a
three-dimensional reconstruction of
the brain surface can provide inform-
ation on the approximate location
and temporal behavior of sources.
This method can also be used as a
starting point of data analysis — the
number and type of sources can be
estimated before moving into more
localized source models.

Dipole modelling gives a highly
accurate source location when point-
like sources are far away from each
other or the sources have a separate
temporal behavior. For widespread
sources, arrangements of dipoles in

layers could be used, but the use of
a single dipole results in an unsatis-
factorily large variance and thus the
parameters of such a dipole may be
misleading.

The projection method allows
data analysis without assumptions
about the source distribution. Thus
all stable field configurations can
be used to characterize neuronal
sources. The stability of the field dis-
tribution can be verified by project-
ing its contribution out of the data
and studying the complement. If the
sources are moving or changing their
orientation over time, SSP distorts
the data and does not provide reas-
onable results. Also, if the field pat-
tern selected to characterize a source
contains contribution from several
sources with different time beha-
viours, the result of SSP is meaning-
less.

From the set of data analyzed
above, the MNE and the SSP
were able to determine the existence
and time behavior of the two dis-

28

tinct parieto-occipital sources, while
dipole modelling was unsuccesful.
The approximate location of these
sources was revealed with the MNE
only; dipole modelling failed be-
cause of distributed sources and SSP
does not give estimates source loca-

6 Conclusions

A comparison of three data ana-
lysis methods was presented in Sec-
tion 5. All these analysis meth-
ods, the MNE, dipole model, and
SSP, were able to bring valuable in-
formation on the sources eliciting the
data. The MNE revealed the tem-
poral and approximate spatial char-
acteristics of the neuronal currents.
The dipole model was able to reveal
the location of the temporal sources.
SSP showed that the occipital activ-
ity can be characterized by two sig-
nal vectors. Thus all of these meth-
ods are important in studying com-
plex field patterns produced by mul-
tiple neuronal sources.

By studying auditory event-
related magnetic fields, it is possible,
after revealing the basic steps of aud-
itory information processing, to ex-

tions. The location of the point-like
auditory-cortex sources was given
accurately by dipole modelling and
approximately by MNE. The tem-
poral behavior of the auditory-cortex
sources was revealed with all three
methods.

plore higher cognitive functions. By
using the mismatch response, we can
study perception accuracy and sens-
ory memory without any task for the
subject. Voluntary actions and lan-
guage functions can be studied with
attention paradigms.

Cognitive studies are clearly
more demanding than those related
to basic information processing.
First, multiple and possibly wide-
spread source areas are active sim-
ultaneously. This requires the use
of more sophisticated source mod-
els than a single dipole. More im-
portantly, the design of experimental
paradigms becomes even more essen-
tial. The cognitive brain activity
must be separated from basic pro-
cessing already at the level of exper-
imental design.
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7 Summary of Publications

In all of these publications, the
first author was responsible for the
experimental setup and writing of
the manuscript. I have particip-
ated in the development of the stim-
ulation systems, planning of the
measurement setups, collection of
data, analysis and modelling of data,
and editing of the manuscripts of

all of these seven publications. I
was responsible, together with Janne
Sinkkonen, for the data analysis and
display methods in Publications III
and VII. In Publications IV-VII,
my coauthors collaborated mostly
in the form of comments on the
manuscript.

I Memory-related processing of complex sound patterns in human

auditory cortex: a MEG study

Responses to complex sound pat-
terns consisting of 9 successive 50-
ms segments of different frequen-
cies were recorded with a 24-channel
magnetometer above the right tem-
poral cortex. The frequency of one
of the segments was changed in 20%

of the stimuli. This change elicited
a mismatch response peaking about
200 ms after the onset of the devi-
ating segment. Current dipoles were
used to model the sources of these
responses; they were found to be loc-
ated in the auditory cortex.

II Tonotopic auditory cortex and the magnetoencephalographic
(MEG) equivalent of the mismatch negativity

Responses to two tone stimuli, a fre-
quently presented standard stimu-
lus and an infrequent deviant stimu-
lus, were recorded with a 24-channel
magnetometer. The recordings were
performed in two partially overlap-
ping locations over the anterior and
posterior temporal cortex of the right
hemisphere. Standard tone frequen-
cies of 250, 1000, and 4000 Hz were
used with corresponding deviants of
275, 1100, and 4400 Hz in differ-

ent blocks. The most prominent
responses were the Nlm and the
MMNm responses. The modeling of
the responses with equivalent cur-
rent dipoles showed that the MMNm
source is anterior to that of Nlm.
The dipole orientations of both N1m
and MMNm sources depended on
stimulus frequency, suggesting that
both responses are generated in a
tonotopically organized areas.
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IIT The visual cortex of blind humans participates in auditory

discrimination

MEG measurements of blind sub-
jects in an auditory active discrim-
ination condition revealed that in
addition to temporal areas, parieto-
occipital areas of the blind contrib-
ute to the discrimination of audit-
ory stimuli. The activity seen in
the occipital and parietal areas of
these blind subjects demonstrates
the plasticity of the human brain.
The MNE was used to display an
estimate of the primary current on

a three-dimensional surface of the
brain. The MNE was computed
on a spherical surface fitted closely
to each subjects’ brain surface in
temporal, parietal, and occipital
lobes, and projected onto a three-
dimensional mesh of the surface of
the brain. The result was displayed
as a colour-coded map on top of the
renderings of the subjects MR im-
ages.

IV Interaction between representations of different features of

auditory sensory memory

In this study, the organization of
the auditory sensory memory re-
lated with the mismatch response
was studied by developing an ex-
perimental condition in which only
one feature was common to the oth-
erwise varying, multiple standard
stimuli. The sources were mod-
elled with equivalent current dipoles
and the source strength estimation
was done using the dipole strengths.
The importance of this feature (fre-
quency) was demonstrated by the

fact that varying the other features
did not prevent the frequency change
detection system, that is, the mis-
match response was generated also in
this condition. The varying features,
however, affected the response in
a significantly attenuating manner,
suggesting either that the frequency-
change detection system can be af-
fected by the other, constantly active
change-detection systems, or over-
lapping of features in the memory
trace.

V The projection method in rejecting eye-blink artefacts from
multichannel MEG measurements

The ability of the spatial filter used
in the projection method to elim-
inate the eye-blink artefact from
auditory-response data was presen-
ted. By using the signal-space pro-
jection method (SSP), epochs con-

taminated with eye blinks can be
either searched for and removed from
the average, or the contamination of
the eye blinks can successfully be
projected out of the average in or-
der to reveal the auditory response.
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A spatial filter from a character-
istic pattern present in the blink was
capable of characterizing the source
with a chosen spatial distribution
as a function of time. This filter-
ing method discriminated against all

other possible sources without the
specification of the distribution of
the selected source, and thus the
method can be used for both distrib-
uted and localized sources.

VI Sustained fields of tones and glides reflect tonotopy of the

auditory cortex

In this study, auditory stimuli last-
ing 700 ms were used to evoke
the sustained-field activity in addi-
tion to the N1m response for ex-
amining the tonotopy of the two
responses. Both constant- and
varying-frequency stimulation was
used in order to differentiate between
the sustained field and the Nlm

activity.  Both responses showed
tonotopy, and, in the case of the sus-
tained field, the frequency pattern
of the stimulus was reflected in the
relative angle of the sustained field.
The sources were modelled with cur-
rent dipoles, and the tonotopy was
revealed both in the location and the
direction information of the sources.

VII Evidence for intensity-specific neurons in the human auditory

cortex

Tones with varying intensity were
presented in rapid succession. The
N1m response was modelled with a
current dipole whose amplitude was
found to vary nonmonotonically as
a function of intensity. This find-
ing can be explained by an ordered
representation of intensity on the
cortex. This explanation was also

supported by the systematic loca-
tion change found in the sources.
A model was proposed for estimat-
ing the size of the cortical area af-
fected by a single stimulus. This
model is applicable for investigating
other feature-specific cortical neur-
onal populations.
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