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Abstract
The research presented here is divided into two parts. The first part addresses questions
relating to the localisation capability of magnetoèncephalography (MEG), with emphasise
on testing the accuracy of typical MEG systems before any source reconstruction is
applied. The second and main part is concerned with localisation and time courses of
neuronal generators contributing to both the slow and fast neuromagnedc field changes
associated with the contingent negative variation (CNV) in the normal human brain. We
use multi-channel and full head MEG systems to study the magnetic counterpart of the
CNV, the contingent magnetic variation (CMV). MEG analysis of such near DC-like
signals requires advanced source reconstruction that is able to identify widely distributed as
well as focal sources which often fire simultaneously from cortical as well as from deeper
brain structures i We use magnetic field tomography (MFT) to extract time courses of
regional brain activity. Results are presented from a multi-subject CMV study performed
using the BTi MAGNES II system (Experiment 1) and a single subject experiment, using
the CTF whole cortex system (Experiment 2).
From Experiment 1 we identified four different CMV generators (auditory cortex, sensori
motor cortex, inferior prefrontal cortex, posterior inferior parietal area) and observed
priming of the auditory cortex as part of the early CMV complex and the priming of the
sensorimotor cortex as part of the late CMV complex. These results were confirmed by
Experiment 2, where the full head coverage also revealed two additional areas, the
supplementary motor area and the posterior cingulate cortex, which were dramatically
reduced when identical runs were repeated. The SMA activity has been notoriously
difficult to identify non-invasively from electrophysiological data, especially from MEG,
so our success in identifying them clearly and showing how they change with repetition can
he considered as the highlight of our project.
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1 Introduction
Several processes in the living human or animal body are based on electrical activity
driven by changes of ion concentrations in intra and extracellular compartments. This
activity is always accompanied by an electromagnetic field that can be detected by
using very sensitive devices placed outside the body. Information transfer in the brain,
for example, will result in small electric currents inducing very weak magnetic fields.
The observed signal, which is a reflection of ongoing physiological processes, can be
used to study the living organ (e.g. the human brain). Biomagnetism deals with the
detection and analysis of such tiny magnetic fields, covering several applications
depending on the origin of the magnetic field changes. In the following we will reflect
som e historical aspects on biomagnetism in general and m agnetoencephalography
(MEG) in particular, suggesting som e potential applications. Finally, the scope of the
thesis is outlined at the end of this chapter.

1.1 History of biomagnetism
The existence of magnetism has been known for many centuries; but the connection
between electricity and magnetism was first described by Hans Oersted 1819. It took about
150 years of research before the first biomagnetic recordings were made by Baule and
McFee in 1963 (Baule and McFee 1963). In this experiment magnetic fields from the
human heart were recorded using two identical coils connected in series, where each coil
contained millions of turns around a heavy ferrite core. Although the recordings were very
noisy even after signal averaging, this measurement was the first valid biomagnetic
recording from which important theoretical concepts were developed. In the early stage of
biomagnetism, the interest of many researchers was focused on,the strongest magnetic field
generated by the living human body, the magnetic field from the human heart. The
detection of such signals, which is called magnetocardiography (MCG), was tremendously
improved by David Cohen and James Zimmerman. David Cohen worked on the reduction
of environmental noise by using a 5 layer shielded room, while James Zimmerman intro
duced his point-contact low-noise superconducting detector that uses the Josephson effect.
l
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and which belongs to the family of superconducting quantum interference devices, called
SQUIDs (for more details we refer to subsection 4.1.3). In 1969, Cohen and Zimmerman
performed the first low noise MCG where the raw magnetic signals of the heart were
visible above the intrinsic noise of the detection device and were as clear as those from
conventional electrocardiography (ECG) at this time. Results of this low noise
measurement were published by Cohen and colleagues in 1970 (Cohen D et al. 1970). It
was the first time a SQUID had been used to record low noise magnetic signals from the
living human heart, promising to introduce a new era of research with many useful appli
cations. Therefore, this measurement has been called the birth of biomagnetism.
Since biomagnetic fields directly reflect electrophysiological activity of the living body, the
interest of researchers quickly expanded to several fields of biomagnetism, where magnetic
field changes are recorded from other (mainly human) organs. Depending on the origin of
the magnetic fields, biomagnetism is now divided into a few subsections like for example:
magnetoencephalography (MEG, brain), magnetocardiography (MCG, heart), magnetogastrography (MGG, gastrointestinal tract), magnetopneumonography (MPG, lungs) and
magnetoneurography (MNG, peripheral nerve). All these biomagnetic methods share the
following two qualities: First, they arc all completely non-invasivc, and secondly, they
provide useful information about the physiology (or pathophysiology ) of the investigated
organ.
\

1.2 The development of Magnetoencephalography
Electrophysiological activity from the brain has been measured since Berger, a German
psychiatrist, in 1924 successfully recorded the first human electroencephalogram (EEG)
from the scalp using just two electrodes. The method quickly expanded after Berger’s first
EEG recordings; and currently, EEG is one of the most utilised techniques in the world that
is used for studying the acting brain.
However, more than 40 years of research were needed before the magnetic equivalent of
EEG, magnetoencephalography (MEG), was successfully recorded. In the year 1968, the
first MEG was recorded by David Cohen who measured magnetic fields from alpha rhythm
outside the head using solenoid coils that operate at room temperature. Although he was
2
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using a magnetically shielded room to reduce environmental noise the most dominant noise
source interfering with the measurements were the coils themselves. Two years later (as
already mentioned in the previous section), David Cohen collaborated with Edgar Edelsack
and James Zimmerman, who constructed a highly sensitive magnetic flux detector
(Zimmerman et al. 1970) called a SQUID. The three scientists successfully recorded the
first low-noise human MCG in a magnetically shielded room using a SQUID (Cohen D et
al. 1970). Again two years later; in 1972, the first report of MEG using the SQUID
technology was reported by David Cohen (Cohen D 1972). This time the superconducting
magnetometer was adjusted to a much higher sensitivity than was used for measuring the
human MCG two years before (brain signals are much weaker than those generated by the
heart). As a result the MEG of four normal subjects and one abnormal subject was taken
directly above the head for the first time without noise averaging.
In 1975, Brenner and colleagues were the first to record magnetic field changes of visually
evoked fields (VEFs) from a single channel SQUID (Brenner et al. 1975). Even
experiments where brain activity is expected to be widely distributed over the brain were
studied using a single biomagnetometer (Weinberg et al. 1983). However, MEG recordings
at those early days were laborious and very time consuming since the detector had to be
repositioned around the head in order to estimate the contribution of the underlying
activated cortex. At each location of the detector the experiment was repeated, and
obviously, single channel MEG experiments were causing discomfort for the patient or
subject. Moreover, due to the many repetitions of the same experiment, single channel
recordings were not adequate for experiments like: measurements of spontaneous activity
or cognitive studies. For the latter one, learning effects cannot of course be avoided, since
each experiment was repeated many times. In general, from single channel MEG
experiments it was difficult to conclude definite results, particularly when the activity was
distributed over large areas of the brain as is the case for the detection of contingent
magnetic variation (CMV), which will be discussed in chapter 7, 8 and 9).
The number of channels used for biomagnetic studies has been successively increased over
the last 30 years, and with the introduction of multi-channel, and .particularly‘whole head
biomagnetic recording systems a new era of biomagnetism has started providing new
opportunities and challenges. While large biomagnetometer array systems can be used for
3
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studying the brain or the heart (or other organs) separately (or even together when two or
more probes are available), helmet like biomagnetometer systems are designed for MEG
recordings only providing simultaneous coverage throughout the head. Although, there is a
lot of activity in developing full head biomagnetometer systems, up to date, there are just a
few companies selling and installing whole head MEG systems all over the world (see also
Appendix A); like for example: BTi1 (USA), Neuromag (Finland), CTF (Canada) and
Shimadzu (Japan). Recent developments from the latter companies are now providing
whole head systems with 129 (Shimadzu), 151 (CTF, i.e. 262 are currently under develop
ment), 248 (BTi) and 306 (Neuromag) biomagnetometers. Although, for MEG recordings
the advantage of a whole head system over a multi-channel system (e.g. BTi’s two probe
system the MAGNES H) is obvious, non-helmet systems provide the ability of different
biomagnetic applications (e.g. MEG, MCG, MGG or MPG). However, with one or two
probe biomagnetometers and particularly helmet systems it is now feasible to design
experiments which will need only a few minutes of recording time.

1.3 The Scope and Organisation of the thesis
This thesis is divided in four parts: I) In the first part (chapters 1-4) we bring together some
of the background information that is relevant for MEG. II) Our first research project is
contained in the second part of the thesis (chapters 5-6), dealing with system evaluation
and accuracy tests of typical MEG systems. HI) The major work of this thesis, is outhned in
chapters 7-9 and is related to the detection and analysis of near DC and evoked-like neuromagnedc field changes generated by the/normal human brain during a GO/NOGO reaction
time task. IV) In the last part of the thesis (chapter 10) a general discussion is given,
including a summary of our main findings and the conclusions drawn from this project.
Part I
Chapter 2 provides the background information that is relevant for maghetoeneephalo-

1Recently, Biomagnetic Technologies Inc. announced its combination with Neuromag Oy to be know as 4-D
Neuroimaging (see Appendix A). However, in this thesis we will use the synonymous ÈTi and Neuromag to
distinguish between two different systems.
4
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graphy including a description of the neural basis of MEG. In addition, the fundamental
framework of electromagnetism including the biomagnetic forward problem is reviewed.
We will further discuss some of the multi-disciplinary brain imaging techniques, while at
the end of the chapter MEG is placed on the more general context of functional brain
imaging modalities.
Theoretical aspects of the biomagnetic inverse problem will be discussed in chapter 3,
'

*

where point like as well as distributed source modelling are considered, but with special
emphasis on magnetic field tomography (MET), a reconstruction method which we used
throughout the thesis (loannides et al. 1990).
Chapter 4 deals with the technical details of MEG instrumentation and related techniques,
such as the very sensitive device called SQUID, which enables the detection of extremely
weak neuromagnetic signals. Further, commercial multi-channel as well as MEG whole
head systems are described in this chapter.
f
Part II
In order to estimate the reproducibility of neuromagnetic sources, it is necessary to
investigate the accuracy of the measurement procedure and the system itself. In chapter 5
we will determine the accuracy of a commercial MEG system to provide estimates of the
intrinsic error(s) one obtains even before any source localisation is applied. In particular the
reproducibility of the head coordinate system including the head localisation procedure of
the BTi whole head MEG system MAGNES 2500 was studied. We further provide some
estimates of head movements during typical MEG recordings and will discuss improve
ments we have developed in the measurement procedure of MEG.
\

Chapter 6 deals with the analysis of phantom data obtained from the BTi whole head MEG
system. With this chapter we will demonstrate some of the limitations of two very différent
source reconstruction methods, the equivalent current dipole model (ECD) and MFT.
Using the spherical phantom we tried to simulate a MEG measurement (with known
sources) under realistic conditions, where superficial and deep sources were activated
separately (since the ECD model can only cope with one source at a time). These tests
cannot, of course, be exhaustive; however, the analysis of the phantom data should at least
provide some estimates about the accuracy of source localisation of deep and shallow
sources when the ECD model or MFT is applied.

\
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P a rtlll
The next chapter (chapter 7) is concerned with the historical and general background
information about contingent negative variation (CNV), a slow electric negative potential
that develops during a fixed time interval between a warning stimulus and an imperative
stimulus to which a motor response is required. This potential was first observed by Walter
and colleagues in 1964, who found that the activity measured during the waiting period
between the warning and imperative stimuli differ when the subject must make (GO) or
withhold (NOGO) a movement., Although the clinical utilisation of CNV experiments has
not been realised yet, it is thought that they will be useful for investigations of neuro
psychiatrie disorders. It has been demonstrated by a number of reports that CNV recordings
from the healthy human brain differ from those of patients suffering from neurological or
neuropsychiatrie disorders (Howard and Lumsden 1996, 1997, Heimberger et al 1998). We
will further summarise some of the very early results that were obtained mainly by using
electroencephalography (EEG), âs well as from more recent studies using invasive and
non-invasive methods, each highlighting different aspects of the brain.
Since Walter’s first report about CNV there is still considerable uncertainty regarding the
neuronal generators of such near DC like signals, which were mainly studied by using
EEG. We use instead multi-channel and full head MEG systems to study the CNV by using
a GO/NOGO avoidance time task paradigm. By using such a set of measurements the
detected signals are similar to CNV signals and are often termed to as the contingent
magnetic variation (CMV, cf. chapter 7). Previous reports have shown that it has been
notoriously difficult to localise DC-like brain activity from electrophysiological data when
generators are widely distributed (Elbert et al. 1994, Hultin et al. 1996, Nagamine et al.
1996). Therefore, MEG analysis including the interpretation of the results require advanced
modelling and source reconstruction that is able to cope with the identification and
separation of widely distributed as well as focal sources often firing simultaneously from
cortical as well as from deeper brain structures. In particular, we have investigated the
location and time courses of neuronal generators contributing to slow and fast components
of the contingent negative variation.
In chapter 8 we will present results from our multi-subject CMV study that were performed
using the two probe BTi MAGNES II system. Since each probe was placed above the left
6
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and right hemisphere, MFT analysis was applied separately to averaged data defined in
source spaces covering the left or right side of the brain, in order to extract the slow and
fast components of the CMV signal. From this study, we encountered large subject-tosubject variability, and further, the results indicated that CMV generators are widely
distributed and would be best studied by using a full head MEG system providing
simultaneous recording over all brain areas. Due to the lack of such data with the
MAGNES II system, we extended our CMV study with one subject volunteering for a full
head CMV experiment, as described in chapter 9. The chapter focuses on the MFT analysis
of a CMV experiment recorded with the CTF whole cortex system.
PartlV
In chapter 10 a general discussion and a table that summarises our main findings is finally
outlined together with suggestions for possible future projects dealing with the analysis of
data obtained by magnetoencephalography.
The aims of our project are as follows:
> provide estimates of MEG’s localisation capability by investigating key steps of the
measurement procedure

,

> identification and localisation of CMV generators using large array and full head MEG
systems
> ' show differences in time courses of GO and NOGO CMV activity in different subjects,
and show how the activity is changed when identical runs are repeated in the same
subject
> use magnetic field tomography (MFT) to extract DC-like CMV components from
averaged neuromagnetic signals, which has not been possible in other studies using
simpler models

x

> pave the way for turning CMV experiments into a useful non-invasive clinical tool
In order to achieve the above, we use MFT (loannides et al. 1990) to extract time courses
of regional brain activity. We shall show that MFT is capable not only of extracting fast
(evoked-like) responses, but also of localising near DC-like activations from neuro
magnetic signals; revealing new aspects in the CNV field of research.
> 7
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2 Background Information on MEG
In this chapter, we bring together som e of the background information from literature
that is relevant for Magnetoencephalography. The neural basis of MEG is first outlined,
followed by a review of the basic background information on electromagnetism as well
as the biomagnetic forward problem. The widely used equivalent current dipole model
(ECD) is described, and discussed together with som e other conductor modelling
approaches. At the end of the chapter we will briefly discuss som e of the most utilised
brain imaging techniques used in neuroscience, before finally MEG is placed on the
more general context of functional brain imaging modalities.

2.1 Neural Basis of Magnetoencephalography
2.1.1 Constituents of the Brain
•The human brain is by far the most complex structure in the human body. If one looks at
the major anatomical regions, one can divide the brain into three primary divisions:
brainstem, cerebellum and the cerebrum (Figure 2.1). The brainstem is the structure
through which nerve fibres relay signals in both directions between higher brain centres
and spinal cord. The cerebellum, which sits on top and to the back of the brainstem is
primarily concerned with the regulation of motor coordination. Nevertheless, many other
interactions with underlying visual or auditory tasks have been observed. The largest part
of the brain (seven-eighths of the total brain weight) is the cerebrum, which consists of two
hemispheres, separated by the longitudinal fissure Each hemisphere is divided into four
lobes (Figure 2.1): frontal, parietal, temporal and occipital lobe.
The cerebral cortex which is a 2-4 mm thick sheet of gray tissue, is the outermost layer of
I
2
the brain and has a total surface area of about 2500 cm , folded in a complicated way.
Billions of individual neurons, which are the functional units of the brain, are nested in the
cortex to transmit information from one cell to many other brain cells. The cerebral cortex,
which plays the key role in language processing, sensory inputs and many other human
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actions including consciousness, has been functionally mapped using EEG as well as MEG
and other functional imaging techniques, and can be divided into many different areas.
Among mammalian, the human cerebral cortex is probably the most highly differentiated,
where differentiation in this sense means the subdivision of cortex into a large number of
histologically distinct sub-areas, each of which has a known or suspected function. For
example, the primary somatosensory cortex, which receives tactile stimuli from the skin, or
the primary motor cortex, which is involved in movements of a specific part of the body
(Figure 2.2). The interior of the brain is largely occupied by nerve fibres, the white matter,
which form connections between different cortical areas as well as from the cortex to other
brain structures. There are also many links between the two hemispheres, the most
conspicuous of them is the corpus callosum.
The brain is made up of individual nerve cells. Neurons and glia cells are the principal
building blocks of the brain. Until recently, the latter were thought to be only important for
structural support and responsible for maintaining the environment around the neurons.
However, suggestions have been made that they might also play a functional role.
The neurons.are specialised to conduct and transmit information between other cells.
Despite their differences in shape, all the neurons have a common plan (Figure 2.3). From
the cell body (the soma, which contains the nucleus) there extends one extra long thin tube
called the. axon and a collection of shorter, often highly branched extensions called the
dendrites. The region of the cell between the axon and the cell body is called the axon
hillock.
Cell bodies and dendrites are concentrated in the gray matter; axons on the other hand, are
often very long and thin and are predominate in white matter. The dendrites and cell body
receive the inputs to the cell. The output from the cell is sent down the axon, which
connects many other cells. Connections (synapses) between axon and other neurons are
found on the dendrites and the cell body (Figure 2.3). A typical neuron in the cerebral
cortex has thousands of synapses from other cells.

9

C hapter 2:

Background Information on MEG

^
Roiahdiç fissure
Motor cortex
Som atosensory cortex

Parietal lobe

Frontal

Occipital lobe
Sylvian fissure
Temporal lobe
Auditory cortex

Visual cortex
Cerebellum
Brainstem

Figure 2.1: Basic parts and some special areas of the human brain (from Hamâlâinen et al.
1993).
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Figure 2.2: Representation of different body parts on the somatosensory (left) and motor
(right) cortices (from Creutzfeldt 1995).
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Figure 23: Structure of a neuron (modified from Thompson 1993).

2.1.2 Neuroelectric Activity
A neuron is surrounded by a 10 nm-thick insulating membrane, which divides the tissue
into intracellular and extracellular compartments with different ion concentration. This
membrane plays an important role in transmitting and receiving information. In particular,
one can distinguish two types of current flow generated by neural activities: the action
potential current and the postsynaptic currents, which are described later:
In a non-excited neuron, the resting membrane potential in the intracellular compartment is
about -70 mV with respect to exterior. This difference is maintained by special protein
molecules on the membrane that pump specific ions against the concentration gradient and
serve as passive ion channels. The most important ions involved in the exchange are Na+
and K+, therefore the driving mechanism is called the Na-K pump.
i
'
Action potentials
The action potential is a propagating excitation along a neuronal axon. As we have
mentioned before, the signal transfer along an axon is based on the ability of the membrane
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to alter its permeability to Na+ and K+ ions. If the permeability of the membrane changes,
then the distribution of the charged molecules on either side will change. This large and
rapid change is due to the opening of voltage-sensitive channels as a result of an
approaching action potential. It is initiated at the axon hillock when the voltage reaches the
firing threshold of about -40 mV. During the first part of the action potential
(depolarisation) gated Na+ channels open and allow Na+ ions to enter the intracellular space
until the inside potential is about +20 mV. At this point, the permeability of the membrane
changes again and an outward flow of K* ions is established (repolarisation) eventually
restoring the original potential. During the, depolarisation process, the local excess of
positive charges includes an axial current flow within the axon (intracellular current). The

accumulation of the Na+ ions induces an outward flow of K+ ions (extracellular current)
backwards to the place where the depolarisation first originated (Figure 2.4). The action
potential is a fast process that lasts about 1 ms.

Propagation

Figure 2.4: Action potential: (a) Field pattern during the depolarisation of an action
potential showing the intra and extracellular current flow in a neuron, (b) Propagation of an
action potential. The quadrupole field associated with the repolarisation and depolarisation
of the action potential.

Postsynaptic potentials

Postsynaptic potentials are related to synaptic transmissions. The presynaptic membrane
12
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becomes positive due to the intracellular current flow forced by the depolarisation. When
an action potential reaches thé presynaptic membrane intercellular signalling is mediated
by chemical neurotransmission, which in turn cause an electric current along the interior of
the postsynaptic neuron.. The initial interaction of a ligand, i. e., the neurotransmitter, with
a receptor results in amplification of the signal by means of a cascade of responses which
directly or indirectly modulate the ionic flow across the plasma membrane (e.g. the opening
or closing of ion channels and the activation of enzymes, typically protein kinases or
phosphatases). As a result of the transmitter-receptor interaction the biological response
may be excitatory (e.g., glutamate) or inhibitory (e. g. gamma-aminobutyric acid or
GABA). The ionic flow across the synapse produces also a relative steady potential dis
tribution called postsynaptic potential (Figure 2.5). In contrast to the action potential-, the
postsynaptic potential can last for several tens or even hundreds of milliseconds. The sum
mation of the current flow due to the postsynaptic potential provides a detectable magnetic
field outside the skull supposing many neurons are acting together in time (Figure 2.5).

Synaptic Cleft

Dendrites
Soma i Axon

Dendrite

Figure 2.5; Current flow at the presynaptic terminal (left) and the resulting magnetic field
(right) associated with postsynaptic activity.

2.1.3 The Origin of MEG Signals
During the propagation of an action potential, opposite dipolar field patterns are generated
in a neuron (Figure 2.4). Those dipoles can be approximated as a quadrupole, whose
magnetic field rapidly decreases as 1/r3 as a function of distance r. Cancellation of the
fields associated with the two opposite dipoles is very likely, because the primary current
within the cell is accompanied by extracellular volume currents. In contrast to the action
13
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potential, the postsynaptic potential is associated with a more closely dipolar current
(Figure 2.5), decreasing as 1/r2 and thus extending much wider in space. In addition, the
time span of the postsynaptic potential is at least ten times longer than the action potential,
which allows a sufficient summation of currents flowing in neighbouring fibres to be
detected outside the skull.
The cerebral cortex is organised in 6 layers parallel to the cortical surface (layer 1 being the
most superficial), containing neurons with different sizes and soma shapes. The largest cell
bodies are found in layers 5 and 6, having a definite pyramidal shape. These pyramidal
cells have long dendrites, .and are arranged in strings perpendicular to the cortical surface
separated by columns fibres. As a consequence the resultant direction of current flowing in
the dendrites is perpendicular to the cortical sheet of gray matter. Since the cortex is highly
2
*
folded, /] of the human cerebral cortex is embedded in fissures where the cortical currents
are perpendicular to the cortical surface and tangential to the skull. If thousands of nearby
pyramidal cells act synchronously within a few centimetres of cortex, the current grows
large enough to be detected outside the head. As we will see in the next section, such a
configuration is favourably detected by MEG or EEG. Although, the MEG signal is
dominated by contributions from cortical currents, it is however, an open question at this
time how reliably deep sources can be identified, although evidence for hippocampal
(Tesche 1997) and thalamic (Ribary et al. 1991, 1995, Hashimoto et al. 1996, Gobbelé et
al. 1998) activation is slowly accumulating.

2.2 Basic Background of Electromagnetism
2.2.1 Quasistatic Approximation of Maxwell’s Equations
Maxwell’s equations and the continuity equation V-J = -d p Id t (J and p are the total
current density and the charge density, respectively) can be used to calculate the electric
field E and the magnetic induction B for a bidelectromagnetic signal, e.g. an electric
current generator in the brain, if the conductivity a and the source generators are known.
Usually for applications in biomagnetism, Maxwell's equations are considerably simplified
if the following two approximations are made:
14
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The firstapproximation concerns the magnetic permeability // ofdifferenttissues in the
head, which is approximately set to the permeability of free

space, i.e.,

/J, = jJq =

47txl07 H/m. Thereby, Maxwell’s equations take the form:

V D

= p

V xE =
VB

(2-1)
(2-2)

of

= 0

-

V xH = J + ^

(2-3)

(2-4)

df

For isotropic media D and B are defined by

B = /zH

(2-5)

D = Æ

(2-6)

where fis the permittivity of the medium.

In a passive noh-magnetic medium the current density vector J consists of an ohmic
volume current J v=aE and a primary current J p (cf. subsection 2.2.2). By substituting
equation 2-5 and 2-6 into 2-4, we obtain:

V xB = /ZqI J p +oE + e

df z

(2-7)

With E = Eq exp(zûjf) equation 2-7 will take the form

V xB = //o(jP + <ÆQexp(iûX) + i£<Æ0exp(icot))

(2-8)
15
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Secondly, the so called quasistatic approximation is made, i.e., dE/dt and dB/dt are ignored
as source terms, which means that only static fields for E and B are considered. This
approximation is made under the assumption that the time derivative terms in Maxwell’s
equations are very small compared to the ohmic current: fpE/3t| «

|oE| and dB/dt.

Equation 2-8 shows that the time derivative term in equation 2-4 is negligible provided
£(0 «

a. The frequency range in neuromagnetism is typically <100 Hz (Hamâlâinen et al.

1993).
By using an average conductivity of <7 = O.SQ'W1 for brain tissue, £ = 105éb and a
frequency of (0= 27tf= 20071 s'1 we get £G)lo~ 1.8xl0*3 «

1. In addition, one can show

that the contribution of dB/dt to E in equation 2-2 must be small. From equation 2-8 and
with Vx(VxE) = -d/dt(VxB) we obtain

V x(V xE ) = -Zû)/Z0 (<7 + Zti>£)E

(2-9)
j
G

Solutions of this equation have spatial changes on the characteristic length scale:
Xc = |ay4)(7 (1+ i(û£l(f)\m (Hamâlâinen et al. 1993). With the parameters given above we
obtain Xc = 65 m, which is much larger than the diameter of the head.
In summary, the fields do vary in time, but the time dependence adds no distinct source
term to the right hand side of equation 2-2 and 2-4, and therefore, we can simplify
Maxwell’s equation into the quasistatic form:
»

V-D

=p

(2-10)

V xE

= 0

(2-11)

VB

= 0

(2-12)

V xH

=' J

(2-13)

Since VxE = 0, the electric field can be expressed with a scalar potential E —-VV, with V
being the electric potential.
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2.2.2 Primary and Secondary Sources
In subsection 2.1.2 we described that the intracellular current flow is accompanied by an
extracellular current, which often is referred as the volume current (or return current). It is
the result of the macroscopic electric field acting on the charge carriers in the surrounding
tissues, giving the so-called volume current J v. All other contributions to the current
density J are referred to as the primary current J p, since it represents the active origin of the
neuromagnetic field as the primary source; the volume or return current is passive. If we
neglect the cellular-level details and regard the whole head as a homogeneous conductor,
we can write the current density as

J(r) = J p(r) + <r(r)E(r) = Jp(r)-< 7(r)W (r)

(2-14)

Splitting the current density in this way is illustrative in that neural activity gives rise to
primary current mainly inside or in the vicinity of a cell, whereas the volume current flows
passively everywhere in the medium. By finding the primary current(s), we locate the
source(s) of the active brain.
The expression for the magnetic induction generated by J can be written as

B(r) = Bp(r) + Bv (r)

(2-15)

By make use of the Ampère-Laplace law (cf. subsection 2.2.3) the contribution of Bv is
given by

Atc\

|r - r f

If the conducting medium is considered as a piecewise homogeneous conductor, V ois non
zero only at the boundaries, and it is possible to expand Bv(r) as a sum of surface integrals
over boundaries of all the discontinuities of <7.
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C -17>

|r - r f

with d nj and <f j being the conductivities inside and outside the conducting object of the
surface 5), where n is an outward unit vector normal to the surface 5}, and dSj a surface
element. Analogous to equation 2-17, the electrical potential Vv is given by

V

(r) =

J

J 'J

|r - r j

where <7denotes the electrical conductivity of the medium surrounding r.
In the calculation of the magnetic field described in equation 2-17, the volume currents can
be replaced by an equivalent surface current distribution ( d nj - <futj)

V ( r ') n / r ')

on the

boundaries of each 5), and are often termed as '"secondary currents". The above expressions
show how secondary sources contribute to the magnetic field and to the electrical potential.
The fact that the direction of secondary currents is perpendicular to the boundary between
media of different conductivities, explains why the contribution to the field is only
tangential to the underlying surface, and hence the radial component of the magnetic field
is not affected by secondary currents. Considering a spherically symmetric conductor, the
corresponding secondary sources are distributed across the spherical surface, with the
current pointing everywhere in the radial direction. The field is consequently everywhere
tangential on the sphere, and hence measurements to the component of the fields that are
normal to the surface provide information about the primary source alone.

2.2.3 Forward Problem
Biomagnetic fields are caused by electric currents in conducting body tissues (e.g. the
brain, the heart or muscles). The computation of the magnetic field by knowing the electric
source details (i.e., magnitude and position relative to the detector) is often referred as the
biomagnetic forward problem. Using the above equations one can derive the expression for
18
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calculating the electric potential V and the magnetic induction B measured at a point r due
to the current density J existing at r'. Such equations are referred to as the Biot-Savart law
or the continuous counterpart the Ampère-Laplace law, providing solutions for the
biomagnetic forward problem.

B(r) ,

^ f ^ V
V
4^J
|r - r f

V(x)

—

=

r-

■ c .,9 ,

fJ ( r ) ( r ~ r ) ^ V

(2-20)

4^7 J

|r —rl

Equation 2-19 and 2-20 are derived from Maxwell’s equation 2-12 and 2-13 under the
quasistatic approximation. With a few simplifications (Hamâlâinen et al. 1993) and under
the assumption that the current density at r' approaches zero sufficiently fast when rf goes
"to infinity, we obtain

B(r) = — J V X J( 3 ) ^ V

(2-21)

47t j I r - r y

With equation 2-14 and the identity Vx(oV-V) = Ver x W inserted in equation 2-17 we
obtain

B(r) = —

^ V 'x j r ( r % 3 _ ,

f V ' f f x V ' V ) j3

f v X J \r ^ v - f v a x v ^
|r —r |
|r - r f

v

(2-22)

While the first term of equation 2-22 is the direct contribution of Jp, the second is due to
Jv. We notice that there is no contribution from the second term, in the case of an infinite
homogeneous conductor ( V a = 0). With the identity V a x VV = -Vx(W-o) and a
comparison of equations 2-19, 2-21 and 2-22, we obtain

19
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B(r) = — f(jp + W ' cr) x —— Î— r f V
Ait J
|r - r f

(2-23)

Because the source of the magnetic field is the total current density J, both Jp and oE
contribute. However, in equation 2-22 oE is replaced by an equivalent fictitious current
W (7, which in general has no direct physical meaning (Hamâlâinen et al. 1993). By taking
the divergence of 2-13 and 2-14 we obtain

V-(oV-V) = V - J P

(2-24)

Under appropriate constraints a solution for V is possible (Hâmâlâinen et al. 1993). If V is
known we can calculate B directly from equation 2-23.

2.2.4 The Equivalent Current Dipole Model
The equivalent current dipole model (ECD) can be used as a simple model to describe the
relationship, between neural activity and the generated electrical and magnetic field. It is
used to approximate the flow

of electrical current in a small

area of interest. For a si

Current dipole Q, the map of the radial magnetic field Br has one maximum and one
minimum. The dipole, which lies halfway between the extrema, can be thought of as a
short current element /, with the length I and negligible cross-séction. This vector is fully
characterised by its position and orientation in space. The dipole moment Q, is defined as
Q = /•/, with the units Am. A typical strength of a dipole, caused by synchronous activity of
probably tens of thousands of neurons, is 10 nAm. If one is using the current dipole model
to describe the electrical properties of biological sources, one has to take into account, that
the description is only adequate when considering a small region of active tissue, where the
largest linear dimension of the region is much smaller than its distance from the measuring
point.
In the previous subsection, we have shown that the magnetic induction B and the electrical
potential V are given by equations 2-19 and 2-20.
Considering a more general case with a distribution of current density J(r') over a certain. '
20
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brain volume, a current dipole can be thought of as a concentration of J(r') to a single point
r'.

J(r') = Q ^ (r-r')

(2-25)

where 5(r) is the Dirac delta function.
If we integrate Dirac’s delta function (cf. Eq. 2-25) we obtain

-h » .

J j(r -r ')^ r ' = 1

(2-26)

By using equation 2-19 and 2-20 the resulting magnetic induction B and the electrical
potential V generated by a>dipolar source is given by the well-known Biot-Savart law:

B(r) = A Q W x f r - y )
4*
|r - r f •

where r' and r are the position vectors where the current dipole Q is located and the "point
where the magnetic field is evaluated, respectively.

Since a point like source is magnetically silent (no magnetic signal is produced) it is some; times convenient to consider Q as an infinitesimal line element (HE) of current I pumped
from a sink at r%to a source * 2 with a very small source-sink separation.
'
•
Assuming that there are no ferromagnetic particles in the head, the permeability of
biological tissue may be considered as equal to that of free space (j i =

jjq).

A single

postsynaptic activity at a dendrite of a pyramidal cell has typically a dipole strength of
about Q=3xl0*13 Am (Williamson and Kaufman 1990). For a single pyramidal cell, which
may be 4 cm from a detector and using equation (2-25), the above dipole strength will
produce such a weak magnetic field ( =2x1 O'17 T), that it is not detectable outside the head.
Since there are approximately 105 pyramidal cells per mm2 of cortex with hundreds or
21

CHAPTER 2:

Background Information on MEG

thousands of synapses per neuron, the resulting magnetic field will be sufficient to be
detected outside the head. Assuming that n current dipoles are operating simultaneously
and pointing in the same direction, the magnetic induction B can be expressed by the
vector sum of all single fields.

B = B1 + B 2 +

•••• + B n

(2-28)

A magnetic field of 100 fT, which is about the order of a typical response to a stimulation
(e.g. of the auditory cortex), therefore requires more than 5,000 neurons simultaneously
active. If the locations of the active current dipoles are close together, say within a few
cubic millimetres, the magnetic field (or strictly speaking, the magnetic induction) B may
be considered as being generated by only one equivalent current dipole. However, one has
to take into account, that the more extended the area is, the less accurate the description of
the biological activity the ECD model provides will be (Williamson and Kaufman 1990).
Nevertheless, as long as the activity is coming frorti one or two well-separated small
regions, the ECD model is satisfactory.
In summary, the equivalent current dipole model considered as an ILE is widely used as the
simplest model to describe unidirectional primary current density in a few cubic
centimetres of an active brain.

2.2.5 Conducting Volume
The calculation of the forward problem relies on the geometry and properties of the
conducting medium and its boundaries. A very simple and widely used volume conductor
to model the head is a sphere of uniform conductivity.

2.2.5.1 Spherically symmetric conductor
Considering a uniform and spherically symmetric conductor, die volume currents do not
contribute to the radial component of the magnetic field. Thus, the radial component Br of
the magnetic field can be attributed to the primary source alone. Therefore, Br can be
22
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calculated from equation (2-19) with J replaced by Jp.

B (,) - a j J (O.x 0r - O M v
r-rf

(2-29,

where êr denotes the unit vector in direction of r. If the source is a current dipole Q at r \
equation (2-29) can take the form

•

=

Q(r )xr gr
Ait

(2-30)

|r —r 7]3

Outside the conductor the total current density J is zero, and therefore Maxwell’s equation
VxB = //qJ can be reduced to VxB = 0. As a result, the magnetic field can be derived from
the magnetic scalar potential U

B(r) = -/zV [/(r)

(2-31)

The magnetic scalar potential V is harmonic and uniquely determined by its normal
derivative on the Surface of the conductor. Therefore, U can be expressed by a line integral
of Vf/ along the radius (r + t êr), for a fixed r and 0 < t < ©o. With U vanishing at infinity
and, dU/dr being the normal derivative for a sphere, we obtain after integrating

oo

oo

t/(r) = - fV(/(r + Z ■êr)■ê rd t = — [Br(r + 1; êr )dt
,to

(2-32)

Vo tt 0

An analytic expression for the magnetic field B, generated by a current dipole in a
conducting sphere, was derived by Sarvas (Sarvas 1987) using equation (2-32) in
rectangular coordinates.
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//p F Q x r g - ( Q x r 6 rjV F Ç r.rg )

4*

F(r,rQ)2

(2-33)

where

F(r,rQ) = a(ra + r2 - r fi r)

(2-34)

and

VF(r,ig) = (r la2 + a ^ •r + 2a + 2r)r - (ti + 2r + a !a •r)rQ

(2-35)

with a = (r-re), a = |a|, and r = |r|.

It is important to note that a detector does not record the 3-dimensional field itself, but a
scalar component of the field, which is dependent upon the orientation of the detector with
respect to the magnetic field.
From the above equations one can directly see that if the primary current is radially
orientated, i.e., Jp(rr) = |JP(rr)| r'/|r'|, Br vanishes and thus B=0. This is true for any axially
symmetric current in axially symmetric conductor (Grynszpan and Geselowitz, 1973).
Furthermore, a source which is placed in the centre of the sphere will produce no magnetic
field either (Eq. 2-30, Br=0 if rg=0). Those sources are common referred as "magnetically
silent" sources.
To summarise, in a spherically symmetric conductor MEG is sensitive only to the
tangential component of the primary current, since the volume currents do not contribute to
the radial component of the magnetic field. This means that the method is optimal for
detecting activity in fissures, as long as the assumption is valid that the current flow due to
the postsynaptic potential is perpendicular to the cortical surface. Furthermore, the
computation of the magnetic field Br, which is fairly straightforward, does not relate to the
conductivity trand is independent of the sphere radius. In contrast, thé EEG signal depends
crucially on different conductivities o; as well as the radius of the conducting sphere (or
radii if a set of spherical shells is used).
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2.2.5 2 Other conductor models
There have been a number of conducting models used and tested to model the head in
MEG as well in EEG. As an extension to the simple sphere model, a typical volume
conductor developed for EEG is the so-called 3-sphere model. It makes use of three or even
multiple concentric and homogeneous spherical shells to represent the brain tissue,
cerebrospinal fluid skull and the scalp, having different conductivities. Moreover, the
spherical models provide reasonable results especially for superficial sources and are good
enough to fit both parietal and occipital areas of the brain.
Although the sphere is the most widely used conductor model in biomagnetism, one has to
bear in mind that for some regions of the brain (especially the frontal part) the model might
introduce some inaccuracies. Lütkénhôner and colleagues (Lütkenhôner et al. 1990)
showed that it is better to consider the local curvature of the inner skull in the process of
fitting the sphere. In particular, when measurements are conducted over a large area of the
brain using multi-channel probes covering both hemispheres or even a whole head
measurement, it might be useful to consider different sphere models for each region of the
head, or even for each detector.
Other more sophisticated conductor models have been developed considering a more
realistic approximation of. the head. They are usually based on the finite integration
technique (Ell ) or the boundary element method (BEM). Those realistic head models that
take anisotropic conductivity into account, require at present too much computation time
for practical applications. However, as an alternative to the realistic head model and the
spherical symmetric conductor an intermediate model can be used by choosing a spheroidal
head shape (Fieseler 2000). The advantage of using a spheroid over a sphere is that sources
which are close to the conducting centre are no longer silent. In other words, considering a
spheroid as a volume conductor, the model might identify activity generated from
structures close to the centre of the head, within favourable computation time.

2.3 Other Brain Imaging Techniques
Although, the brain (and its nervous system) was of interest even centuries before Christ,
neuroscience became a recognised discipline just recent decades ago with the development
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of brain imaging tools providing safe and practical ways for studying the living brain. This
discipline is now a unified field that integrates biology, chemistry and physics with studies
for understanding the structure, physiology of the brain and also behaviour, including
human emotional and cognitive functions. AMot of brain imaging tools2 are now available
i

to neuroscientists to learn how the nervous system develops and functions normally and
what goes wrong in neurological disorders.
.

Psychiatrists together with neurologists and other clinical neuroscientists are using basic
research findings to develop diagnostic methods and ways to prevent and treat neurological
disorders like: brain stroke, schizophrenia, depression, epilepsy, Alzheimer’s disease and
many others that affect millions of people. Different fields in neuroscience require different
tools to study the very complex brain and nervous system. Neuroanatomists, for example,
study the structure and organisation of the nervous system using special dyes to detect
specific neurotransmitters, and mark neurons and synapses with specific characteristics and
functions. Complex brain functions like perception and memory are studied by cognitive
neuroscientists who make use of behavioural methods and brain imaging tools. In the
following, we will briefly describe some of the most utilised brain imaging techniques used
in neuroscience.

2.3.1 X-ray CT
In the 1970’s, scientists (Hounsfield 1973, 1976, Ommaya et al. 1976) began using
computing technology to combine brain X-rays taken from many different angles into a
;
single picture. This X-ray computed tomography (ÇT) offered the first non-invasive
(despite the fact that CT imaging involves passing X-rays through the brain or the body)
direct picture of normal brain anatomy in living humans. CT scans are usually taken to
show up brain tumours or other structural abnormalities: More recently, with the
development of spiral CT and the use of contrast agents 3-dimensional CT angiography
/
offers brilliant reconstructions of the intracranial vasculature (Heiken et al. 1993).

2 Although, some o f the tools and techniques used by neuroscientists do not provide images o f the brain we
will use the term "brain imaging ” to summarise some o f the techniques that provide information about
structure and/or function o f the nervous system.
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Although, radioisodense structures (i.e. structures with the same X-ray absorption
properties) can not be differentiated, CT is still an important diagnostic tool for neuro
logical (and other) disorders providing a spatial resolution of about 1 mm. However, X-ray
CT in general provides anatomical information, but gives no information about function.

2.3.2 MRI and fMRI
Magnetic resonance imaging (MRI) was first presented by Paul Lauterbur in 1973 and
revolutionised brain imaging due to its offering of non-invasive direct visualisation of brain
structures without radiation hazard. A strong magnetic field (usually 1-4 T) is used to
polarise the nuclear spins (e.g. of H) along the direction of the field, while a radiofrequency
field is used to excite the spins (i.e., to change the direction of the spin magnetisation).
After excitation the spins relax into their initial orientation with a tissue dependent
characteristic rate. During relaxation a radio frequency is emitted and can be detected for
image reconstruction. MR imaging provides anatomical information with spatial accuracy
that is similar to CT. The very good specificity to soft tissue has placed MRI as an
excellent clinical tool. On the other hand, neurological dysfunction often demonstrates
normal brain anatomy on MR imaging, since no information about function is provided by
(standard) MRI.
In the early 1990’s functional magnetic resonance imaging (fMRI) was added as a new
addition to brain imaging techniques providing functional information about the brain
(Belliveau et al. 1991, Kwong et al. 1992). The functional information of this new
technology is based on the existing coupling between neuronal activity and blood supply;
soon after neurons discharge, the local capillary bed receives a higher flow load acting as
an intrinsic contrast to the surrounding tissue. The oxygen content of the regional cerebral
blood flow (rCBF) increases due to a marked increase in delivered arterial blood
accompanied by a slight increase of the regional cerebral oxygen extraction rate (rCOER).
As a consequence, the activated cortex is accompanied by an increase of oxyhemoglobin
which has diamagnetic properties. In contrast, deoxyhemoglobin has paramagnetic
properties that causes substantial field inhomogeneity resulting in loss of signal in the
obtained images. Hence, deoxygenated blood acts as an intravascular contrast agent; or in
other words, activated brain regions containing higher oxygenated blood will appear
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slightly brighter.
By using high-speed echo planar imaging (EPI) techniques the spatial information can be
achieved within 40-100 ms providing a spatial resolution of about 1 mm, by a relatively
large slice thickness of about 5 mm (Jezzard and Balaban 1995). During stimulation,
multiple dynamic scans are obtained during alternating task and non-task periods. One
problem is that the difference in signal intensity is extremely subtle, therefore, statistical
analysis is necessary in order to detect which areas show a significant increase in signal
correlated to the task periods. Typically, the statistical reliability is improved by collecting
images over a period of several minutes, whereas the time interval of a single image is in
the range of a few tens of milliseconds. Activated brain regions are enhanced by sub
tracting the control condition (i.e. the resting condition) from the stimulated condition.
Although fMRI provides functional images with excellent spatial resolution (-1-2 mm)
and up to date images can be acquired rapidly enough (less than 30 ms with the expense of
statistical reliability), there is nevertheless a physiological constraint that limits the overall
temporal resolution of fMRI. This constraint is based on the physiological haemodynamic
(time iconstant of blood diffusion) ranging from 3 to 7 seconds. However, the neuro
scientific interest in fMRI studies has been increased rapidly, particularly since the intro
duction of higher magnetic field scanners (e.g. 4 Tesla scanner) which are supposed to be
sensitive enough to the state of capillary oxygenation (Menon et al. 1995). To summarise,
the non-invasive nature of fMRI and the ability to combine functional information with
brilliant anatomical images has placed this technology into a advantageous position over
\
other e.g. radionuclide techniques (cf. subsections 2.3.4 and 2.3.5).

2.3.3 MRS
Magnetic resonance spectroscopy (MRS) is closely related to MR imaging providing
physiological information about the brain. Using MRS specific metabolites and other
substances present in the brain tissue are detected. Combining MRS with MR imaging
provides the opportunity to study brain chemistry in relation to the anatomy. The additional
information provided by MRS, result from the examination of nuclei other than protons,
each of which has a spectrum of visible biomolecules which are often involved in different
aspects of metabolism. Usually, the temporal and spatial resolution of MRS is worse
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compared to fMRI, since the method requires sampling over a few cubic centimetres and
acquisition times of a few minutes. However, studies by Posse and colleagues showed that
three dimensional echo-planar spectroscopic imaging (EPSI) substantially reduces the
acquisition time (64 s) of MRS by studying volumes of a few cubic millimetres (Posse et
al. 1994, 1995). MRS is an important tool for investigating the concentrations and kinetics
of tissue metabolites. A particular clinical application of MRS can be found for éxample in
tumour diagnostics, where the origin arid the grade of malignancy is investigated (Poptani
et al. 1999, Kvistad et al. 1999).

2.3.4 SPECT
Single photon emission computed tomography (SPECT) is a nuclear medical diagnostic
method which is able to display the distribution of radioactive tracers in the human body in
tomographic slices (e.g. of the brain or the heart). The method uses radionuclide tracers
labelled with isotopes which emit y-rays such as Technetium-99m, Iodine-123 or Thallium201. Different tracers are used to study e.g. brain perfusion, the cerebral receptor system or
bone metabolism (Langen et al. 1991, 1997, Weckesser et al. 1997, Toba et al. 1998).
Modem SPECT systems are equipped with two or three detector heads rotating around the
patient’s body while measuring the radioactivity distribution from different angles. This
allows the calculation of three dimensional tracer distribution and reconstruction of
tomographic slices. The spatial resolution of dynamic sequences obtained by SPECT is
about 1 cm and requires counting usually of about 1-2 minutes. The method is inferior to
PET (cf. subsection 2.3.5) with respect to spatial resolution and the ability for absolute
quantification of tracer concentration. On the other hand, SPECT is much cheaper than
PET and is widely used. An advantage of SPECT versus PET is the-ability to measure the
distribution of two different radiopharmaceuticals at the same time and to acquire data for
several days thanks to the long half-life of the gamma emitters which can be applied.

23.5 PET
Positron emission tomography (PET) is another radionuclide technique used for nuclear
medical diagnostics. The method provides functional information about metabolic
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processes by visualisation and quantification of metabolic functions within the human body
(e.g. the brain) in vivo. A PET investigation involves the injection of an appropriate
substance which is labelled with a positron emitting radioisotope. Such isotopes are
produced in dedicated cyclotrons. The positron emission is followed by the emission of a
pair of back-to-back photons which, are registered by circular coincidence detector systems
positioned around the patient. Using advanced image reconstruction procedures the
measured radiation is converted into tomographic images which show the distribution of
the radiolabelled substance inside the body. PET has the further ability to measure multiple
parameters like blood flow, metabolism and receptor binding in a single session.
The clinical applications for PET range from reduced cardiac perfusion* cerebral
hypometabolism, and psychiatric disorders to differential diagnosis of tumours and followup after tumour therapy (Ebert et al. 1994, Herzog et al. 1996, Borner et al. 1999).
Moreover, a large number of brain activation studies have been performed using PET
(Seitz et al. 1995, Stephan et al. 1999, Krause et al. 1999).
A specific characteristic of PET is its ability to measure the amount of radioactivity in
absolute units of radioactivity rather than just in count rates, like common nuclear medical
procedures do. Knowing the amount of radioactivity within the body, molecular
concentrations as well as their turnover can be calculated. The resolution of modem PET
scanners is in the range of 4-5 mm which is better than the spatial resolution of SPECT.
However, the disadvantage of the method is the relatively poor temporal resolution.
Usually, 40 s or more are needed to achieve acceptable images of dynamic processes.
Hence, short-term changes in brain function cannot be measured using PET.

2.3.6 EEG

^

Small electrical currents generated by the human brain produce measurable voltages on the
surface of the scalp, that were first observed by Berger in 1929 (Berger 1929), who used
just two electrodes, one placed at the forehead and the other at the back of the head to
measure the first human electroencephalogram (EEG). The importance of EEG and its
applications in neurology, neurosurgery, and psychiatry were quickly established, so that
EEG is now considered as a routine clinical tool providing useful measures of brain
physiology (and pathophysiology) within millisecond time resolution (Reinvang 1998,
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Heimberger et al. 1999, Buchner et al. 1999).
Up to 256 scalp electrodes are currently used in EEG laboratories to measure brain activity
(sampled at a few kHz) non-invasively from the surface of the head, where the difference
of the electric potential is recorded from each electrode against another scalp electrode
(bipolar measure) or against an electrically ‘quiet’ reference electrode (monopolar
measure), which is e.g. mounted on the mastoid. Obviously, the recorded signal depends on
the position of the electrodes and how they are paired. Many laboratories perform
monopolar EEG recordings by making use of an international electrode position system
(e.g. 10-20 system) providing some standardisation across different head sizes (Jasper
1957). The major disadvantage of the referential strategy is that no ideal, truly inactive,
reference site exists.
Another problem of EEG (and MEG) is that the reconstruction of the neuronal generators
is difficult to perform. This might be the reason for the large number of EEG articles that
have been reported, where the source was presumed to be nearest the electrode with the
largest signal. In the last few years, a lot of effort has been put into the development of
source reconstruction tools for EEG (and MEG) data. Given knowledge of the electrical
properties and geometry of the head, the surface potential pattern generated, by neuronal
currents is uniquely specified by Maxwell’s equations (subsection 2.2.1), while the current
pattern that generates a particular surface potential pattern cannot be specified uniquely due
to the electrographic inverse problem that has no unique solution (cf. chapter 3).
Although this problem is also shared by MEG, EEG source reconstruction is more complex
since the neuronal activity measured at the surface of the head is significantly distorted by
different layers (brain tissue, cerebrospinal fluid, skull) having different electrical
conductivities (cf, section 2,4), However, advanced EEG source reconstruction tools now
promise reliable localisation (below 1 cm) within millisecond time resolution (Leahy et al.
1998, Silva et al. 1999).

2.3.7 ECoG
Electrocofticography is an invasive technique to measure electric potentials, generated by
the human brain, directly on the surface of the cortex. The method provides precise
localisation within a few millimetres and with the temporal resolution of EEG. The signal
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is usually measured by either using subdural plates consisting of a grid of e.g. stainless
steel electrodes (a typical diameter is 3 mm with a 1 cm inter-electrode centre-to-centre ■
distance) or needle-like depth electrodes consisting of several leads (e.g. 5-15 leads 1-2
mm apart) having a typical length of 2 mm for each lead and a typical diameter of about
1 mm.
This highly invasive technique is suitable for clinical applications only, where it is often
applied to epileptic patients in order to localise epileptic foci before surgery (Hamano et al.
1997, Rektor et al. 1998). Besides the clinical interest in localising epileptic foci using
ECoG, the method is further suitable for measuring slow electric potentials, as
demonstrated by a study of Ikeda and colleagues who investigated the effect of the
electrode property while recording slow electric potentials (Ikeda et al. 1998). ECoG
recordings revealed important findings related to the localisation of slow potential
generators, like the Bereitschaftspotential (BP) or the CNV (Ikeda et al. 1994,1995, 1996a,
1996c, Lamarche et al. 1997, Hamano et al. 1997). Besides the direct measure of cortical
activity ECoG also offers the possibility of stimulating cortical areas using an electric
current with distinct intensities to map cortical function (Rektor et al. 1998). This
technique can help, for example, to identify the extent of the epileptogenic region and the
function of the cortex around this region. However, the major disadvantages of ECoG
recordings are the following: (a) the method is highly invasive, hence, as far as human
studies is concerned, such recordings are dictated by purely clinical considerations, (b)
ECoG has significant limitations due to the limited coverage of the cortex.
.

2.3.8 Optical Imaging
Optical methods like near infrared spectroscopy (NIRS) are based on the interaction
between light and brain tissue measuring the tissue absorbency of the emitted tight usually
at wavelengths in the range of 700-1000 nm. Biological tissue in general is relatively
transparent to tight in thé near-infrared rangé. The tight source is usually coupled to the
subject's head via fibre optical bundles (optode). Since tight is highly scattered after
entering tissue a second optode, placed 2-7 cm away from the first can collect tight after it
has passed through the tissue beneath the optodes, where the tight-receiving optode is
connected to a tight detecting system such as a photomultiplier or a CCD camera.
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When the brain is illuminated, active brain areas reflect less light compared to ‘non-active’
region, thus enabling determination of concentration changes of oxygenated and deoxy
genated haemoglobin and CBF changes (Villringer and Chance 1991). Since near infrared
light penetrates brain tissue and even the skull without any hazard, this wavelength range
represents an “optical window” for the non-invasive assessment of brain tissue.
On the other hand, optical imaging is limited to the cerebral surface, because of its small
depth penetration; it usually provides a spatial resolution ranging from a few tens of milli
metre to centimetre range and a temporal resolution between 100 ms and more. It should be
noted that invasive optical imaging can also be carried out using membrane potentialsensitive dyes which are loaded, into brain cells; activity of individual cells can be
monitored at a temporal resolution in the order of milliseconds and at microscopic spatial
resolution. However, in non-invasive measurements, these optical signals are distorted by
the multiple scattering that occurs when the light travels twice across extra-cerebral tissue.
/

It is therefore the goal of non-invasive optical approaches to extract this information as
well as possible. In a study by Watanabe and colleagues, for example, it has been
demonstrated that regional haemodynamic changes were detected in a small area around
the motor cortex with a spatial resolution of about 30 mm and a time resolution of about 12 s (Watanabe E et al. 1996). To summarise, NIRS and related methods are flexible
(portable) and inexpensive devices offering a considerable potential for research and
clinical applications (particularly for neonates) with no invasion. '

2.4 Overview: MEG versus other functional brain imaging/
signal recordings
Many different brain imaging techniques have been introduced and established into
neuroscience during the last few decades; each of them highlighting different aspects of the
brain. Although for some techniques there is an intrinsic limitation in the spatiotemporal
resolution (e.g. the physiological haemodynamic which is in the range of a few seconds), it
seems that there is an ever increasing improvement in both the spatial and temporal
resolution of the devices extracting signals or information from the human brain. When
comparing MEG with other functional brain imaging/signal recordings, we should bear in
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mind that most of the different techniques mentioned in section 2.3 measure either
haemodynamics (blood flow or blood volume) or metabolism (fMRI, SPECT, PET, MRS,
optical imaging) rather than electrophysiology (MEG, EEG, ECoG). Some of the methods
described in section 2.3 provide remarkable spatial resolution (e.g. fMRI), while to date,
only MEG and EEG (ECoG) recordings provide sufficient temporal resolution to follow
brain processes with millisecond temporal resolution.
In general, it is difficult to compare results obtained from different modalities due to
physiological (e.g. haemodynamic), technical (e.g. different experimental setup) or intrinsic
(e.g. inverse problem) limitations, leading to different kinds of measures. Nevertheless, a
few studies have been reported where reconstructed brain activity was com pared to MEG
localisations.
Sdppich and colleagues for example have investigated self-paced finger movements, tactile
somatosensory stimulation and binaural auditory stimulation in volunteers using MEG and
fMRI (Sdppich et al. 1998). Both modalities showed that the localised brain activity was
found to be in adjacent areas of the anatomically correct cortex, where the mean distances
v

between fMRI activity (significance level of t-test) and MEG (ECD location) range
between 1 and 1.5 cm. Kassubek and co-workers demonstrated in a similar study, where
the activity from the motor cortex was mapped, that the difference between fMRI and
MEG localisation was even less than 1 cm (Kassubek et al. 1996). .
Since ECoG measures brain activity directly on the surface of the cortex, the method is
believed to provide accurate localisations within a few millimetres. Gharib and co-workers
have tested the localisation accuracy of MEG versus ECoG by using à' spherical phantom
which was constructed with a few current dipoles (Gharib et al. 1995). Although only a 7 channel biomagnetometer was used to measure the MEG signal, both methods MEG and
ECoG revealed comparable localisation accuracy, with mean errors of 1.5 and 1.8 mm,
respectively.
When considering non-invasive methods again, both modalities MEG and EEG can
provide spatial and temporal information about the electrical activity in the brain with
millisecond temporal resolution. One important advantage of MEG over scalp-EEG is that
MEG field patterns are relatively undistorted in reflecting underlying source generator
activities. This is because the magnetic fields are not (or much less) affected by the
<
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propagation through different tissue layers (brain, cerebrospinal fluid, skull and scalp) with
different electrical conductivities. The study from Okada et al. recently confirmed the
theoretical expectation that the skull should be virtually “transparent” to magnetic fields (at
least for superficial sources) (Okada et al. 1999). On the other hand, the major advantage
(in terms of source localisation) of EEG is that in contrast to MEG, when a spherical
volume conductor is used, EEG is able to detect tangential as well as radial components of
brain activity (see also section 2.2).
It is generally believed that MEG provides a higher source localisation accuracy compared
to scalp EEG. Even if a realistic head model is used (for both modalities) the mislocalisation of EEG is still large, as was recently demonstrated in a study published by
Leahy and colleagues (Leahy et al. 1998). In this study, a human skull phantom constructed
with brain, skull and scalp layers was used with 32 independent current dipoles that Were
distributed within the brain (i.e. within the phantom’s brain region). The average
localisation error over the 32 dipoles was 7-8 mm for EEG but only 3 mm for MEG.
Localisation accuracy of MEG versus EEG was also tested in real data (Ko et al. 1998,
Wheless et al. 1999) favouring MEG’s locating ability. In the more recent study by
Wheless and colleagues (Wheless et al. 1999) 58 patients suffering from refractory partial
epilepsy have been investigated by using MEG and EEG in order to identify the '
epileptogenic zone for resection. From the results, which were referenced to the surgical
outcome, Wheless and colleagues indicated that MEG is a very promising diagnostic
method, and raise the possibility that it may obviate the need for invasive EEG in some
cases. Fuchs and colleagues have used a different approach in their study, where the
information obtained by MEG and EEG was merged, claiming that a better understanding
of the underlying neuronal source(s) can be revealed by combining bioelectric and
biomagnetic data (Fuchs et al. 1998).

Nevertheless, each modality provides a different view of the acting brain, and therefore,
there is an increasing interest in combining modalities to extract haemodynamic, metabolic
and/or electrophysiological information from the brain leading to a better understanding of
how the brain is working (Mayanagi et al. 1996, Fenwick et al. 1997, Lamusuo et al. 1999).
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3 Inverse Problem
In the previous chapter, we described how the current flow is related to the electrical
potential on the scalp or the magnetic field m easured above the head. Given an
appropriate model it is fairly straightforward to solve the forward problem. However, in
practice thé magnetic field or the electrical potential is given by the MEG or EEG
m easurem ent where the task is to find the underlying sources in the brain. The
problem is known a s the biomagnetic inverse problem, and this is the topic of the
present chapter. General comments as well as som e of the relevant information that is
associated with the inverse problem will first be outlined, followed by a discussion of
localisation methods using the current dipole model. Finally, and a s an example of
distributed source models, Magnetic Field Tomography (MFT) is discussed at the end
of the chapter.

3.1 Introduction

y

The aim of the neuromagnetic inverse problem is to estimate the distribution of cerebral
current sources from measurements of the magnetic field. Unfortunately, if no other
information is available, neither MEG nor EEG measurements contain enough information
to estimate the underlying source configuration in a unique way. The non-uniqueness is due
to the fact that there might be magnetically silent sources, together with the principle of
superposition, which means if two or more sources are active at the same time, the
measured field is the vector sum of each individual field. As an example, if a few current
1

r

dipoles placed in a spherically symmetric conductor are active at the same time and some
of them are radial orientated; the resulting magnetic field is indistinguishable from the field
without the radial orientated sources. In other words, there is an infinite set of different
sources that could rise to the same observed signal. Moreover, the problem is much more
complex if spatial variations in source activity are allowed. It was already shown by
Helmholtz in 1853 (Helmholtz 1853) that a current distribution inside a conductor can not
uniquely determine the spatial distribution of activity by knowing the surface potential or

I
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the magnetic field outside the conductor. Furthermore, the available data are corrupted by
noise and the possible presence of silent sources would not allow a unique solution. A
simple example of a magnetically silent source that produces an electric field is a current
dipole radial orientated in a spherically symmetric conductor, as described in subsection '
2.2.5. As far as EEG is concerned, a closed loop of current produces no electrical potential
V on the scalp, but it does produce a magnetic field B.

B= 0

fv o

r=o

Figure 3.1: Examples of silent sources: On the left side, a current dipole radially orientated
in a spherically symmetric conductor is magnetically silent. On the right side, a closed loop
of current is electrically silent.

.

Because of the non-uniqueness, the inverse problem as it arises in bioelectromagnetism is
called an "ill-posed" or "ill-conditioned" problem. Therefore, we must confine ourselves to
finding a solution among a limited class of source configurations. In order to deduce
information about physiological activity in the brain, it is necessary to make use of a priori
information to solve the inverse problem. If we are to construct a mathematical model, we
must make certain assumptions about the activity in the brain. There are a couple of models
available to handle the restricted inverse problem, but they can basically divided into two
categories. Most often, the assumption has been made that the current source in the brain is
localised in a single or a small number of current dipoles. This is known as the single or
multiple current dipole model and will be described later. As an alternative one may
describe the activity in the brain by a diffuse but more realistic current distribution.. As an
example of such a distributed source model. Magnetic Field Tomography, which is the
method we have used throughout the studies, will be described in more detail. Before we
can discuss the above methods, we have to consider an important physical concept, the set
of lead fields, that reflects the sensitivity of magnetic measurements.
î
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3.2 Lead Fields
Each detector has an associated lead field defined throughout the region where the primary
currents may occur. For a given detector, z, the lead field O, describes the sensitivity
distribution: it depends on the conductivity a and on the coil configuration of the magneto
meter or gradiometer system (Tripp, 1983). Let m,- be the output of the zth magnetometer.
Then the measurement m, can be expressed as a linear functional of the primary current
density J p(r) with the vector field 0,(r) playing the role of kernel:

/ m,

.=

J<t>,(r)-Jp(r)dv

(3-1)

e
The integral extends over a finite volume Q (often called the source space) where the
current distributions are believed to lie. By analogy with equation (3-1), the lead field 0 ,E
of an electric measurement V, is given by

% = J o ? ( r ) . J p(r)dv

(3-2)

.6
with Vi being the potential difference between the zth electrode and a reference electrode.
. The output mt of the zth magnetometer which is often referred to as the magnetic flux, and
can be expressed by
mi

= J B(r) • dS

(3-3)

coil

where the integration extends over the area of the detection coil, and dS is aninfinitesimal
element normalto the plane of the coil. This normal is constant for aplanar coil and
denoted by dS = ëcoii dS.
Considering a dipolar primary current distribution J P(r) = Qô(r-rg) located at

tq,

the lead

field as defined by equation (3-1), is readily obtained if one is able to compute the
magnetic field B=B(Q,rr), caused by any dipole Q at any location

Vq.

This requires
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knowledge of the conductivity distribution <Xr) so that the effect of volume currents can be
properly taken into account (Hamalàinen et al. 1993). Inserting this dipolar current density
distribution into equation (3-1), we obtain

”i,(Q,re ) = 0 ,(r e ) Q

(3-4)

If a given detection system consists of a set of planar coils, with normals n,, all three
components of the lead field can be found for any location rQ . Using equation (3^1) we
find by integrating over the detection coil

m

^ JB(Q,re ) n ^ 5 ;

(3-5)

7=1 Sj

where the directions of the normals n7 have been chosen to take into account the winding
sense of the coils, so that a field satisfying B n, > 0 yields a positive signal at the output.
Considering a spherically symmetric conductor the two tangential components can also be
obtained analytically (Sarvas, 1987), without any reference to the actual conductivity
profile o(r) = crr , and the lead field takes the form

=

7 -7 7

x êCoii + (êcoi| •VF)r x rQ]

(3-6)

with F and V F given by equations (2-34) and (2-35), respectively.

From the above formulation one can summarise the following characteristics of the lead
fields:
i.

lead fields are vector quantities and provide details about the experimental
arrangement by reflecting the sensitivity profile of each detector.

it
Hi.

they are affected by the relative location of the source space and the detection coil.
since integration over the detection coil is involved, the form of the lead fields is
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dependent upon the geometry of the detector, which includes both the shape and the
orientation of the detection coil.
iv.

the lead fields are influenced by the conductivity profile, and hence different
conductor models will introduce different lead field patterns. It is worth noting that
the expansion functions automatically exclude any contribution from magnetically
silent sources.

v.

since the expansion functions 0 ,(r) are completely determined by the geometric
details of the sensors for a given source type, they only need to be calculated once for
each experimental arrangement.

3.3 Current Dipole Models
In most bioelectromagnetic analyses, the underlying source generators have been described
by one or more current dipoles in a conducting sphere (or spherical shells). As discussed in
the previous chapter this approximation is often referred to as the equivalent current dipole
(ECD) model. Such a description implies that brain activity is concentrated in small
regions where the distance between source and measurement location is large compared to
the spatial extent of the source. Thus, the ECD model is feasible under the assumption that
the activity at a given time is located in one (single dipole model) or a few more (multiple
dipole model) well separated sources (Hari et al. 1984). The advantage of such a
simplification is that it makes the computation tractable, but one has to bear in mind that
the model becomes unreliable in terms of source localisation if the number of sources is
increasing or a distributed source generates the signal.

3.3.1 Single Current Dipole
Given the observed MEG measurement, the task of the single current dipole model is to
estimate location, amplitude and orientation of a dipolar current source, which in some
sense best fits the data. One of the most standard methods of estimating the location of
such a simple source is to determine the equivalent current dipole by a non-linear leastsquares search. The source is assumed to be dynamic so that its location, orientation and
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strength are allowed to vary in time. Each timeslice is investigated separately with no
temporal correlations presumed. This model is usually referred to as the moving-dipole
model.
The recorded measurements for a single instant of time can be represented by an array of
values m i...

where N is the number of measurement locations. If one selects a specific

dipole Q of location yq , one can predict the field measurement at each detector by solving
the forward problem (e.g. by use of equation 2-33), where the predicted measurements are
denoted by M ;... M#. The least squares fit iteratively refines the location and orientation of
the predicted dipole until it converges to a dipole that "best fits" the measurements. This
can be done by constructing a cost function C, with respect to the dipole parameters:

c

N

=

-M ,)-

(3-7)

7=1

The magnetic field pattern of the recorded measurements can now be compared to those
generated by dipoles at each location of the source space. Since the ECD model is a
simplification and the measurement is usually corrupted by noise it is unlikely that any of
the predicted dipoles in the source space will provide an exact match, but one can
determine if any of them provide a "close" match. A screening technique will therefore
provide the closest match for each time instant.
There are several indicators to describe how well the field pattern of an equivalent current
dipole agrees with the experimental data. The goodness-of-fit value g , which is widely
used in linear regression analysis, is given by

N
X

g

(m z

i )

/

( 3- 8)

=

Im f
7= 1

If g = l, the model agrees completely with the measurement. On the other hand, if g=0, the
model is irrelevant and does not describe the measurement any better than a zero field
would. Deviations of g from 1 are caused by measurement noise and by the inadequacy of
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the source model.
In both equations (3-7 and 3-8) the uncertainty due to noise is not included. If we assume
no correlation between the detectors the covariance matrix X of the estimated noise level
can be expressed as: X = 7 r (<J;, ..., (Jn)\ where <7 contains the information of both the
environmental and subject noise sources, and with Tr being the sum of the diagonal
elements (which is usually termed as the trace of a matrix). With reliable estimates for a it
might be more useful to consider a different goodness of fit value

(3-9)

With Gaussian errors in the measurement data the probability P gives a quantitative
measure for the goodness of the model:

P

(3-10)

With P = l, the model represents the data well and adding more sources is not reasonable.
However, if <7 is over- or underestimated one easily obtains misleading results
(Hâmâlâinen et al. 1993). Therefore in some reconstruction algorithms (e.g. BTi's single
dipole fit which has been used for the analysis of phantom data; cf. section 6 .2 ) the
goodness of fit parameter is determined by equation 3-8, which implicitly assumes the
same noise in each detector.

Since a dipole fit involves random variables in the presence of noise, there is an inherent
uncertainty in the location and orientation of the dipole. One can define a confidence
region for the dipole location which contains the most probable set of points for each
location (Sarvas 1987). The confidence region is typically an ellipsoid in three dimensions,
centred at the dipole estimate (Figure 3.2). Any point outside this region is less likely to be
the actual location than a point inside the region, and further the estimated dipole location
is more reliable the smaller the confidence region is. Sarvas showed (1987) that the
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deviation of the transverse direction which is perpendicular to the dipole and its location
vector is about half of the deviations in the longitudinal direction (in the direction of the
dipole) and in depth.
However, using the single current dipole model, one has to be aware of the resemblance
between the field distributions produced by a single dipole, a side-by-side pair or a dipole
distribution along a line (Cuffin and Okada 1985). Since the modelling error is only weakly
reflected in the goodness-of-fit value g, one has to take into account that even if the fit
value is high (i.e. close or equal to 1), the model might be misleading.
z

X

Figure 3.2: Confidence region for a dipole location (modified from Lypchuk 1990).

3.3.2 Multiple Current Dipoles
A straightforward extension of the single current dipole model is the multiple dipole
model, which is composed of two or more spatially separated current dipoles. Since the
inverse problem is limited by non-uniqueness and the spatial resolution of simultaneously
active sources is generally poor, a reliable separation of the dipole moments is possible
only if the dipoles have a certain minimum distance, depending on the signal-to-noise ratio
(Lütkenhôner 1992). If the distance between individual dipoles is sufficiently large (e.g.,
>4 cm) and their orientations are favourable, the field patterns may show only minor
overlap and they can be fitted individually using the single dipole model. This approach
has been successfully pursued to separate activities from the first and second
somatosensory cortices (Hari et al. 1984).
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However, when sources are close together in space and overlap in time, one needs to resort
to a multi-dipole calculation to obtain more reliable results. An effective approach to this
modelling problem is to take into account the spatio-temporal course of the signals as a
whole instead of considering each time sample separately (Scherg et al. 1990).
Different spatiotemporal models have been developed and investigated by researchers all
over the world. In some cases dipolar sources were modelled to have fixed location and
fixed orientation, others allowed unconstrained dipoles (i.e. they were allowed to move and
rotate at each time sample). One of the most general models makes use of the least squares
method. We take the case in which there are several dipole sources that maintain their
position, and optionally also their orientation, throughout the time interval of interest. If we
take into account the spatiotemporal course of the signals the cost function can be
expressed as

C = ||M - B ( x 1,x 2,...,x„)||p

(3-11)

with M and B being the matrices of the measured and the predicted data, respectively,
where

are the unknown model parameters. |||^ denotes the square of the Frobenius

norm:
n

IH If

=

m

ËE4 =

7>(A r A )

(3-12)

1=1 7=1

where i =

indexes the measurement points and j = l,...,m correspond to the time

instants tj under consideration, and with Tr being the sum of the diagonal elements.
If we consider a spherical conductor model where any MEG measurement is insensitive to
radial components, and further we assume p dipoles located at r^ , (d = l,...,/?), there will be
pi fixed-orientation dipoles and p? of unconstrained orientation (p = pi + p?). Therefore, we
are seeking r = pi + 2p? dipole source components, one for each fixed-orientation and two
for each variable-orientation dipole. W ith these assumptions, the predicted data can be
expressed as
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B = GRQ

(3-13)

where G is an xû<2p gain matrix composed of the unit dipole signals. In other words, G
contains such signals that would be produced by unit dipoles at
of the unit vectors eoand

pointing in the direction

of the spherical coordinate system, respectively. The matrix R

is an 2/?xr matrix and contains the distinction between fixed- and variable-orientation
dipoles. Finally, Q is an rxm matrix containing the amplitude time series of the dipoles at
each time instant. Note that G is a non-linear function of the dipole locations, but the data
are linear in the time series RQ.
In order to minimise the total square error C (Eq. 3-11), one has to provide correct values
for the number of fixed- (pi) and variable-orientation dipoles (pi)- De Munck et al. (1990)
suggested a method based on singular value decomposition (SVD) to perform this task.
However, as pointed out by Mosher et al. (1990), even if the dipole model is correct, there
is still the remaining problem of dividing the r degrees of freedom between variableorientation and fixed dipoles under the constraint r = />i + 2/?2.
A major problem of the least squares method is that one can trap into local minima,
particularly as the number of sources increases. An alternative to the least squares method
is the so-called MUSIC (multiple signal classification) algorithm which was first
introduced by Schmidt (1986) and has been modified and introduced into MEG analysis by
Mosher et al. (1992). MUSIC has been designed for searching the optimal locations of
several simultaneously active current dipoles, where the dipole location is assumed to be
stationary, and the dipole moment can either be constant (fixed dipole) or have varying
orientation (rotating dipole). This method is based on the decomposition of the spatiotemporal data matrix into a signal and noise subspace under the following two
assumptions: first, the data consist of signals from a discrete number r of non-rotating
dipoles with mutually independent time courses, and second, the data are corrupted by
additive white noise. The signal subspace is obtained by calculating the covariance matrix
of the observed fields, where the rank of the subspace is the number of elemental sources.
This subspace is used in a projection matrix that scans the three dimensional head volume,
where a "regional" test-dipole with fixed position but variable orientation is used to
simulate a MEG measurement.
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The advantage of the above method is that one does not need to know the number of
dipoles in advance and the scanning is performed quite quickly, since we are moving just
one dipole. Although the method produces reasonable results tested with both real and
simulated data (Mosher et al. 1992), some major problems remain. Since we have only an
estimate of the signal subspace, the maximum eigenvalues are not exactly unity at the
correct dipole locations. One can make use of a peak picking routine to find the locations,
but it can fail in some cases. Mosher (1992) suggested a Monte Carlo approach for testing
the goodness of the various peaks, after the data have been initially scanned. A strict
requirement is that each distinct dipole must have a time course linearly independent from
the other dipoles. Therefore the method will also fail if two or more sources are linearly
dependent, which is common in bilateral stimulation studies.

3.4 Distributed Source Models
Another description of neuroelectric activity is the assumption of a diffuse and probably
more realistic current distribution, which can be discretised in terms of a large number of
homogeneously distributed current dipoles. Such a model has the advantage that the
structure of the activity does not have to be defined in advance, because no particular
geometry is assumed for the source. However, one has to make some restriction by
including some kind of a priori information to avoid the non-uniqueness of the inverse
problem. The first attempt of such a more general solution was the minimum-norm
estimate (MNE) which was introduced by Hâmâlâinen and Hmoniemi (1984). This method
picks up the current density with the smallest root-mean-square value by using an
appropriate régularisation technique.
In addition, a few other distributed source models were introduced to the MEG analysis, for
example, Pascal-Marqui and colleagues (1994) developed a method called LORETA (low
resolution electromagnetic tomography). It is based on the intriguing idea that
neighbouring neurons are simultaneously and synchronously activated. In consideration of
this physiological constraint the method selects the smoothest of all possible three
dimensional current distributions. However, the first three dimensional current distribution
46

CHAPTER 3: Inverse P roblem

reconstruction method, the so-called Magnetic Field Tomography (MFT), has been
developed by loannides and colleagues in 1989 at the Open University in Milton Keynes,
UK (loannides et al. 1990). The method which has been tested extensively with both
simulated and real data, is capable of recovering reliable three dimensional estimates of the
primary current density distribution. In 1995, Gorodnitsky and co-workers have developed
a similar reconstruction algorithm to MFT which they called FOCUSS (FOCal
Underdetermined System Solution). The method which is described in more detail in
(Gorodnitsky et al. 1995) is based on recursive weighted norm minimisation.

/

i

3.4.1 Minimum Norm Estimates x
The primary current distributions can be considered as elements of a current space

3

where

the source space Q into which the activity Jp is confined could be a curve, a surface, a
volume or a combination of discrete points. Considering two elements of the source space
Q, the inner product is defined by

j |\ j £ )

= J j i P ( r ) - J 2 (r)</v

(3-14)

Q

where the overall amplitude of a current distribution can be expressed by its norm

2

2

dv

j p

(3-15)

Q
The minimum-norm estimate (MNE) is a current distribution with the smallest overall
amplitude that is capable of explaining the measured signals in the sense of the norm
defined by equation 3-15 (Hâmâlâinen and Hmoniemi 1984, 1994). The algorithm searches
for an estimate Jpest for Jp which is confined to the source space Q so that the distribution
has minimal magnitude. Under the assumption that sources exists only at grid points of the
subspace 3 the non-linear inverse problem reduces to a linear one, and the solution can for
example be determined by solving a linear least-squares problem.
Given a set of N measurements m, = ( 0 „ J P), /= !,..JV , one can only obtain information
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about primary currentslying in the subspace of
estimated currentdensity J g St

3

that is spanned

by the lead fields. The

can therefore be expressed as alinearcombination of the

lead fields

N
JL

=

% w ,® ,

(3-16)

1=1

where w, are scalars which have to be determined from the measurements m,.
Assuming that J g St reproduces the measured signal with (0 /,J pesr) = m, = <Oy,Jp), we
obtain a set of linear equations M = ilw, where M = (mi,...myv)r , w = (wi,...WAi)r and f t is
an N x N matrix containing the inner products of the lead fields FI,y = (0 „ 0y ). With this
notation, we can rewrite equation 3-16

=

J L

where 0 =

T

.

w r O,.

.

(3-17)

-1

O^v) . W ith w = H M, equation 3-16 can take the form

JePst

=

( n _lM ) 7'<D/

(3-18)

The minimum-norm estimate which is chosen to explain the measured signal is now the
current density J g St with the smallest overall amplitude, in the sense of its norm defined
by equation 3-15 .
Since the measurements are corrupted by noise and in addition many more source locations
than measurement points are used, the problem is highly underdetermined so that the inner
product matrix IT of the lead fields can possess some very small eigenvalues. This may
introduce some large errors in the computation of w and therefore numerical instability is
predicted. In order to avoid this problem, the solution must be regularised (Sarvas 1987),
which means that all components of J g St are suppressed that are "poorly" coupled to the
detectors. Using singular value decomposition (SVD), one can write the symmetric matrix
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n in the form

n

=v i v r

(3- i9)

withVVr = I and the diagonal matrix Z = diag(X|, X2,...X„) containing theeigenvalues X of
fi with Xi > X2> •••• > Xn> 0. The inverse matrix of Tl can therefore be expressed as

r r 1 = v E"1v r

and

régularisation may

be carried

out

by

replacing

(3-20)

£

by Z

l=

diag(l/Xi,

1/^ 2,.. 1/ ^ , 0 ,...,0 ), so that we can rewrite equation 3-20 to

f r 1

= VÊ"1 Vr

(3-21)

One problem is to decide the "zero"-threshold which means one has to select the cut-off
value k < n that the regularised minimum-norm estimate does not contain too much
contribution from noise. If the very small eigenvalues are set to zero, the regularised
minimum-norm solution is now given by

JePst =

( f r 'M ) 7®

(3-22)

It is important to note that minimum-norm solutions are restricted to an ^-dimensional
subspace which depends on the lead fields and the weight matrix.Therefore, the minimumnorm estimate is bound to emphasise superficial activity and should

beused only if the

assumption about the source space is valid and no additional prior information is available.

3.4.2 Magnetic Field Tomography (MFT)
Magnetic Field Tomography (MFT) was the first technique capable of recovering reliable
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estimates of the expectation value of the primary current density distribution J g St. It was
developed (loannides et al. 1990) and implemented on a transputer array (Liu MJ et al.
1993) at the Open University, UK. Meanwhile, MFT is running on fast UNIX workstations
in a few laboratories and even a parallelised version of MFT is running at the Research
Centre Jiilich, allowing for heavy computational reconstruction demands. MFT has been
tested extensively on both simulated and real data and was designed to provide images of
three dimensional estimates of the brain activity. For a description in more detail and a
review describing the logical steps of MFT we refer to (loannides et al. 1990, loannides
1994a, 1995a).
MFT is based on a probabilistic treatment of the inverse problem where the expected
current density is expressed as a linear combination of expansion functions:

N
=

J e s »

k=\

W(r )
v

(3-23)
' :

with N being the number of detectors and w(r) is a probability weighting function which is
defined throughout the source space, incorporating any a p rio ri information about source
location, and A, are expansion coefficients that can be determined from the measurement
data by combining equation 3-1 and 3-23. Thus, we obtain the linear set of equations:

N

mi

=

^ j A k 'Pik
k=l

(3-24)

with P satisfying

P*

= (O,-,<!>*) = | <t>, (r) •<£>t (r)w(r) d v

(3-25)

6

The matrix

Pcontains the inner product of the lead fields O,* incorporating a weight

function w(r), which can be for example a Gaussian function to "stretch" the lead fields for
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avoiding the minimum-norm tendency to overemphasise the superficial activity (loannides
et al. 1995c). In general, any a priori assumptions about the source location are built into
the weight function w(r). If P is sufficiently non-singular, it is obviously possible to invert
equation 3-24 to obtain the coefficient values A* and then substitute A& into equation 3-23
for obtaining the reconstructed current density. As discussed in the previous section, the
problem is usually highly underdetermined, because of the large number of <D functions.
Therefore, P is more likely to be singular and needs to be regularised. A smaller subset of
expansion functions or singular value decomposition can turn P to a non-singular matrix. If
one can decreases the number of 0 functions in terms of using a smaller subset t of
detectors with t < N so that equation 3-23 can take the form

t

J »

= I 4 0 ,(r )w (r )

(3-26 )

k=l

Note that the choice of t and the selection of the detectors is of importance. Since t needs to
be small to avoid singularity one can discard such detectors with similar lead fields, but
with the cost of losing spatial resolution.

Another way of avoiding non-singularity can be performed by introducing a régularisation
parameter Ç , which resolves the conflicting requirement of high spatial resolution and
insensitivity to noise, so that the matrix P becomes regularised.

N

^ik

-

+

(3-27)

M

By taking N data values and t < N expansion terms we can replace Eq. 3-23 by Eq. 3-26
and Eq. 3-24 is replaced by

N

in i

=

^ A k Pik
k=l

i = l,2,...,t

(3-28)
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where m, is defined by
N
™i=

r

k=l

The régularisation parameter Ç controls the (in)sensitivity to noise in such a way that the a
priori probability distribution of current density is forced to have a certain standard
deviation (3 compared to the standard deviation a of the noise, with Ç = c r/p 2. For
convenience, the regularised and dimensionless quantity ^=£?V/7V(P) is introduced in
such a way that unity marks a rough division between large and small values of currents,
where Tr denotes to the trace of P which is the sum of the diagonal elements of this matrix.
In the limit ^

> 0 with w(r) being constant throughout the source space, the method

reduces to the minimum-norm approach (Hâmâlâinen and Hmoniemi 1984) described in
the previous subsection.
In practice, the régularisation parameter Ç is progressively decreased until the characteristic
transition to large sensitivity to noise is reached, and since ^ > 0 , numerical problems are
eliminated because the matrix P is positive definite. Usually the user varies f by changing
a "smoothing" parameter 5 which satisfies f = 10'* With the introduction of Ç it is possible
to limit the likelihood of non-physiologically large currents. This becomes obvious
considering a system of N=t=i detectors.
Let m = Pn mi and P n = P u P u + ÇPn and substituting into equation 3-28 we get

m,
=

(3- 30>

which leads to

J »

=

— 0 | ( r ) vv(r)

(3-31)

Ml + b

Note that Pj i is positive definite so the smallest possible value it can have is zero, which
52

C hapter 3: Inverse Problem

occurs if the single measurement is not sensitive to the activity in the source space.
Therefore, with a non-zero value of Ç the reconstructed current density

will only have

a maximum instead of an infinity, and thereby restricting the likelihood of huge current
densities.

In the MFT algorithm, the first solution J g St o is iterated by repeating the inversion with a
new probability weight, which is the product j epst,0 w (r) . In other words, the result of the
first application is used to enhance the a p r io r i probability weight in regions where the
activity has been identified. This weighting factor is applied to sharpen up the image. The
iterative scheme converges within one iteration, leading to distributed solutions with fine
detail.
It has been found that a Gaussian shaped weighting function w(r) with the only adjustable
parameter being the rate of decay is surprisingly successful. Such a Gaussian function
stretches the lead fields towards depth to allow the recovery of deep activity. Since the
strength of deep generators (i.e. the detected signals strength) is considerably small
compared to the strength of similar superficial sources, the enhancement of deep activity is
only feasible if the deep sources are strong enough and provided that simultaneously active
superficial sources are considerably less strong. In this case, MFT is able to recover both
superficial and the deep activity even if they are simultaneously activated. Furthermore, it
is possible to vary the probability weights in three dimensions. One can choose for example
parameters for the probability weights for reconstructing sources in depth, while other
parameters can be used to vary the sensitivity in the planar directions. However, before
MFT is applied to real data the régularisation parameter f , i.e. the smoothing factor 5, and
the rate of decay of the Gaussian function(s) have to be determined. In order to select
proper parameters, MFT goes through a training session by using computer generated data
with a set of different dipoles (different orientations and strengths, except radially
orientated dipoles) distributed throughout the source space.
The source space Q used in MFT can either be two dimensional for representing a part of
the cortical surface or three dimensional to define a volume of the active brain. The
definition of Q is very flexible, it can be for example a cylinder or a spherical segment with
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its boundary adjusted to follow the cortical surface below the sensors or any other shape 3 to
select a region of interest (Liu MJ and loannides 1995) within the brain. For a 3D volume,
the source space is cut into slices, where each slice represents a certain level of depth.
Usually the levels are parallel to the plane or surface of sensors, so that the relative
sensitivity within each slice is roughly constant. Such displays are referred to as MFT
images, providing a tomographic view of the active brain. Specially designed software has
been developed to display the reconstructed current densities on the background anatomy at
2

each time instant. We usually display the intensity P ( r , t) = J e St0

with the practical

advantage of dealing with a (positive) scalar than a vector. Since P(r,f) is always positive,
one can apply post-inversion processing without the likely cancellations of positive and
negative current density vectors. Integrals of intensity in space and time can be employed
by MFT leading to measures of activations in time, A(f), in a region of interest (ROI) which
must be of course a subregion of the source space Q

t+T
A(, m > =

\d t' \P (r,t')P r

t-f-

(3-32)

ROI

or displays of temporal integrals of intensity 7(r,f)

tf
l(r ,m

=

I/> /) dt

(3-33)

--i

The above integrals over space A(t,At) and/or time 7(iy,Ar) are routinely used in MFT
analysis and can provide hints of how the brain activity changes over a specific area (ROI),
and/or a longer period At. The first integral provides a measure of the time course of
activity emanating from an ROI (which can be small or fairly extended), while the second

3 A nother possibility is to extract a 3D volume from other brain imaging techniques (e.g. MRI) by se g 
mentation routines.

54

C hapter 3: Inverse Problem

integral can be displayed as an image which shows changes of activated areas.
In conclusion, MFT offers a powerful tool for solving the inverse problem and provides
images of the three dimensional estimated current density distribution. It can reveal the
number and locations of activated areas, with the only prior assumption being that there is
a small number of localised sources at any one time. Moreover, by introducing a
probability weight function MFT offers the capability of studying both superficial and deep
activity. The method has not only been extensively tested with computer simulated data,
but it also has been apphed to many MEG experiments. It has been shown in m any
publications, that MFT produces reliable results in the analysis of e.g. evoked MEG
responses (loannides et al. 1995b, 1998, Liu MJ et al. 1996) or spontaneous activity
recorded from epileptic patients (Bamidis et al. 1995, Volkmann et al. 1996) and a number
of cognitive studies (GroB et al. 1998, Dammers et al. 1999a, Dammers and loannides
2000, Streit et al. 1999). Furthermore and one of the great advantages is that MFT can cope
with both the analysis of averaged and of single trials (loannides et al. 1995c, Liu LC and
loannides 1996, Liu M J. et al. 1996, Liu LC et al. 1998, 1999).

^
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4 Instrumentation for Magnetoencephalography
Neuromagnetic signals are about one billionth of the Earth’s static magnetic field. The
detection of such extremely weak signals immersed in a noisy background requires
sophisticated techniques. A device that offers sufficient sensitivity for measuring these
tiny fields is the SQUID (Superconducting QUantum Interference Device). In this
chapter, the instrumentation and related techniques for detecting neuromagnetic
signals are discussed.

4.1 Basics of Neuromagnetic Field Detection
4.1.1 Environmental and other Noise Sources
Magnetic signals generated by the human brain are extremely weak compared to the
ambient magnetic field variations (Figure 4.1). Many sources generating magnetic fields s
can be found in the environment of a MEG laboratory. In particular, power lines, electric
motors, elevators, moving trolleys and vehicles, trains and many other electrical devices
produce a significant magnetic noise level which is several orders of magnitude higher than
the neuromagnetic signals to be measured. The removal of the power-line frequency and its
harmonics using notch filters does not solve the problem, because the frequency band of
disturbances overlaps that of the brain signal (Figure 4.1). Therefore, MEG measurements

' 1

\

are usually performed in a magnetically shielded room to reduce the environmental noise to
an acceptable level at the measurement site.
Many stimulus delivery systems like auditory, visual or somatosensory stimulus generators
also produce artefacts. Therefore, most of the delivery systems must be placed outside the
shielded room and the stimuli have to be converted to non-electrical signals before they can
be delivered through the shielded room. Sounds for example are typically delivered via
plastic tubes and earpieces, whereas visual stimuli can be presented, for example, through a
fibre optic bundle.
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Figure 4.1: Amplitudes and spectral densities of magnetic fields due to typical
biomagnetic and noise sources (from Hamalainen et al. 1993).

In addition to the environmental noise, the subject itself can also be counted as a noise
source. The electrical activity of the heart as well as eye movements (including eye blinks)
are important biological sources of artefacts (Figure 4.2). Moreover, electric currents in
other muscles can evoke magnetic fields too, but usually do not pose severe problems
during MEG recordings. Furthermore, artefacts may be caused by physiological
movements of the body in the rhythm of the heart beat or breathing. Therefore, all magnetic
material on the subject, such as spectacles, watches, and hooks, must be removed before
the experiment. Further, epileptic patients or subjects with myoclonic diseases may elicit
uncontrollable movements due to a spasm which of course may generate huge artefacts.

However, normal biological disturbances can usually be dealt with by signal averaging
and/or simultaneously recording of the electrical activity of such noise sources, which
allows

artefact

removal

using

post-processing

tools.

At

the

MEG

laboratory,

simultaneously recording of EMG (electromyography), EGG (electrooculography) as well
as EGG (electrocardiography) is applied routinely during MEG investigations.
Besides environmental and subject noise, the biomagnetometer instrument can also
produce noise, which can be caused by the electronics in the system itself. The limiting
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factor for the intrinsic noise of the biomagnetometers is the thermal noise in the SQUID
sensor. Fortunately with modem thin-film dc SQUIDs, the magnetometer noise is well
below the level of the brain signal (see Figure 4.1).

MOG

Figure 4.2: Examples of biological artefacts during a MEG experiment, where the MEG
detectors were placed on the left and right temporo-lateral side of the head. Note, the signal
strength of the artefact due to an eye blink (MOG) is twice to three times as much as the
signal strength of the heart beat (MCG), and 4 times as much as the normal brain
background activity. Simultaneously recording of EOG as well as EGG identify these
signals as physiological artefacts.

4.1.2 Shielded Rooms
The most straightforward and reliable way of reducing the effect of external magnetic dis
turbance is to perform the measurements in a magnetically shielded room. Several shielded
rooms for biomagnetic research have been constructed by different companies utilising dif
ferent techniques, e.g. ferromagnetic shielding and/or eddy current shielding.
Typically, the walls of shielding rooms are made of a few layers of p-metal and aluminium,
or p-metal and copper. The working principle of a shield based on eddy currents is that
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time-varying magnetic fields induce electrical currents circulating in the conducting
material (Lenz’s Law). The efficiency of the shielded room depends strongly on the wall
thickness, on the conductivity of the materials used and on the frequency of the magnetic
field to be shielded (Zimmermann 1977). In the higher frequency range (e.g. >100 Hz) a
shielding factor4 of >1000 can easily be achieved, whereas the efficiency of the eddy cur
rent shielding drops dramatically in the low frequency range (below 50 Hz). The better per
formance at higher frequencies is due to eddy currents induced in the high-conductivity
aluminium layers. The plates of each shells are usually welded together at their edges to
allow for the flow of eddy currents which oppose changes in the external magnetic field. At
very low frequencies, the eddy current shielding is no longer effective and the only way to
get shielding is the use of ferromagnetic materials with high permeability p. Shielded
rooms with good performance even in the low frequency range are rather expensive,
though there is always a compromise between performance and price. Figure 4.3, shows
the performance of the Vacuumschmelze (Appendix A) shielded room installed at the
MEG laboratory at the Research Centre Jiilich.
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Figure 4.3: Shielding factor as a function of the frequency shown for the shielded room
installed in the MEG laboratory at the Research Centre in Jiilich (measured in May 1994).
The figure shows that the average shielding factor for the low frequency components
0.01 Hz and 1 Hz are 58 and 918, respectively.

4 The shielding fa c to r used here is defined as the average outside to inside flux ratio m easured a t several
locations around the sh ielded room.
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4.1.3 Basic Principles of SQUIDs
Up to present, the SQUID is the only device which offers sufficient sensitivity for high
quality biomagnetic measurements. As already mentioned, the signal strengths associated
with neural activity are extremely small. The range of neuromagnetic signals is about a few
femtotesla to a few hundred femtotesla. Therefore, all instruments for neuromagnetism are
based on superconducting quantum interference devices (SQUIDs).
The SQUID, which is a superconducting ring, is interrupted by one (rf SQUID) or two (dc
SQUID) Josephson junctions (Figure 4.4) and can be considered as a current-to-voltage
converter. The operating temperature is a few Kelvin above absolute zero. Therefore, a
thermally shielded enclosure (dewar) filled with liquid helium (4.2 K) is used to maintain
the superconducting state of the SQUIDs (Figure 4.6). In practice, dc SQUIDs with two
Josephson junctions are preferred, because the noise level in the SQUID is lower than in rf
SQUIDs (Clark et al. 1976).

superconducting ring

Josephson junctions

Figure 4.4: Schematic illustration of a dc SQUID. The voltage V across the SQUID
depends on the dc bias current /b and is a periodic function of the flux Oext. coupled to the
SQUID ring.

The Josephson junctions in the SQUID can be considered as weak links which are limiting
the flow of the supercurrent in the ring. They are characterised by a maximum value of
current it can sustain without loss of superconductivity. Quantum mechanical phase
coherence of charge carriers in a superconductor gives rise to flux quantisation in a solid
superconducting ring: the magnetic flux O through the loop must be an integral multiple of
the so-called flux quantum, Oq = h!2e = 2.07 fWb = 2.07 fTm2. In an external magnetic
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field, the quantisation is accomplished by the supercurrents that flow in the ring so as to
precisely cancel any deviations from the quantisation condition. The external magnetic
field is connected via a superconducting flux transformer (Figure 4.5), which is often
referred to as the pickup coil, and can be made of one (magnetometer), two or more
(gradiometer) superconducting loops.

SQUID

^ I
G rad iom eter

<L

^ ex t
Figure 4.5: Schematic of the circuit of a SQUID coupled to a gradiometer pickup coil.
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Figure 4.6: Schematic illustration of a neuromagnetic field detection system (from
Williamson and Kaufman 1990).

In summary, the weak links of the SQUID alter the compensation of the external field by
the circulating current, and as a consequence, the degree of the external field compensation.

j
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The SQUID sensor is only sensitive to changes in the external magnetic field rather than
the absolute field, whereas the sensitivity range is frequency independent, i.e. from dc to a
maximum frequency defined by the electronics circuit. The output voltage measured across
the SQUID depends linearly on the induced current fed to the input of the SQUID.

4.1.4 Flux Transformer
The design of the geometry of a flux transformer, which is usually referred to as the pickup
coil or detection coil, is of importance. Several configurations of detection coils exists in
biomagnetic research. In designing a flux transformer one has to deal with maximum
sensitivity and a sensor configuration that provides the best locating accuracy. For
example, increasing the pickup coil diameter improves field sensitivity but reduces spatial
resolution. Figure 4.7 shows some of the most fundamental types of detection coils used in
biomagnetism.

;omp 5 isating

t
baseline b

coil _

I

Figure 4.7: Examples of different configurations of flux transformer: a) magnetometer; b)
first order axial gradiometer; c) first order planar gradiometer; d) second order axial
gradiometer.

The most simple flux transformer is built of just a single coil (magnetometer) with a typical
diameter of 1 to 2 centimetres and usually a few turns of wire coupled to the SQUID. Such
detection coils respond to the applied magnetic field regardless of the distance of the
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source. Since the noise is several orders of magnitude larger than the signal to be detected,
the apparatus has to be placed in a shielded room to eliminate the ambient noise when
using magnetometer detection coils.
To date, most biomagnetic research groups make use of gradiometer detection coils, which
consist of one pickup coil and one or more compensation coils (Figure 4.7). Depending on
the number of the compensation coils a gradiometer is called, for example, first or second
order gradiometer if one or two compensation coils are used. The distance between the
pickup coil and the compensation coil is usually referred to as the baseline. Gradiometric
coil configurations are preferentially sensitive to nearby sources and can reduce the effect
of magnetic disturbance. A first order axial gradiometer, for example, in which an
oppositely wound coaxial coil is connected in series with the pickup coil, detects the first
spatial derivative of the field dBz/dz. Therefore, it is insensitive to a homogeneous
magnetic field which imposes an opposite net flux through the lower (pickup) and the
upper (compensation) coils. If the baseline of the gradiometer is about 4—5 cm the magnetic
field produced by the brain is sensed essentially by the lower coil only. Since the gradient
of the field is detected, a gradiometer is insensitive to distant noise sources and can be used
to reduce the ambient noise. A second order axial gradiometer (Figure 4.7d), measures the
second spatial derivative of the field d 2Bz/dz2, rejecting both spatially uniform fields and
spatially uniform field gradients. Such a configuration can be used if the system is
operating in a noisy environment. The penalty one has to pay when using gradiometer coil
configurations is a reduction in the overall sensitivity.
Besides axial gradiometers, the coil configuration can be shaped differently in order to
perform measurements, for example, of the vertical component of the field Bz along a
transverse direction (x, y or both). Such a device is referred to as a planar gradiometer
(Figure 4.7c). The advantage of a planar coil configuration over an axial gradiometer lies in
that the double D construction is compact in size and can be fabricated easily with thin-film
techniques (Josephs et al. 1995). Moreover, it provides better locating accuracy, but with
the expense of losing sensitivity in depth (Had 1993).
If the signal strength of an underlying source generator is relatively large, one has to bear in
mind, that signal cancellation is likely when using gradiometers, especially if the baseline
is relatively small. In 1996, Biomagnetic Technologies (BTi) from San Diego California
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introduced the first whole head MEG system using 148 magnetometer channels. Such a
system provides higher sensitivity in depth and can be used successfully in a relatively
quiet environment. In addition, the system includes eleven so-called reference channels,
measuring both the three magnetic field components as well as the field gradients, to
provide noise cancellation during and/or after the measurement. These reference channels
are placed 15 centimetres further away to the magnetometer channels, where signal
cancellation is unlikely if correlated signals (i.e., signals which are detected by both the
reference channels and the magnetometer channels) are subtracted.

4.2 Examples of Multi Channel Systems
One of the first commercial multi-SQUID biomagnetometer systems that was used for
neuroscience was introduced in 1985 by Biomagnetic Technologies (BTi). This system had
seven channels in a curved bottom dewar on a spherical cap of 55 mm diameter. In the late
eighties, a few 37 channel systems were introduced to the biomagnetic field of research.
Siemens AG Erlangen, for example, developed the 37 channel Krenikon system containing
hexagonal first order gradiometers with a baseline of 7 cm. The system includes three
additional magnetometers to measure the x, y, and z components of the external magnetic
field for noise cancellation. However, the hexagonal flat array of 19 cm diameter is most
suitable for cardiomagnetic measurements. In the early nineties, BTi San Diego extended
their 37 channel MAGNES system to a 2x37 channel system, called twin MAGNES. The
system contains first order axial gradiometer channels with a baseline of 5 cm. It has a
hexagonal sensor arrangement located on a spherical cap with 120 mm radius of curvature.
The twin MAGNES system is suitable for measuring both the brain and the heart. Since
1992, the Neuromag-122, which is a whole head MEG system, has been running at the
Low Temperature Laboratory in Helsinki. The helmet like dewar contains 61 planar first
order two-gradiometer units, measuring dBz/dx and dBz/dy. The thin-film pickup coils have
a baseline of 16.5 mm. Recently, Neuromag has introduced a new whole head system
(Neuromag Vectorview) allowing the measurement of three independent components of the
magnetic field at each of the 306 sensor locations (Appendix A). The latest GTE instrument
is a 151 MEG sensor system (i.e. a 262 channel system is currently under development)
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covering the whole head using symmetric first order axial gradiometers (baseline 5 cm)
distributed on a regular grid (Appendix A). In addition, the first whole head magnetometer
MEG system has been introduced by BTi in 1996 (Appendix A), while recently the same
company introduced the MAGNES 3600 WH system with 248 magnetometer channels for
even denser coverage of the brain (Appendix A). In addition to the MEG channels, the
MAGNES 2500 (3600) WH system contains 11 (23) reference channels for noise
cancellation.

4.2.1 The BTi Twin MAGNES System
The BTi twin MAGNES system is a fully integrated magnetic source imaging system. It
has been designed for non-invasive measurements of the minute magnetic field produced
by the brain or heart. The system was installed in June 1994 at the Institute of Medicine of
the Research Centre Jiilich (Germany). Figure 4.8 shows some of the principal components
of the BTi MAGNES system.
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Figure 4.8: Block diagram of the BTi MAGNES system.

The system is housed in a magnetically shielded room to reduce magnetic interference, and
all room accessories are build of non-magnetic material to ensure no magnetic disturbance.
Filtered electrical feedthrough connectors and shielded ports for non-electrical access (e.g.
a fibre optic bundle) can be used for stimulus delivery. A sensor position indicator is used
to perform a head frame coordinate system of the subject and to record the shape of the
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head (or torso) for use in certain modelling (e.g. coregistration of images provided by
Magnetic Resonance Imaging) and display routines. In addition, the so-called sensor
position indicator (SPI) is needed to determine the position of the detectors with respect to
the head or body of the subject. This information is used to locate sources within the brain
or heart.
Each probe of the twin MAGNES system contains 37 first order axial gradiometers with a
baseline of 5 cm to enhance signal to noise by rejecting interference from fluctuating
uniform fields. The detection coils, which have a coil radius of 1 cm and a mean inter
channel spacing of about 2.5 cm, are uniformly placed on a spherical shell with an outer
diameter of 144 mm (Figure 4.9). Eight additional reference detectors (3 magnetometer and
5 first order gradiometer) are located in the sensor unit to allow the future capability of
measuring fluctuations in the ambient magnetic field and its spatial gradients for use with
noise-suppression data processing algorithms. The averaged noise level for the low
frequency bandwidth 1-2 Hz, measured at the MEG laboratory at Jiilich, is about
10 fT/V ïïz , while for frequencies >50 Hz the averaged noise level is about 6 fT/Vïïz .

Figure 4.9: Detector geometry of the BTi MAGNES system. The sensor array is arranged
in concentric circles (left) over a spherically concave surface with generally uniform
spacing between the detectors. The angle of the curvature (right) is 72.5° which leads to a
detector span of 144 mm.

Even though the twin MAGNES system has 2x37 channels, we had to repeat experiments
to measure over wide areas of the brain. Therefore, one of the great advantages for a helmet
like system is that one can record brain activity of the whole head in just one measurement
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with a lot more comfort for the subject or patient and without any pre-measurements to find
the best sensor position. However, the BTi twin MAGNES system provides a good dense
coverage for two well-separated large areas of the brain, and it also allows the
measurement of the magnetic field generated by the heart.

4.2.2 The BTi MAGNES 2500 WH System
The introduction of whole head biomagnetic recording systems allow one to measure the
magnetic field of the brain all around the head. In 1996, BTi introduced the first whole
head magnetometer MEG system. In late summer 1996, the MAGNES II system was
replaced by a 148 magnetometer channels system, the BTi MAGNES 2500 WH, at the
Research Centre Jiilich. The helmet like whole head sensor design of the MAGNES 2500
provides the ability to perform non-invasive brain examinations with a single placement
and simultaneous coverage throughout the head, in a few minutes of recording time. The
advantage over a single or double probe measure system like the MAGNES II is therefore
huge.

i_i

Figure 4.10: Schematic illustration of the BTi MAGNES 2500 WH system (from
Biomagnetic Technologies 1997).

The system components are similar to the twin system, except for the procedure for
locating the head of the subject. This is done automatically using small coils that are
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attached to the head of the subject and can be measured by the system to determine the
position of the detectors with respect to the head. Within the helmet portion of the dewar,
the 148 magnetometer pickup coils are arranged in a uniformly distributed array (Figure
4.11) with a mean inter-channel spacing of 2.9 cm to measure the signals generated by the
brain. Eleven additional reference detectors are located sufficiently distant from the
magnetometer channels to be insensitive to brain signals. Six of the reference detectors are
magnetometers, and three of them are spare channels, in case any one of them become
inoperable. The three that are used form an orthogonal magnetometer array that measures
the three components of the magnetic field. The remaining five reference detectors are
gradiometers, which are used to measure first order field gradients.
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Figure 4.11: MAGNES 2500 WH Sensor Cryogenic System (from Biomagnetic
Technologies 1997).
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The use of magnetometers as signal detection coils makes the instrument extremely sensi
tive and it provides the ability of detecting fairly deep brain signals; but on the other hand,
one has to deal with the greater sensitivity to external noise. With the introduction of static
weights, the BTi system provides the opportunity of on-line noise reduction (Buchanan and
Johnson 1996, Biomagnetic Technologies 1999). Such weights, which are determined from
environmental and possibly other noise sources, can be applied to the signals to eliminate
"known" noise sources or noise sources which have been introduced to the system.

4.2.3 The CTF Whole Cortex System Omega 151
In principle, whole head MEG systems provided by different companies are similar, and
differ (besides specific hardware and software developments) mainly in the number of
channels used, the configuration of the coils and how they deal with environmental noise
cancellation. However, since we have also used the CTF Omega 151 for our whole head
MEG experiment described in chapter 9, we will briefly describe some technical details
about this system.
The Omega 151 developed by CTF (Appendix A) allows for full head MEG measurements
in a seated, fully supine or intermediate position (Figure 4.12). An integrated self standing
dewar gantry minimises vibrational coupling from the magnetically shielded room. The
localisation of the subject’s head relative to the sensor array is accomplished with three
small coils attached to the nasion and the preauricular points (cf. section 5.2), as is used by
many other whole head MEG systems.
The sensor array of the Omega 151 provides 151 uniformly distributed first order axial
gradiometer channels, having an average inter-channel spacing of approximately 3.1 cm.
The pick-up coils which are 2 cm in diameter have a baseline of 5 cm. The spacing
between the sensor coils and the outer dewar surface is less than 17 mm.
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Figure 4.12: CTF’s whole cortex system Omega 151 has an adjustable dewar and gantry to
allow for seated and fully supine or intermediate positions (from CTF, see Appendix A).

Figure 4.13: Sensor array configuration of the CTF Omega 151 (from CTF).

The MEG system is further equipped with 29 reference channels, used for synthesis of
higher-order gradiometer (up to 3rd order) or adaptive noise cancellation. Usually, the
sensor flux transformers are operated in conjunction with these references to measure the
magnetic vector and gradient tensor components of the background magnetic environment.
Using the 3rd order gradiometer arrangement the Omega 151 whole cortex system provides
an efficient noise cancellation technique (Cheyne et al. 1995, Vrba et al. 1999a, 1999b),
where typical noise levels of 4-7 fT/(Hz)1/2 are achieved. This process which is carried out
in real time permits the MEG detectors to be sensitive to (weak) signals of the brain, yet
impervious to the much stronger sources from the environment.
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5 System Evaluation and Accuracy Tests
In the previous chapter we described the instrumentation and techniques for detecting
neuromagnetic signals. In order to estimate the reproducibility of neuromagnetic
sources, it is necessary to investigate the accuracy of the measurement procedure and
the system itself. Any inaccuracy in the definition of the head coordinate system or the
determination of the sensor location relative to the subject’s head will introduce large
source localisation errors. Consequently, the reconstruction capability of any source
localisation algorithm relies on the accuracy of each step of the measurement
procedure. In particular, in this chapter we test the reproducibility of the head
coordinate system including variability for different operators in order to estimate errors
introduced by the head frame definition. W e further investigate the head localisation
procedure, i.e., the determination of the location and orientation of each MEG detector
relative to the origin of the head fram e definition of a commercial whole head MEG
system. Finally, at the end of the chapter, we provide some estimates about head
movements during a typical MEG investigation. All tests have been carried out with the
BTi MAGNES II and the MAGNES 2500 WH system at Jiilich, using only the software
provided by the manufacture. Later, we will consider actual localisation accuracy, and
compare the system provided ECD based methods with more sophisticated methods.

5.1 Reproducibility of the BTi Head Coordinate System
Besides MEG, the research centre at Jiilich also houses functional Magnetic Resonance
Imaging (fMRI), Single Photon Emission Computed Tomography (SPECT) and Positron
Emission Tomography (PET) neuroimaging groups. The goal of each neuroscience group
is to provide multi-modality imaging exploiting the strengths of each technique, while
developing methods of pooling the information of four different modalities.
Within each modality, it is necessary to establish an accurate and unequivocal subject head
based coordinate system. When comparison between modalities is attempted one should be
able to transform between the modality specific coordinate systems. It is also necessary to
express the coordinates which are modality and subject specific in generalised coordinates
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which have well defined anatomical correlates. This, however, is beyond the scope of this
work.

5.1.1 The BTi Head Frame Coordinate System
A coordinate system can be defined by any three non-collinear points. The BTi head frame
coordinate system is based around the nasion and the bilateral preauricular landmarks on
the subject’s head (Figure 5.1). The origin of the head frame is defined as the midpoint
between the left preauricular (LPA) and right preauricular (RPA) points (Biomagnetic
Technologies 1999). The line extending through the origin and the nasion is the positive xaxis of the head frame. The positive z-axis is a line extending through the origin and the
top of the head, perpendicular to the line between the left and right PA. The positive y-axis
is orthogonal to x and z and extends from the origin through the left side of the head.

+z

Nasion

P2

Origin
+X
+Y

Figure 5.1: The BTi head frame coordinate system. Two reference points (PI and P2) were
marked once on the subject’s head to test the variability of the coordinate system across
operators.

5.1.2 Variability of the Head Frame Definition
In order to test the accuracy and reproducibility of the head frame definition, we
investigated the coordinate frame definition with and without using a thermoplastic mask.
The mask was moulded around the face of the subject to improve the stability of the head
<

72

CHAPTER

5: System Evaluation and Accuracy Tests

frame definition. The measurements were conducted in 1996 using the BTi MAGNES II
system (Dammers et al. 1996) and have been repeated with the BTi whole head MAGNES
2500 WH system in 1997.
Two reference points were marked once on the subject’s head (Figure 5.1) and were not
erased during the experiments. When using the twin MAGNES system, four operators were
asked to set the coordinate frame and locate the marked points PI and P2 over a set of 32
trials performed over a 4 day period. Alternate trials were conducted with and without the
use of the thermoplastic mask, which means, each investigation was repeated 16 times by
each operator. All estimates of point positions were recorded using the 3D position
indicator from the BTi system (Polhemus SPI 3-space tracer, see also Appendix A). In
1997, the same measurements were repeated using the whole head MAGNES 2500 WH
system where each investigation was repeated 10 times by three operators.
For both MEG systems the accuracy of the SPI was tested by all operators on a spherical
phantom with permanently marked fiduciary points, an outer diameter of 20 cm for the
twin system and an outer diameter of 16 cm for the whole head system. For each
investigation (i.e. phantom as well as subject measurements) the stylus was placed
perpendicular to the outer surface of the subject/phantom. The mean locations and the
standard deviations (expressed as the length of the vector of standard deviations of the x, y,
z components) for both fiduciary points PI and P2 were calculated across operators and for
each individual operator separately.

Phantom measurements
The phantom measurements were used to estimate the accuracy of the SPI. This is
illustrated by the standard deviations of one fiduciary point PI for each operator (Figure 5.2
and Figure 5.3) and the standard deviations of the mean location of PI and P2 across all
operators, as shown in Figure 5.4 and Figure 5.5. The graphs show that the standard ,
deviation for the individual operator and across all operators is in a range of 0.2 mm and
0.4 mm for both the MAGNES II and the whole head system.

Individual operator repeatability
Since the fiduciary points PI and P2 on the subject remained fixed throughout the
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experiment, any variation in the recorded positions of these points will reflect a change of
the coordinate system. The standard deviations of the point P 1 for each operator is shown
in Figure 5.2 and Figure 5.3. The graphs show that by using the mask the individual
operators did not improve their ability to consistently define a coordinate system. This
could be due to the errors involved in fitting the mask to the subjects face.
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Figure 5.2: Standard deviation of one fiduciary point PI for three conditions (no-mask,
mask, phantom) measured by four operators using the BTi MAGNES II system.
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Figure 5.3: Standard deviation of one fiduciary point PI for three conditions (no-mask,
mask, phantom) measured by three operators using the BTi MAGNES 2500 WH system.

Repeatability across operators
For both mask and no-mask conditions, the mean (across operators) of the coordinates PI
and P2 was calculated. Figure 5.4 and figure 5.5 show the inter-operator standard deviation
from this mean for both conditions. The use of the mask has reduced the inter-operator
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deviation by a factor of 4 measured with the twin MAGNES system. A factor of 2.5 has
been achieved by using the MAGNES 2500 WH system. The smaller reduction of the
inter-operator variability for the whole head system is almost certainly due to the smaller
number of measurements which was about half of the number of measurements compared
to the MAGNES II measurements.
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Figure 5.4: Standard deviation of the mean fiduciary points PI and P2 across four
operators using the BTi twin MAGNES system.

standard deviation across operators
16 j
1 4 -•

12

-■

10

-•

8

-•

6

-•

no mask
6 .7 0

6 .5 A

mask

4 -•

phantom

2 .6 5

2-■
0

0.39 0.36

-■

PI

P2

PI

P2

PI

P2

Figure 5.5: Standard deviation of the mean fiduciary points PI and P2 across three
operators using the BTi MAGNES 2500 WH system.

In summary, the accuracy test of the head frame definition shows that the intra-operator
variability (expressed as the standard deviation in Figure 5.2 and Figure 5.3) is about 2
mm. However, the variability of the head frame definition can get much higher if different
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operators define a head based coordinate system on the same subject. In contrast, the use of
a thermoplastic mask reduces the inter-operator deviation and provides a head based
coordinate system which is robust across operators (Dammers et al. 1996).

5.2 Accuracy of the Head Location System
Once the head frame coordinate system is defined and the MEG sensor array has been
placed above the head of the subject, one has to determine the position of each detector
relative to the head of the subject. For the BTi MAGNES II system the same sensor
position indicator (SPI) which has been used to define the coordinate system is now used to
determine the location of the subject’s head. A transmitter mounted on the dewar of the
twin system continuously transmits a signal that is picked up by the stylus during the
location procedure. At least three of five defined index points have to be digitised in order
to determine the location of the head. In addition to the head location procedure, the head
frame coordinate system is calculated again to determine the distance error between the
first (the definition of the coordinate system) and the second measurement. The acceptance
limit for the distance error is usually 2-3 mm.
Because of the whole head coverage of the MAGNES 2500 WH system, the preauricular
index (LPA and RPA) points are no longer accessible, and hence, the SPI cannot be used to
determine the location of the subject's head. Therefore, BTi provides a set of small coils
which can be attached to the head of the subject at the locations where the index points
have been defined (Figure 5.6). Before and after each experiment the system energises the
head location coils one at a time by sending a small current through the loop of each coil to
create a magnetic field. The strength of the magnetic signals generated by the coils have a
relatively huge amplitude (-50-100 pT, depending on the detector-coil distance) and a
frequency of 167 Hz. The signals can easily be picked up by the MEG detectors within the
sensor array to determine the position of each coil.

\

Since the attached head location coils represent the index points of the head frame
definition, the accuracy of the head location system (HLS) depends crucially on the
positioning of these coils. Furthermore, the measurement of the coil signals can be
disturbed by external noise and subject movements, and hence, influence the accuracy of
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the head location measurement.
In order to test the accuracy of the HLS, three operators were asked to perform 60 trials on
three volunteers over a 5 day period. Each investigation for one subject was repeated 20
times by each operator. The definition of the head frame coordinate system was conducted
as described in subsection 5.1.1. The HLS coils were attached on the head of the subject at
the same positions where the index points were defined.

+Z

Nasion
LPA

+x

+Y
) Head Location Coils

Figure 5.6: Small coils are attached at the location of the index points (LPA, RPA and
nasion) to determine the position of the subject’s head relative to the MEG sensor
arrangement.

Phantom measurements
The accuracy of the head location system was tested by all operators using a spherical
phantom with an outer diameter of 16 cm and permanently marked fiduciary points, at
which the HLS coils are attached. Figure 5.7 shows the error of the coil location procedure
expressed as a distance calculated from the mean position across all operators. The graph
shows that the accuracy of the head location system is about 1 mm.

Subject measurements
Since the attached head location coils represent the head frame definition, the accuracy of

y

.
77

Chapter

5: System Evaluation and Accuracy Tests

the head location depends on the positioning of these coils. These have been tested by 3
operators on three subjects over a 5 day period, where each investigation for one subject
was repeated 20 times by each operator.

accuracy of the head location system
1 .4 0 x

1 .2 0 -

1 .0 0 -
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o
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Figure 5.7: Accuracy of the head location system measured on a spherical phantom.
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Figure 5.8: Misplacement of the head location coils measured by three operators on the
same subject.

Figure 5.8 shows large errors of the coil positioning relative to the head frame definition
expressed as a distance of the mean location for each point. The misplacement of the head
coils is shown by all three operators and has a mean value as shown in Figure 5.9 of almost
8 mm.
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head location error across operators
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Figure 5.9: Misplacement of the head location coils calculated across three operators on
the same subject.
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Figure 5.10: Difference between head frame definition and coil positions calculated across
three operators on the same subject.

Figure 5.10 shows the spatial components of the coil location for each Cartesian
component; it is clear that there is a systematic error in y-direction for LPA and RPA, and a
large error in the x-direction for nasion. These errors are introduced by the way the operator
places the stylus at the location of each fiduciary point, as illustrated in Figure 5.11.
Around the left and right PA the soft tissue allows the stylus to be moved too far into the
tissue which causes the error in the y-direction. The difference in z-direction for the nasion
can be explained by the (individual) shape of the nose bridge, where a flat circular coil
(diameter 1 cm) might be difficult to attach at the location of the nasion point.
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Skin
H ead coil

H ead coil
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bridge of the nose

soft tissue

z

Figure 5.11: Schematic illustration of head coil and index point (PAs and Nasion)
mismatching due to soft tissue (left) and the nose bridge (right).

Stylus

frontal bone

H ead coil

H ead coil

N asion
soft tissue

jT

bridge of the nose

Figure 5.12: Schematic illustration of head coil and index point (PAs and Nasion)
matching. HLS coils are provided with a stylus tip fitting to avoid coil and index point
mismatching as illustrated in figure 5.11.

In order to reduce the error of the head coil matching one can re-design the head location
coils, as illustrated in Figure 5.12, so that the hole in the middle of the coil is covered, and
only a fitting is allowed for the stylus tip. However, to simulate the above approach the
head coils have been taped using a very thin and transparent tape. Moreover, the nasion
coil has been moved to the frontal bone where the surface is almost flat and additional
measurements have been performed on the same subject again. Figure 5.13 shows the
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results of the measurements, where the error in y-direction (LPA and RPA) has been
reduced down to ~3 mm, whereas the z-error of the nasion point has been reduced down to
1 mm.
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Figure 5.13: Difference between head frame definition and coil positions calculated across
three operators on the same subject.

Figure 5.14 shows the error of the coil positioning relative to the head frame definition
expressed as a distance of the mean location for each point. In contrast to Figure 5.9 the
overall error is much smaller when using the above approach as illustrated in Figure 5.10
and Figure 5.11. Note that the distance error of the fiduciary points PI and P2 which rely
on the head frame definition have been reduced by more than half a centimetre in each
case.

In summary, the head location system of BTi’s MAGNES 2500 WH system provides an
accuracy of almost 1 mm as shown in Figure 5.7 on phantom data. In realistic
measurements the error is much larger if no extra care is taken about where the fiduciary
points are placed and how the stylus is positioned. However, when the changes suggested
earlier (Figure 5.12) are implemented the error can be reduced down to the range of 13 mm as shown in Figure 5.14 on realistic measurement data. It is worth noting, that the
remaining errors for the LPA-, RPA- and nasion- point as shown in Figure 5.14 have no
large effects in calculating the positions of the fixed fiduciary points PI and P2.
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In principle, if left and right PA do have the same deviation in the y-direction, with
opposite directions (e.g. -3 mm for left and +3 mm for right PA) but no deviation in x and
z, and if the nasion- point has only a deviation along the x- axis, the location error for PI
and P2 would be zero. This is because in the head frame definition (cf. subsection 5.1.1), it
is only the accuracy of the midpoint of left and right PA and the direction to the nasion
point that matters.

head location error across operators
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Figure 5.14: Misplacement of the head location coils calculated across three operators on
the same subject.

5.3 Estimates of the Head Movements
Besides the accuracy of the head frame definition and the head location system the
accuracy of any source localisation will be influenced by any head movements during a
MEG experiment. In order to estimate head movements during a typical MEG
investigation, three subjects volunteered for 60 MEG experiments over a 5 day period
where the mean duration of each investigation was about 5 minutes. All subjects were told
not to move the head throughout the experiment. The head location system of the BTi
MAGNES 2500 WH system was used to determine the head position before and after each
experiment.
In addition 30 phantom measurements were performed as a reference where the second
measurement of the head location was applied immediately after the first measurement, and
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it was assumed that there was no movement in the phantom’s head.
Figure 5.15 shows the difference of the phantom’s head position when applying the second
head location measurement immediately after the first one. The graph shows that all
differences expressed as the mean distance5 calculated over 30 phantom measurements
between the first and the second measurements are below 1 mm.

head movements (phantom)
1.00 j
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Figure 5.15: Difference of the phantom head position expressed as the distance when no
movement is assumed.

The next graph shows the mean distance error of the head position before and after the
MEG experiments for all three subjects. The figure shows that for all subjects the mean
distance calculated over 60 measurements (5 min. duration) of the first head location
(before the experiment) and the second head location (after the experiment) is around
2 mm or below.

5 The mean distance used here is the average m oduli o f vector differences between the first and second

measurement o f one head location coil.
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Figure 5.16: Differences of the head position for 3 subjects expressed as the mean distance
of 60 MEG experiments with an experiment duration of 5 minutes.

5.4 Discussion
Beside the reconstruction model used and the quality of the measured data, the accuracy of
any source localisation is strongly influenced by the definition of the head frame and the
determination of the sensor positions relative to the subjects head. Therefore, we have
investigated the reproducibility of the BTi head coordinate system as well as the head
location procedure and made estimates about head movements during typical MEG
experiments, using both phantom and realistic measurements. While the phantom
measurements provide estimates about the accuracy of the measurement system itself, the
real measurements give rise to additional errors introduced by the subject and/or operator
under realistic conditions.
The phantom data analysis showed that the reproducibility of the head frame definition and
the accuracy of the head location procedure is in the range of 1 mm or below (Figure 5.2,
Figure 5.3 and Figure 5.7) for both MEG systems. Although the subject (or patient) and/or
the operator introduce larger variability when experiments are performed under realistic
conditions, the analysis of 94 MEG measurements revealed acceptable intra-operator
standard deviations of about 2 mm (Figure 5.2 and Figure 5.3) for the definition of the head
coordinate system. However, the variability of the head frame definition can get much
higher if different operators define a head based coordinate system on the same subject.
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With the introduction of a thermoplastic mask (Dammers et al. 1996) we were able to
reduce the inter-operator variability (expressed as the standard deviation in Figure 5.4 and
Figure 5.5) by a factor of 4 and 2 for the two probe and the whole head MEG system,
respectively. The utilisation of the mask provides a possibility to establish precise and
unequivocal subject head based coordinate systems which are robust across operators
particularly if multi-modal studies are performed. Further, the use of the thermoplastic has
the advantage that all experiments of the same subject refer to the same (or almost the
same) head frame definition, which allows a direct comparison of previous experiments of
the same subject and even averaging of source estimates before the MEG solutions are
translated into MRI coordinates (for superposition). Moreover, when source estimates are
transferred into MRI coordinates, the same transformation matrix (e.g. obtained by a 3point matching described elsewhere, Bamidis et al. 1996) can be used if the fiduciary
points on the mask are the same as used during the MRI scan. Hence, all source estimates
refer to the same origin, and if the fiduciary points have always the same location when the
head frame is defined only one MRI scan is necessary.
However, in our lab we are using a more sophisticated coregistration technique, which is
based on a surface matching algorithm (Bamidis and loannides 1996, cf. section 8.1) that
makes the use of the mask obsolete (at least for MEG experiments only). The accuracy of
this technique is much better than the widely used 3-point matching (Bamidis 1996) and
only one set of MRI data are requested. Although we then need to coregister the data after
each MEG experiment, the computation time of the coregistration is less than creating and
using a thermoplastic mask. Nevertheless, the mask offers significant improvements if only
a 3-point matching algorithm is available.
In contrast, the accuracy of the head location procedure (during real experiments !) was
found to be much worse (-0.5-1 cm, Figure 5.8) than the definition of the head frame if the
head location coils are attached as suggested by the company (Figure 5.6). Basically, this
problem occurs during real experiments only, since the mid-point of the head location coils
do not have the same location as the index points which define the head frame (see Figure
5.10 and Figure 5.11). However, when a few modifications are introduced as suggested in
section 5.2 and illustrated in Figure 5.12 the remaining error of the head location system
can be reduced down to 2 mm (see error bars of PI and P2 in Figure 5.14).
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Another source of error is related to the possibility of head movements during MEG
experiments. In most MEG laboratories the relative position of the subject/patient’s head is
determined before and after the neuromagnetic recordings. No information about the
location of the head is available during the MEG experiment. However, to estimate the
error contribution due to head movements differences of 2x60 head location measurements
(before and after the neuromagnetic recordings) were calculated as shown in Figure 5.16.
During all recordings the subject was in supine position and was asked not to move the
head throughout each block of acquisition (5 minutes). The analysis of the data revealed
head movements in the range of 2 mm only, while the subject was in a comfortable supine
position during 5 minutes of recording time. Larger movements are expected when the
subject, for example, is in an uncomfortable position or the experiment duration is
increased. Furthermore, real patients might also create larger head movements depending
on their conditions (e.g. epileptic patients). In general, the tests showed that there is a lack
of information about the position of the head during MEG measurements, which need
further improvements (see chapter 10).
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6 Data Analysis in Phantom Data
In this chapter we present some results of source reconstruction using the BCD model
and MFT. Both models have been applied to phantom data to demonstrate some of
the limitations of the two very different reconstruction methods. These tests cannot, of
course, be exhaustive; but should at least provide some estimates about the accuracy
of source localisation of deep and shallow sources when the BCD model or MFT is
applied. In the first section we describe the constituents of the spherical phantom
which has been used to generate the magnetic fields measured by the BTi MAGNES
2500 WH system. The procedure of the phantom measurements will be outlined first
followed by the discussion of the results obtained from the two different reconstruction
methods.

6.1.1 The Spherical Phantom
The spherical phantom is an accessory provided with the BTi MAGNES 2500 WH system
(Biomagnetic Technologies Inc., 1997). It is usually used to verify the performance and to
check the localisation accuracy (i.e., the accuracy of the single dipole fit) of the MEG
system. The phantom fits in the helmet portion of the sensor array and contains known
current dipoles which can be energised (each separately) and the magnetic field changes
around the sphere measured. The equivalent current dipole source is then calculated, and
the estimates are compared to the actual dipole locations for verification.

6.1.2 The Constituents of the Spherical Phantom
The spherical head phantom is a composite fibreglass globe mounted on a stand (Figure
6.1). Inside the globe a dipole insert is mounted which is a fibreglass rod containing 5
current dipoles. The sphere has an outer diameter of 16 cm and is filled with saline solution
(0.9 %) to allow for a current flow when energising a dipole. The location of the five
current dipoles is along the upper half of the vertical axis of the sphere with a slight
orientation towards the minus x- and the positive y-axis (Figure 6.2) expressed in the BTi

87

C h apter

6: Data Analysis in Phantom Data

head coordinate system (subsection 5.1.1).

Globe

Extension
Dipoles
Stand

Data
Sheet

Insert

Base
Switch Box

Function Generator

Phantom
Output Cable
"— Phantom
Input Cable
To Electronics
Rack - Sync In

Trigger Cable

To Electronics Rack
Trigger Output Line

Figure 6.1: The BTi spherical head phantom system (from Biomagnetic Technologies,
1997).

The distance between adjacent dipoles is approximately 1 cm, spread in the radial
direction. The dipoles are numbered, with dipole #1 being farthest from the centre of the
sphere (about 6 cm away), and dipole #5 which is closest to the centre (just 2 cm away).
Each dipole is constructed by a twisted pair of fine wires running along the inside of the
fibreglass rod ending at the outside of the sphere with opposite ends separated by 0.5 cm.
These wires are connected to a switch box and a function generator (Figure 6.1) outside the
shielded room. When using the spherical phantom, only one dipole can be energised at a

?
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Figure 6.2: Dipole locations of the spherical phantom in the y/x-plane (a) and the z/y-plane
(b).

The function generator supplies a low-frequency current source for the spherical phantom,
whereas the switch box enables the operator to select one dipole to be activated at a time. A
variety of waveforms can be generated, including sine-waves, square-waves and other
standard waveforms. Usually a triggered sinusoidal signal is passed through the switch box
in order to activate the currently selected dipole. The globe of the phantom is placed into
the helmet portion of the whole head MEG system, while a TTL6 signal is passed through
the function generator to generate triggered sinusoidal signals so that magnetic fields are
detected by the sensors outside the sphere.

6.1.3 Verification of the Current Dipole Location in the Phantom
The current dipole locations in the spherical phantom are provided by the manufacturer
(see also Table 6.1). In order to verify the dipole locations (provided by BTi) 500
measurements were conducted for all current dipoles separately using a 10 Hz sinusoidal

6 A Transistor-Transistor-Logic (TTL) circuit is an electronic com ponent which serves as a control unit f o r

processing digital signals. The circuit operates with two different logical states: low level (below 0.8 V) and
high level (above 2.0 V). In practice, a voltage o f 0 V is used to indicate the low level, while 5 V indicates the
high level. Usually the high level sign al is used f o r further processing and often serves as a trigger signal.
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signal generated by the function generator. Approximately 10V input voltage was used to
get the maximum source strength one can produce using the phantom switch box. The
maximum signal strength (before averaging) measured for dipole #1 (the most superficial
dipole) is about 8.5 pT, whereas the maximum signal strength for the deepest dipole #5 is
still 4.0 pT. The collected phantom data (sampling rate 1017 Hz) were averaged time
locked to the onset of the TTL signal and filtered using a second order bandpass filter7
from 1 to 20 Hz to eliminate very low and high frequency noise. The remaining signal to
noise ratio (SNR) after averaging8 over 500 epochs is about 400:1 and 200:1 for dipole #1
and dipole #5, respectively.
The BTi single dipole fit software (Biomagnetic Technologies, 1999), provided with the
MAGNES 2500 WH system, was used (the procedure is described in the next section) to
reconstruct the single dipolar sources from the magnetic field measurements. Table 6.1
shows the deviation of the dipole locations provided by the manufacturer and the dipole
locations measured at Jiilich with maximum source strength.

Table 6.1: Current dipole locations of the spherical phantom provided by the manufacturer
(left) and measured with maximum source strength (right) at Jiilich.
Phantom dipole locations

Phantom dipole locations

provided by the manufacturer

measured with the BTi MAGNES 2500

dipole #

x [cm]

y [cm]

z [cm]

-

dipole #

x [cm]

y [cm]

z [cm]

1

-0.11

1.61

6.04

1

-0.12

1.61

6.02

2

-0.10

1.35

5.07

2

-0.10

1.37

5.12

3

-0.09

1.10

4.10

3

-0.10

1.09

4.10

4

-0.07

0.85

3.14

4

-0.05

0.86

3.23

5

-0.06

0.60

2.17

5

-0.02

0.62

2.29

7 Any digital filte r used throughout the thesis is a p p lied in both fo rw a rd and reverse direction to the data in

order to cancel out any phase shift introduced by the filte r kernel whenever a filte r is applied in a single
direction (Biomagnetic Technologies Inc. 1999).
8 We have used a large number o f epochs f o r averaging since the signal to noise ratio is im proved by nin

with n being the number o f averages.
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When calculating the differences as shown in Figure 6.3, one can easily see that the
calculated differences are well below 1 mm for the superficial dipole #1. The maximum
deviation (0.12 mm ) is found in z-direction for dipole #5, the deepest dipole, but
negligible deviations are found in all directions for dipole #1 to dipole #3. The error,
expressed as the distance ([Ax2+Ay2+Az2]'/2) between the measured and true dipole location,
range from 0.2 mm to 1.3 mm for dipole #1 and dipole 5#, respectively.
Phantom dipole location
deviation from true position

«

0,00

-0,20 J

d ip o le

U

Figure 6.3: Differences between x/y/z-components of the dipole locations provided by the
manufacturer and the dipole locations measured with the MAGNES 2500 WH system with
maximum source strength.

The results shown in Table 6.1 are in very good agreement with the specified locations of
the true current dipole position provided by BTi, and further illustrate, that in general the
full head MEG system is able to localise single current sources (i.e., one dipolar source at a
time) within sub-millimetre accuracy, when the SNR is sufficient. However, a SNR of
400:1 is fairly improbable for human brain activity, even for superficial evoked-like
responses.
More interesting of course and very frequently asked (particularly when MEG is compared
to other brain imaging techniques) is the question of: “how well can MEG localise current
sources from the brain ?” This is a very complex issue, since a lot of parameters can very
much change the localisation results if one varies for example: the signal to noise ratio, the
number of sources active at a time, the type of volume conductor and source model, the
number of channels involved in the reconstruction and of course the type of detector
(magnetometer, gradiometer). However, in the next two sections we will discuss the
localisation accuracy of the whole head MAGNES 2500 system using two very different
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source reconstruction models: BTi’s single dipole fit and MFT. These methods will be
applied to phantom data, and some of the parameters (but not the number of sources) will
be adjusted in order to simulate a measurement under more realistic conditions.

6.2 Source Localisation using BTi’s Single Dipole Fit
In this section we will investigate the accuracy of the source localisation on phantom data
using the BTi’s single dipole fit (Biomagnetic Technologies Inc. 1999). In order to simulate
a realistic measurement (e.g. an auditory experiment) using the spherical phantom9 we
adjusted the frequency (10 Hz) and source strength (690 fT) of the most superficial current
dipole (dipole #1) so that the average measured signal is comparable to the field pattern of
a typically evoked response (Figure 6.4a). In particular, the source power of dipole #1 was
stepwise increased until the average signal strength became similar to the average signal
strength of the MlOO10 extracted from a real measurement as illustrated in Figure 6.4.
In both cases the average MEG signal from 100 epochs shown in Figure 6.4 is aligned to
the onset of a stimulus (at 0 ms) which is a 1 kHz tone burst (50 ms duration) in the case of
the auditory experiment and a 10 Hz sine wave with a constant delay of 100 ms in the case
of the phantom measurement. Although frequency and signal strength (of the first peak) are
similar in Figure 6.4a and Figure 6.4b a remarkable difference in the SNR is obvious
between the phantom (60:1) and the real measurement (13:1). This difference can be seen
best during the time period of the pre-trigger interval ranging from -100 to 0 ms. The
average background activity measured in the pre-trigger time interval of the real measure
ment range between ±50 fT (-8% of the peak maximum), while the average activity
recorded from dipole #1 during the same time interval ranged between ±10 fT (1.5% of the
peak maximum).

9 In general f o r testing source reconstruction m ethods a different phantom with a realistic head shape and

m ultiple dipoles having different locations and orientations would be better. In addition an arbitrary
com bination o f sim ultaneously active dipoles would also be a challenge f o r any source reconstruction
method. H owever, such a phantom is not ye t available to the MEG lab a t Jiilich.
10 strong auditory evoked response which peaks around 100 ms after stimulus onset.
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We therefore added 7% noise (±50 fT, the resulting SNR is 13:1) to the average MEG
signal of dipole #1 to simulate a measurement under more realistic conditions. The same
amount of noise was also added to the other four dipoles of the spherical phantom in order
to simulate activity recorded from deeper brain regions. As illustrated in Figure 6.5 the
signal to noise ratio is reduced dramatically for dipole #5 (SNR < 2:1), the deepest source
from the spherical phantom.
3)

Jb) phantom dipole # 1

auditory evoked response

:

A

:

J p llp lÊ
fc c,

fc C

% lÉ f|P lF
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Figure 6.4: In (a) a typical averaged auditory evoked response is shown (148 MEG
channels are superimposed) where 100 epochs were aligned to the onset of an auditory
stimulus (1 kHz, 50ms duration) and bandpass filtered from 1-20 Hz. In (b) the average
MEG signal from 50 epochs (filtered from 1-20 Hz) of the most superficial current dipole
(dipole #1) from the spherical phantom is shown, where the signal strength is similar to (a).
The maximum amplitudes found in (a) and (b) are 645 fT and 698 fT, respectively.
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Figure 6.5: Average MEG signals of dipole #1 and dipole #5 showing 146 channels
superimposed and filtered from 1-20 Hz. Additional noise (±50 fT) was added to all
signals. The resulting SNR of dipole #1 (a) and dipole #5 (b) is 13:1 and 2:1, respectively.
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Before the dipole fit analysis was applied each channel and trial was carefully inspected.
None of the 50 collected trials showed unusually large environmental noise or artefacts,
whereas two channels A 14 and A72 showing some unusually large noise in the pre-trigger
time interval were discarded from analysis (Figure 6.6).
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Figure 6.6: Sensor layout of the 148 magnetometer channels of the BTi MAGNES 2500
WH system. The average MEG signal (no additional noise was added) from dipole #1 is
plotted for each sensor showing a clear reversal above (red) and below (green) the zero line
(blue) indicating a dipolar source. Note the two noisy channels: A 14 and A72.

Figure 6.6 shows the average signal (no additional noise) of every sensor obtained from
dipole #1. The figure shows a clear reversal above (red) and below (green) the zero line
(blue) indicating a dipolar source. When using the single dipole fit on real data usually one
selects a subset of channels (typically those showing a strong reversal around the zero line)
to avoid too much contribution from other possible sources, for example, the ipsi- or
contralateral source(s) from the auditory cortex. Furthermore, too many channels are likely
to decrease the overall signal to noise ratio, since there might be a large number of
channels mostly picking up noise (or additional sources). The typical number of channels
94

C H APTER

6: Data Analysis in Phantom Data

used for dipole reconstructions (and for MFT analysis) in our lab is 90 channels. With such
a number of channels, one hemisphere can be well covered. Therefore, we selected 90
channels from the top (A1-A92, excluding channel A72 and A 14) to reconstruct the
dipolar sources from the phantom measurements.
Once the channel selection has been made the single dipole fit is then applied to all
phantom data, with and without additional noise, for the time interval around the first
strong peak (100-150 ms).The method provides an estimation of a single source location
for every timeslice. In addition to the estimated x/y/z-components of the current dipole
location, the correlation coefficient (Corr) and the goodness of fit value (Gof) (the
calculation of Gof in Table 6.2 refers to equation 3-8, cf. subsection 3.3.1) are provided for
every time instant (Table 6.2).

Table 6.2: Results from BTi’s single dipole fit applied to the average MEG signal (no
noise was added) of dipole #1 for the time interval around the first strong peak.
Latency
115.56
116.54
117.52
118.51
119.49
120.47
121.45
122.44
123.42
124.40
125.39
126.37
127.35
128.34
129.32

x [cm]
-0.085
-0.085
-0.086
-0.087
-0.087
-0.088
-0.089
-0.089
-0.090
-0.090
-0.090
-0.091
-0.091
-0.091
-0.091

y [cm]
1.585
1.585
1.584
1.584
1.584
1.584
1.584
1.584
1.584
1.584
1.584
1.584
1.585
1.585
1.585

z [cm] Qx [nAm] Qy [nAm] Qz [nAm] RMS [fT]
6.264
5.988
46.185
-11.936
250.451
5.986
6.421
47.384
-12.247
256.754
5.984
6.557
48.417
-12.515
262.154
5.982
6.671
49.275
-12.739
266.602
5.980
6.762
49.949
-12.916
270.054
5.978
6.829
50.432
-13.044
272.475
5.976
6.871
50.719
-13.122
273.836
5.974
6.888
50.806
-13.148
274.115
5.972
6.878
50.688
-13.122
273.299
5.970
6.842
50.365
-13.043
271.378
5.968
6.779
49.836
-12.911
268.352
5.966
6.689
49.102
-12.726
264.226
6.574
5.963
48.165
-12.489
259.011
5.961
6.432
47.028
-12.201
252.723
5.958
6.265
45.696
-11.862
245.384

Corr
0.999040
0.999034
0.999027
0.999019
0.999008
0.998996
0.998982
0.998965
0.998946
0.998924
0.998899
0.998871
0.998837
0.998798
0.998751

Gof
0.997225
0.997275
0.997319
0.997356
0.997386
0.997407
0.997420
0.997423
0.997416
0.997401
0.997374
0.997337
0.997287
0.997223
0.997142

The high Corr and GoF values in Table 6.2 (as obtained by BTi’s single dipole fit) are
partly a consequence due to the definition of these selection criteria. In the BTi software it
is assumed that the uncertainty due to noise (i.e. the error in the measurement) is the same
for each detector (cf. equations 3-7 and 3-8).
However, the best correlation coefficient with the highest goodness of fit value in the
selected time range (100-150 ms) was the selection criterion used to pick up the estimated
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current dipole location for each reconstruction.
Figure 6.7 shows the location errors between the estimated current dipole locations using
BTi’s single dipole fit and the true dipole position provided by the BTi. The error bars
shown in Figure 6.7 are plotted separately for the two different data sets, i.e., without (a)
and with (b) added noise.
The figure clearly shows that the locational accuracy of the single dipole fit reconstruction
for a single source is better than 2 mm (Figure 6.7a) even for the deep source dipole #5
when no additional noise was added. In contrast Figure 6.7b shows that the localisation
error rapidly increases when the SNR is not sufficient. This is evident from the
reconstructed MEG signal of dipole #4 and dipole #5, as illustrated in Figure 6.7b, while
the localisation error is below 3 mm for the first three superficial dipoles.

a;

b)
d ip o le l o c a t io n err o r

2,00

i

d ip o le l o c a t io n erro r
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Figure 6.7: Errors of the estimated current dipole locations calculated with BTi’s single
dipole fit. In (a) errors are shown for the data set without added noise, while in (b) the
errors are plotted for the data set with ±50 fT additional noise.

In summary, if a single non-radial current dipole is active in the spherical phantom and the
SNR is better or equal than 10:1, the single dipole fit method provides a localisation
accuracy of about 1 to 2 mm for superficial and deep sources, respectively. When a more
realistic measurement is simulated, i.e., when the SNR of the MEG signal rapidly decreases
in depth, the error of the estimated dipole location increases up to the centimetre range. On
the other hand the accuracy of the single dipole reconstruction is still sufficient (below
3 mm) for (single!) superficial dipolar sources to be reconstructed under somewhat more
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realistic conditions, including noise. However, the results provided here still apply to a
non-realistic measurement. The phantom, for example, provides a spherical volume
conductor with current dipoles having a small current distribution (the method assumes
point like sources) being active one at a time. Furthermore, the MEG signals collected from
the phantom are not contaminated with any biological artefacts (like heart beats or eye
blinks), and moreover, they are almost free from errors due the head frame definition (see
subsection 5.1.2) and head movements. The accuracy of the single dipole fit could of
course be investigated by using a realistic head phantom and by making use of a realistic
volume conductor. Moreover, one could also vary the number of sources active at a time
and vary the amount of additional noise (including biological artefacts) which could also be
different for each source separately. However, it is beyond the scope of the thesis to
investigate all the limitations of the above method, especially since different source
reconstruction methods are available11 which are supposed to cope with at least some of the
problems mentioned above.
In general, the identification of the current dipoles is feasible using the single dipole fit
method as long as the activity emanates from one (or two well -separated) focal generators.
Nevertheless, the method becomes unreliable when the number of active sources increases
and when a fully distributed source generates the signal.

6.3 Source Localisation using MFT
In this section we will discuss results from MFT analysis where the same set of phantom
data was applied as used for the single dipole fit analysis described in section 6.2.
In contrast to the ECD model. Magnetic Field Tomography does not make any assumption
about the number of sources that are active or the form of the current density vector field.
The algorithm, which has been described in subsection 3.4.2, extracts the non-silent part of
the current density, J, with a minimal set of some given a priori information (e.g., the
activity is confined within the brain). At present the MFT algorithm has two adjustable

11 Currently, the only available source reconstruction m ethods in our lab are the BTi single dipole f it and

MFT.
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parameters: First, the régularisation parameter

Ç , which resolves the conflicting

requirements of high spatial resolution and insensitivity to noise. This parameter is
determined by the quality of the data. Second, the decay length for the a priori Gaussian
probability weight function w0(r). These two parameters are adjusted through simulations
with computer-generated data (which is referred as the ’training’) in such a way that focal
activities distributed throughout the entire source space are well reconstructed. It has been
shown (loannides et al, 1990) that ‘training’ in this way with point like test sources
improves reconstructions with distributed sources too. Once the parameters are determined
for a given experimental setup, MFT is then applied with these parameters to real data with
no further adjustment.

6.3.1 Definition of the Source Space
The source space Q used in MFT can either be two dimensional for representing parts of
the cortical surface or three dimensional to define a volume of the active brain. The noise
level in the measurements and the sensor configurations, i.e. the way they are arranged in
space, are taken into account to determine the extent of a three dimensional source space
where the primary currents are allowed.
In order to define the source space for analysing the phantom data we use a hemisphere
which describes the upper half of the phantom globe (where the dipole insert is mounted)
with its inner radius of 7 cm. Thus, the hemispherical volume has a total thickness of 7 cm.
For display reasons, the hemisphere is cut into slices, as shown Figure 6.8. In this setup we
use 9 levels with level 1 being the deepest level at the bottom of the hemisphere and level 9
being the most superficial level at the top of the hemisphere. The distance between the
most superficial level and the level at the bottom of the hemisphere is 6.22 cm. For the
source space integration we use Gaussian quadrature with 1000 integration points. The
same channel selection (90 magnetometers from the top of the helmet sensor array) as used
for the dipole fit analysis were chosen for MFT reconstructions. The source space and
channel configuration are illustrated in Figure 6.9.
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level 9

6.22 cm

Figure 6.8: Conducting sphere and source space definition of the spherical phantom used
for the MFT analysis. The source space where the current density is allowed is cut into
slices where each slice represents a certain level of depth. Such levels are used for the
display of MFT solution to provide a tomographic view of the estimated current density
distribution.
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Figure 6.9: Source space and channel configuration of the spherical phantom. A selection
of 90 magnetometer channels which cover best the source space have been chosen from the
top of the helmet portion for source reconstruction using MFT.
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6.3.2 The Training
In the following reconstructions, the activity is computed and displayed as a contour plot.
Each cut of the hemisphere (Figure 6.10) displays one level showing the activity from the
top view with level 9 being the most superficial level and level 1 being the deepest level of
the source space. The distance between level 9 and level 1 is 6.22 cm. The MFT
reconstructions are displayed next to each other at successive time instants to indicate the
various test dipoles. A black arrow is used to mark the position and the direction of such a
test dipole. The colour scale indicates the strength of the activity, normalised across all
levels for a certain time instant, where yellow corresponds to strong activity, while dark red
corresponds to low activity (Figure 6.10). The number on top of each circle indicates the
strongest modulus of the current density vector J found in the corresponding slice of the
source space, while the blue number indicates the maximum modulus across all slices for a
given time instant.
Once the source space is defined for a specific experimental setup, the next step is to adjust
the régularisation parameter ^ and the decay of the Gaussian weighting function w0(r). The
aim is to get the set of parameters that leads to the best reconstruction of known sources.
To start with, a set of computer generated current dipoles are distributed throughout the
entire source space where at least one current dipole is placed at one o f each level12. The
dipoles are chosen with random positions (i.e. within the source space), strengths and
directions for each level separately.
Care is also taken that none of the artificial sources is mostly radial, i.e., we subtract the
radial component from the dipole moment and will use the two tangential components
only. The forward problem is then solved for this setup using the sphere model to describe
the conductivity profile with its conducting sphere centre at the centre of the globe of the
phantom. In order to simulate real experimental conditions, 10% (of the peak maximum)
random noise is added to the signal file.

I- Usually, we use a set o f 36 dipoles in one source space, so that a t least 4 dipoles are distributed on one

level. F or display pu rpose we will dem onstrate the training procedu re using 9 dipoles only.
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Figure 6.10: Left: An example of MFT reconstruction on a test dipole. The estimated
current density is displayed as a contour plot. Each circle represents one of the nine
sectional cuts (levels) of the source space. The distance between level 1 and level 9 is 6.22
cm. A black arrow (at level 4) indicates the position and the direction of a test dipole.
Right: The colour scale indicates the strength of the activity: strong activity is plotted in
yellow, while weak activity is plotted in blue. The number on top of each circle indicate the
local maximum value of IJI for this particular level in arbitrary units, while the number
plotted in blue indicates the maximum value of IJI across all 9 levels.

As already mentioned in subsection 3.4.2, numerical instabilities will occur if the
régularisation parameter Ç is close to zero, whereas the resolution is reduced as J
increases, especially for values well above unity. In our experimental setup, we choose a
f of 1 to start with, i.e., a zero smoothing value s ( Ç= 1 0 s ). Now, the next step is to
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adjust the a priori probability weight function w0(r) in such a way that the reconstruction is
as accurate as possible throughout the source space. Figure 6.11 displays reconstructions
where MFT has been applied to a set of test dipoles using a uniform probability weight.
Actually, for this setup we also excluded the one-step iteration in the MFT algorithm
(subsection 3.4.2) to demonstrate results which are similar to results obtained from
minimum-norm estimates (subsection 3.4.1). In this case, the figure shows that the raw
sensitivity is too strong in the superficial region directly underneath the selected channels.
Dipoles (black arrows) which are far away from the sensors can not be correctly
reconstructed. Note that some dipoles at ’deeper’ levels (at the bottom of the hemisphere)
are in a region of strong sensitivity. This is because such sources are not ’deep’, it’s the
source-detector distance that counts (see also Figure 6.9).

v

However, the picture is changed dramatically if a probability weight function is introduced
(cf. Eq. 3-23) that incorporates any a priori information about the current density distribu
tion. It has been found that using a simple Gaussian weight function is surprisingly
successful in order to avoid the tendency of the solution to be clustered in the part of the
source space closest to the detectors (loannides 1994a, 1995a, 1995b). A number of reports
have been demonstrated that such a weight function, incorporated in the MFT algorithm,
does produces reliable source estimates from real data (loannides et al. 1995c, Liu LC and
loannides 1996, Liu M.J. et al. 1996, Liu LC et al. 1998, 1999). For our analysis we have
adopted this choice of Gaussian probability weight function which takes the form

|r-ro r
g(r)

=

e
X

In general, r 0 can be anywhere in the source space, but usually we choose the centre of the
conducting sphere. In practice, we vary the decay length of the probability weight which is
allowed to take different values along different axes. For example, we adjust the decay X of
the weight function to fit the reconstructions along the depth, i.e. the ez-direction, while
another decay is adjusted to bias the reconstructions in the x/y-plane or the ex-, êy- direction.
The formula we use to bias along the z-direction is:
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(rz _roz y
g ( r z )

=

e

( 6- 2)

while along the x/y-plane it is:

(rx -r 0x )~+(ry -r 0y )"

(6-3)

Various tests have been performed to determine the proper values Xx>y and Xz for the
training set. Figure 6.12 and Figure 6.13 display some of the intermediate reconstructions
when X is not optimal, while Figure 6.14 shows the solution with the best choice. We then
keep the decay factors constant and vary the smoothing factor s to get the best compromise
between spatial resolution and insensitivity to noise. In Figure 6.15, we illustrate when we
were trying to obtain too much in the presence of noise as well as trying to avoid the
amplification of noise too much (Figure 6.16). As a result of a too small Ç value, the
source power has been reduced dramatically. Figure 6.17 displays reconstructions with an
optimal régularisation parameter.
If nearly optimal13 parameters have been achieved, one can now fine-tune the probability
weight function, by trying inversions with smaller steps of the decay factors, but using the
correct value for Ç . The final result is shown in Figure 6.18. Although we are showing (for
display purpose only) one dipole at each level only the final parameters are pretty
insensitive to the dipole set chosen.
Having obtained the proper values for the decay factors Xx,y and Xz and the régularisation
parameter Ç , MFT can now be applied to the set of phantom data, we obtained from the
real experiment, with no further adjustment.

13 Currently this is done by inspection (see Figure 6.11 - Figure 6.18).
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Figure 6.11: MFT reconstructions of an artificial current dipole set using a uniform
probability weight function with Ç = 1 for régularisation. Note that dipoles (black arrows)
which are far away from the sensors can not be correctly reconstructed. The sensitivity is
mainly confined to the superficial region underneath the sensor array, and, as a result, little
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Figure 6.12: MFT reconstructions of test dipoles with Xz - 0.02 m. The depth-enhancement
is too strong; none of the superficial sources can be recovered. The probability decay Xz
needs to be increased.
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benefit. The probability decay Xz needs to be decreased.
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Figure 6.15: MFT reconstructions of test dipoles (10% random noise was added) with the
selected probability decay factors, but with a smoothing factor of 5 = -2 (i.e. Ç = 100).
Under the presence of noise the reconstructions become too sensitive to fictitious sources.
In some levels it seems that there are more than one sources being active. The smoothing
value s needs to be increased.
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Figure 6.16: MFT reconstructions of test dipoles (10% random noise was added) with the
selected probability decay factors, but with a smoothing factor of 5 = 4 (i.e. f = 0.0001).
Trying to make too fine reconstructions in the presence o f noise is paid by eventual loss of
detail. The smoothing value s needs to be decreased.
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Figure 6.17: MFT solutions of test dipoles. The reconstructions have been performed with
the selected probability decay factors, but with a smoothing factor of s = 0 (i.e. f = 1).
Most of the source are properly reconstructed.
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6.3.3 MFT Analysis
In the previous subsection we described how the MFT parameters are determined before
MFT is applied to real data having the same experimental setup. Before demonstrating the
MFT solutions of the data collected from the spherical phantom (section 6.2), we
summarise the parameters and the setup we used for the MFT analysis.
A hemisphere with a radius and total thickness of 7 cm was used to describe the source
space where the current density is allowed. The orientation of the source space was chosen
so that it fills the upper part of the phantom globe where the dipole insert is mounted. Nine
cuts were performed to provide different levels of depth, where the distance between the
bottom level and the top level is 6.22 cm. The estimated current density distribution is
displayed on a grid of 17x17x9 points. Although we are using 2601 display points the grid
dimension used here is not sufficient for testing MFT s reconstruction accuracy within a
few millimetre (i.e. 1 or 2 mm). The display resolution of our grid provides an accuracy of
about 7.7 mm in z-direction and 8.75 mm in the x/y-plane only. However, we have used
this grid resolution14, which is typical for real data analysis in our laboratory, in order to
demonstrate the performance under realistic conditions.
A conducting sphere with a radius of 8 cm centred exactly at the mid-point of the phantom
globe has been used to describe the conductivity profile. Further, a selection of 90
magnetometer channels which best cover the source space were used for the MFT analysis.
From the training in the previous subsection we obtained the MFT parameters which are
the decay factors for the Gaussian probability weight function and the régularisation
parameter Ç . It has been found, that proper values for the decay factors and the
régularisation parameter for the above setup are: Xx,y = 0.40 cm, Xz = 0.45 cm and a
smoothing factor of 5 = 0 (i.e. f = 1).
Using the above settings, MFT is now applied to the averaged and filtered data of the

14 O f course one could use a den ser grid f o r displaying the current density distribution within a fe w

m illim etre accuracy. On the other hand, this would require lon ger com putations tim es which m ight be
feasible if supercom puters are available (c f chapter 10). The com putation time fo r 1000 sam ples fo r
exam ple is ~ 6 hours on a SUN ULTRA 1 (1 CPU; 167 MHz) if a 1 7 x 1 7 x 9 g rid is used.

112

C

h a p t e r

6: Data Analysis in Phantom Data

spherical phantom with no further adjustment.
Figure 6.19 shows distance errors between the location of the maximum modulus of the
current density vector and the true dipole location. The relatively large errors reflect the
poor grid resolution we have used for reconstruction, where changes in dipole location are
in sub-millimetre range. However, when comparing the errors between the two data sets as
it is displayed in Figure 6.19a (without added noise) and Figure 6.19b (with added noise),
one can easily see that the inversions of the first four dipoles obtain the same location of
the maximum current density vector, while the reconstruction accuracy becomes poor for
the deepest dipole #5 particularly when additional noise was applied.

a)

MFT re c o n stru c tio n

b)
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Figure 6.19: Distance errors between the location of the maximum current density vector
and the true dipole location. In (a) errors are shown for the data set without added noise,
while in (b) the errors are plotted for the data set with ±50 fT additional noise

The following figures (Figure 6.20-Figure 6.24) show MFT estimates for each current
dipole reconstruction in three profiles (coronal, sagittal and transversal). On each figure,
the current density distribution IJI is shown for both cases without (a) and with added noise
(b). The MFT solutions are displayed on artificial sections of the phantom globe at the
location of the true dipole location. The position and orientation of the true current dipole
which is marked as a white arrow is superimposed to the image.
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L

Figure 6.20: Contour plot of MFT solutions from the phantom data where dipole #1 was
activated. The figure displays the magnitude of current density distribution IJI and the
position of the true dipole location. The position and orientation of the dipole is marked as
a white arrow. In (a) and (b) MFT solutions are displayed for the data set without and with
added noise respectively.
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Figure 6.21: Contour plot of MFT solutions from the phantom data where dipole #2 was
activated.

C

R

c-o r o n a l

h a p t e r

6: Data Analysis in Phantom Data

L_______ A_____ s a g i t t a l _____ P_________ R

transversal

L

Figure 6.22: Contour plot of MFT solutions from the phantom data where dipole #3 was
activated.
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Figure 6.23: Contour plot of MFT solutions from the phantom data where dipole #4 was
activated.
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Figure 6.24: Contour plot of MFT solutions from the phantom data where dipole #5 was
activated.

6.3.4 MFT and ECD Comparison
In this subsection we compare the previous results of two very different reconstruction
methods which have been applied to the same data set as described before. The ECD
solution with the highest correlation coefficient and the best goodness of fit value will be
compared with the maximum MFT solution in the source space. This we have summarised
in Table 6.3.
In comparing the ECD solution with MFT we face a problem. The ECD solution provides a
point and a direction together with the parameter for the ellipsoid of confidence. In contrast
MFT yields a fully continuous solution, which however is sampled at regular points on the
display grid in each of the 9 levels. The accuracy of the MFT solution could be improved
by either using a denser representation grid, or by interpolating between the grid points. We
choose neither of these options, but use instead the raw representation grid with a grid-
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point to grid-point distance in the x/y-plane of 0.875 cm and a z-distance (between
successive levels) of 0.69 cm.
Table 6.3: Comparison of source location between BTi’s single dipole fit (ECD) and MFT.
The highest correlation coefficient and the best goodness of fit value were the selection
criteria for the ECD model, while for the MFT solution the location of the maximum
current density vector was taken. Separate entries are placed for the data set without (a) and
with (b) added noise.
a)
dipole

tru e dipole location
x/cm

y /cm

z / cm

ECD
x/cm

y /cm

M FT
z / cm

x / cm

y /cm

z / cm

1

-0.11

1.61

6.04

-0.09

1.57

5.98

0,00

1,75

6,22

2

-0.10

1.35

5.07

-0.08

1.36

5.10

0,00

1,75

5,44

3

-0.09

1.10

4.10

-0.04

1.06

3.98

0,00

0,87

3,88

4

-0.07

0.85

3.14

-0.10

0.76

3.14

0,00

0,87

3,88

5

-0.06

0.60

2.17

0.04

0.48

2.05

0,00

0,87

3,11

b)
dipole

tru e dipole location
x/cm

y /cm

z/cm

ECD
x / cm

y /cm

M FT
z/cm

x/cm

y /cm

z/cm

1

-0.11

1.61

6.04

-0.12

1.58

6.19

0,00

1,75

6,22

2

-0.10

1.35

5.07

-0.04

1.39

5.34

0,00

1,75

5,44

3

-0.09

1.10

4.10

-0.10

0.91

4.15

0,00

0,87

3,88

4

-0.07

0.85

3.14

-0.21

0.65

3.95

0,00

0,87

3,88

5

-0.06

0.60

2.17

-0.02

0.66

3.83

0,00

0,87

3,88

The data which have been analysed were optimal for the ECD model and a comparison
with the maximum MFT solution might not be fair, since it is biased against the distributed
source. On the other hand, MFT reconstructions of the first four phantom measurements
(dipole #1 to dipole #4) are less influenced when additional noise is added. The same
locations of the maximum current density vector were found in the data set with added
noise compared to the one without noise. In deeper levels, the MFT solutions are blurred
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reflections of the reduced sharpness of the lead fields. The blurred MFT distribution
includes the current dipole location within its ’boundaries’ (Figure 6.20-Figure 6.24).
With the analysis of the phantom data using the ECD model and MFT, we did not show
how the methods can cope with data where the activity is more widespread and/or where
multiple areas are activated simultaneously or other cases where disagreement between the
ECD model and MFT is expected. Although it would be of interest, it is beyond the scope
of this work to show all the limitations of the two models. However, this serves as an
introduction to both methods, which is of importance if one wants to analyse real data
obtained from a MEG experiment with a patient or a subject.

In spite of the apparent better reconstruction accuracy of the ECD model, we will use MFT
throughout the CMV analysis, as described in chapters 8 and 9, because of the following
reasons:
> During a CMV experiment the current density is supposed to be widely distributed over
the brain, where generators often fire simultaneously from deeper as well as from
cortical brain structures. In such cases, where multiple sources are simultaneously
active MFT becomes favourable upon the ECD model.
> It has been shown by a number of reports that the ECD model did not reveal
satisfactory results in reconstructing slow neuromagnetic field changes where the
neuronal generators are expected to be distributed (Bôtzel et al. 1993, Elbert et al,
1994, Hultin et al. 1996, Nagamine et al. 1996).
> In contrast, it has been shown that MFT produces reliable results in the analysis of
CMV data (Fenwick et al. 1993, loannides et al. 1994b, Liu MJ et al. 1996, Dammers
et al. 1999a, Dammers and loannides 2000).
> The reconstruction accuracy of MFT seems to be less influenced by the presence of
noise compared to the ECD model (cf. Table 6.3).

118

CHAPTER 7: An Introduction to Contingent Negative Variation Studies

7 An Introduction to Contingent Negative Variation
Studies
In this chapter we bring together some of the history and background information from
literature that is relevant for contingent negative variation (CNV) studies. At the
beginning of this chapter we will briefly go through the history of the CNV and will
summarise

some

of

the

very

early

results

which

were

obtained

mainly

by

electroencephalography (EEC) studies. W e will also introduce some results from
studies using invasive methods like electrocorticography (ECoG) or other different
techniques like: magnetoencephalography (MEG), positron emission tomography
(PET) and functional magnetic resonance imaging (fMRI). At the end of the chapter we
will consider some of the open questions where considerable uncertainty is still present
even after many years of research in this field. Finally, we will address the motivation
for our contingent magnetic variation (CMV) studies, the magnetic analogue of the
CNV, which will be described in the next two chapters.

7.1 History
In 1964, Walter and colleagues observed that an electric negative potential slowly develops
during a fixed time interval between a warning stimulus (SI) and an imperative stimulus
(S2) to which a motor response is required. This potential which may last for several
seconds was named the contingent negative variation, or simply CNV, because of the
relationship to the contingency of the situation and the interaction with subsequent
responses to imperative stimuli. Walter and colleagues found that the activity measured
during the waiting period between the warning and imperative stimuli differ according to
whether the subject must make (GO) or withhold (NOGO) a movement. This difference is
enhanced when a reward or punishment is given following correct or wrong motor
responses respectively.
Many studies in both man and animals followed the first report about the CNV using the
same or a similar GO/NOGO paradigm (see also Figure 8.1). Loveless and Sanford (1974)
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for example have investigated the effect of using longer time intervals. In their protocol
they have used an inter stimulus interval (ISI) of more than 2 s between the onsets of the
two stimuli SI and S2. From this study it became evident that the negative potential
consists of a succession of at least two distinct waves. In the literature, the first slow
component is referred to as the early CNV, which begins at 300-500 ms after SI and lasts
usually for about one second or less (cf. Figure 8.7). The second slow component, called
the late CNV, begins 1.5 to 2 seconds before S2 and has .its maximum 200 to 300
milliseconds prior to S2 (cf. Figure 8.7). In 1976, Gaillard and colleagues compared CNV
amplitudes elicited when using different inter-stimulus intervals of 1 and 3 seconds. It was
found that under the 3 second ISI condition the form of the slow negative wave showed a
clear biphasic character, whereas under the 1 second condition the two components were
not separated.
In other studies it was shown that the slow electrical components can also be elicited by
visual stimuli (Roth et al. 1975, Gaillard et al. 1976, 1991, Gemba et al. 1989), which were
often used in animal studies when for example monkeys were trained to perform a
GO/NOGO discrimination task (Boyed ES et al. 1979, Watanabe M 1986a, Watanabe M
1986b, Mauritz KH et al. 1986, Sasaki et al. 1986, 1989, Kalaska JF et al. 1995). Besides
the vast number of human and monkey studies, slow cortical potential shifts, similar to
CNV waves, were also observed in cats (Macar et al. 1979). Moreover, Nakamura and
colleagues (1992) have shown that even head-restrained rats can produce electrical activity
analogous to human and monkey CNV.
The electrical phenomenon of CNV was thought to be useful for (human) clinical
investigations. Walter et al. (1964) already proposed the application of the new methods to
investigation of neuropsychiatrie disorders. In 1972, Tecce et al. commented in his report:
"This electrical phenomenon of the brain has drawn the interest of many psycho
physiologists because it is thought to reflect some psychological processes such as
expectancy, motivation, attention and arousal". Many studies have shown modified CNV
signals in patients with neurological disorders. In several studies it was reported that the
amplitude of the CNV is smaller in patients suffering from parkinsonism than in a healthy
control group (Tsuda 1982, Oishi et al. 1995). In 1982, Howard et al. reported an
association in mentally abnormal offenders between psychometric impulsiveness and the
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degree of differentiation in the contingent negative variation recorded at the vertex between
GO and NOGO conditions (Howard et al. 1982). A similar study by Brown et al. (1989)
aimed to investigate whether this finding extended to two samples of young healthy
volunteers using a variety of impulsiveness-related measures. Furthermore, Howard and
Lumsden suggested the CNV may be useful in the prediction of recidivism75 (Howard and
Lumsden 1996, 1997). From these results it was concluded that the GO CNV appears to be
an electrocortical index of a neuropsychological system mediating subjective stress, while
the NOGO CNV appears to index subjective arousal.
The clinical usefulness of the contingent negative variation as a neuropsychological index
of cognitive dysfunction associated with cerebrovascular disease was investigated in
demented patients as well as in a healthy control group, as reported by Kofler et al. in 1988.
It was found that the CNV amplitudes of the patients were significantly smaller than those
of the non-demented group, and furthermore, Kofler and colleagues concluded that the
CNV method could make an important clinical contribution to the assessment and course
of dementia.
From another recent study published by Oishi et al. (1998) it was shown that the early CNV
was significantly smaller in patients suffering from chronic multiple cerebral infarction
(vascular dementia) than in healthy controls. Rugg et al. (1989) compared patients
suffering from closed head injury (6 months postinjury) with a normal control group using
a CNV protocol. In this study, it was found that in the patient group the early CNV wave
did not differentiate GO and NOGO trials while the late CNV showed a smaller separation
between GO and NOGO trials. Furthermore, Heimberg and colleagues recently
investigated

34 patients

with major depression and 43 patients suffering from

schizophrenia (Heimberg et al. 1999). The CNV signal was also compared with signals
recorded from 49 healthy controls. In this laborious experiment it was found that the CNV
signal was significantly more reduced in NOGO trials in the healthy control group
compared to GO trials. This clear discrimination was not observed in either group of
patients. From the results it was concluded: "The applied CNV paradigm was able to

15 In m edical therapy recidivism describes the pro cess o f reappearance o f path ology after successful

treatment.
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discriminate schizophrenic and depressed patients from healthy controls." Moreover,
"subtle differences were detected between schizophrenic and depressed patients."

Another issue in debate is the relationship between the CNV, especially the late CNV, and
a slow negative potential which occurs during the preparatory phase before self-paced
movements. This potential which is quite similar to the late CNV is called Bereitschaftspotential (BP) or readiness potential and was first described by Komhuber and Deecke in
1965. A paradigm which can elicit this slow potential has been well established since 1965
for investigation of the organisation of voluntary movement in healthy humans and
patients. The similarity of the Bereitschaftspotential to the late CNV and the question of
whether they have the same origin or not was the subject of numerous investigations. The
findings from the study by Rohrbaugh and Gaillard (1983) indicated that the CNV consists
of an early CNV alone when motor responses are not required and suggested that the late
CNV is equivalent to the BP. In 1986, Prescott reported in his study: "The results support
the contention that the CNV, like the Bereitschaftspotential, is primarily related to response
factors, and hence that the CNV and BP are essentially the same phenomenon.", van Boxtel
and colleagues (van Boxtel et al. 1993) on the other hand suggested the late wave of the
CNV consists of two components: one centrally dominant and the other frontally dominant.
The central component was suggested to be identical with the Bereitschaftspotential,
whereas the frontal component was discussed in terms of stimulus anticipation and task
demands.
Invasive studies using implanted electrodes (Dceda et al. 1994, Lamarche et al. 1995,
Hamano et al. 1997) did not support the suggestion of CNV and BP being the same
phenomenon. Hamano and colleagues (1997) investigated the difference between BPs and
CNVs in patients with intractable epilepsy using implanted subdural electrodes. Separate
experiments were performed in order to record Bereitschaftspotential, where patients were
instructed to perform a series of voluntary finger movements, and CNV, which were
elicited by employing a GO/NOGO choice reaction time paradigm. In this study they found
that the cortical distribution of the late CNV was different from that of BP and they
concluded: "the late CNVs are not equivalent to BPs and are not related to motor
preparation alone". It was also shown by several investigators that the late CNV could be
obtained even without a motor response (Cohen J and W alter 1966, Donchin et al. 1972,
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Klorman and Ryan 1980, Ruchkin et al. 1986). Dceda and colleagues also showed in 1997 a
clear dissociation between CNV and BP in patients with severe parkinsonism (Dceda et al.
1997). Moreover, in a study from the same author, it was shown that a single patient with
discrete cerebellar efferent lesion did not show a BP at all, but a clear fronto-central
dominant late CNV was seen (Dceda et al. 1994).

In the early Dterature, the CNV was mainly described by electroencephalography studies
using surface electrodes, where the signal of a specific electrode was analysed by its
positive or negative magnitude. The underlying activity of such signals were basically
estimated by the location of the electrodes which were mounted on the scalp using an
international system like for example the International 10-20 System (Jasper 1958) or an
expanded version of the 10-20 system.

7.2 Recent Resurgence using Different Modalities
Although the clinical usefulness of the CNV is evident from early studies (Tsuda et al.
1982, Howard et al. 1982, 1984, Brown et al. 1989, Rugg et al. 1989, Bocker et al. 1990,
Oishi et al. 1995) as well as from recent studies (Howard and Lumsden 1996, 1997, Oishi
et al. 1998, Heimberg et al. 1999), the cUnical utilisation of this sensitivity has not been
reabsed yet. One reason for this failure is that there is still considerable uncertainty
regarding the neuronal generators of the CNV, which are widely distributed throughout the
brain, and have activation sequences that vary from subject to subject. Furthermore, the
recorded CNV signal is a mixture of multiple processes dealing with the evaluation of the
warning stimulus

as well as with attention, anticipation, expectancy, movement

preparation, execution and inhibition, but due to the complex structure of the signal, the
CNV generators are difficult to locabse.
Different modalities, non-invasive as well as invasive techniques, have been used to solve
the question of the (multiple) origin of the widely distributed CNV generators. In the
following we will emphasise the main findings from some of the more recent studies
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dealing with the localisation of the early and late wave CNV using different modalities. For
a more detailed description of the different modalities we refer to section 2.3 and 2.4.

Electroencephalography (scalp EEG)
As described in the previous section, much of the published work on CNV relied on scalp
EEG recordings. When using EEG, the brain activity is measured from the surface of the
head using a few or up to 256 electrodes. The difference of the electric potential is recorded
from each electrode against a reference electrode (e.g. mounted on the mastoid). With this
method however, the origin of the measured signal is difficult to localise, since the signal is
largely influenced by different conductivities of different tissues (brain, liquor cerebrospinalis, skull and scalp) before it can be measured on the scalp. Nevertheless, the CNV
has been studied extensively using EEG with surface electrodes.
From these studies the early CNV was generally found to be frontally dominant and it is
believed to be related not only to the warning stimulus, but also to aspects of motor
programming or task performance. The late CNV has been linked both to motor and
cognitive preparation prior to an anticipated salient event. Dceda and colleagues (1996)
reported in their study with 10 normal subjects, that the early CNV shows a frontally
dominant distribution maximal at the midline, whereas the late CNV was found to be
centrally dominant with little or no laterality (Dceda et al. 1996b).
The prefrontal cortex is considered to be a prime candidate for generation of the early
CNV. This was confirmed by many studies, for example: Oishi and Mochizuki 1998, Lai et
al. 1997, van Boxtel et al. 1993, Gaillard and van Beijsterveldt 1991, Rugg et al. 1989).
Gemba and Sasaki (1989), who have also studied the CNV in monkeys, found a negative
potential to be recorded specifically to NOGO trials in the frontal-parietal part of normal
human subjects (Gemba and Sasaki 1989), which was in good agreement with the results of
their animal studies (Sasaki et al. 1989). Further, they concluded, that the potential is
related to the judgement not to move and/or the suppression of motor execution.
In contrast to these findings, Rosahl and Knight (1995) investigated the early and late CNV
in neurological patients with prefrontal cortex damage. As a result, the early phase of the
CNV was not reduced in the patients but it was reduced in the late phase of the CNV,
beginning about 1 s prior to S2. From the results, it was concluded that there is no
dominant role of the prefrontal cortex in the generation of the early CNV, since there was
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no significant reduction in the patient signals. Moreover, the results were consistent with a
late CNV generator in the dorsolateral prefrontal cortex. This again is in contrast to other
findings where the late CNV was maximal recorded over the vertex (Dceda et al. 1996b,
Gaillard and van Beijsterveldt 1991, Rugg et al. 1989) or in the fronto-central area (Dceda et
al. 1997) or in fronto-parietal areas (van Boxtel and Brunia 1994). On the other hand, van
Boxtel and colleagues suggested a multi-component view of the late CNV that consists of a
centrally dominant component and a frontal component (van Boxtel et al. 1993).

Electrocorticography (ECoG)
Electrocorticography is an invasive technique to measure brain activity directly on the
surface of the cortex. This highly invasive technique is suitable for clinical applications
only. It can be applied for example to epileptic patients in order to localise epileptic foci
before surgery. As far as human studies are concerned, an invasive investigation of slow
brain potentials, particularly the CNV, is dictated by purely clinical considerations.
From monkey studies it was already known that the prefrontal cortex plays an important
role in the generation of the CNV. In 1989, Sasaki and colleagues (Sasaki et al. 1989) for
example investigated brain potentials from monkeys recorded from implanted depth
electrodes. The monkeys were trained for a GO/NOGO hand movement task with
discrimination between two different colour stimuh. Sasaki and colleagues found specific
activity to NOGO responses at a latency of about 110-150 ms after stimulus onset in the
area of the prefrontal cortex.
When looking at human studies, only a few publications about CNV recordings using
ECoG are available. However, some patients who were evaluated for neurosurgery gave
their consent to participate in a CNV study. In 1995, Lamarche and colleagues (Lamarche
et al. 1995) investigated 11 epileptic patients with intracerebral multilead electrodes. A
CNV protocol was apphed to each patient, and four of them underwent an experiment in
order to record the Bereitschaftspotential in addition to the CNV. Besides the ECoG
recordings, scalp EEG measurements

were also performed. In comparing these

measurements, an ambiguous discrepancy was observed between the depth and scalp
recordings in both the CNV and the BP signals. Based on the ECoG recordings, CNV
potentials were obtained from two large areas: (1) the temporal lobe, i.e., in the vicinity of
the auditory cortex, and (2) from the central region including premotor and motor cortex,
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supplementary motor area (SMA), cingulate and postcentral cortex. With the data available
the question of whether or not the late CNV is equivalent to the BP could not really be
solved, but the results indicated that the late wave CNV cannot just be identified as BP.
One year later, Dceda and colleagues (Dceda et al. 1996a) also investigated epileptic patients
who were evaluated for epilepsy surgery using subdural electrodes. Again both paradigms
were applied to each of the four patients for BP and CNV recordings. Slow potentials (BP)
prior to the onset of self-paced voluntary movements, were recorded from SMA as well as
motor cortex limited to one or two electrodes. CNV potentials on the other hand were seen
not only at SMA but also at the orbitoffontal and mesial prefrontal areas. The results were
twofold: (1) bilateral transient potentials were found in the mesial prefrontal cortices
elicited only by S2 which required decision making (in this auditory CNV paradigm the
information about a GO or NOGO condition was only delivered with S2). It was concluded
that this potential is most likely different from Sasaki’s ‘NOGO’-potential described in
monkeys (Sasaki and Gemba 1986) and in a more recent human MEG study (Sasaki et al.
1993), since it was only seen in association with NOGO cases. (2) as part of the late CNV,
slow potentials were found to be generated by orbitofrontal and mesial prefrontal cortex in
the period of uncertainty and anticipation. These results confirmed the single patient study
from the same author (Dceda et al. 1994), where a late CNV was found to be generated in
the fronto-central area (the patient suffered from a discrete mid-brain infarction).
Hamano et al. (1997) recorded CNV and BP from subdural electrodes implanted in 14
patients with intractable epilepsy (Hamano et al. 1997). In this study the location and extent
of the subdural electrode placements differed from patient to patient; and further, only data
obtained from electrodes placed in the hemisphere contralateral to the finger movement
were analysed. However, the results showed substantial inter-individual differences in the
distribution of the CNV. From the scalp EEG (which is also routinely applied when ECoG
recordings are performed) early CNVs were obtained only from the prefrontal area and
SMA, whereas late wave CNVs were obtained from the prefrontal, temporal and occipital
areas. The CNVs obtained from the ECoG recording were highly distributed and differed
from patient to patient. In particular, the early CNV was recorded from the prefrontal
cortex (4 out of 10 patients) more lateral than mesial, as well as from the SMA (3 out of 5
patients). The late CNV was also recorded in the (lateral) prefrontal cortex (4 out of 10
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patients), but also from the anterior basal temporal area (3 out of 8 patients) and from the
(lateral, mesial and basal) occipital area (3 out of 6 patients). Bereitschaftspotentials on the
other hand were recorded almost exclusively from the sensorimotor cortex and SMA.
These results clearly showed that the CNV is highly distributed showing a variety of
multiple cortical generators. However, in comparison to the results obtained from BP
measurements Hamano and colleagues concluded that the late CNV has different origins
than the BP.

Magnetoencephalography (MEG)
With the introduction of large array biomagnetometers and particularly whole head MEG
systems another non-invasive technology was introduced to the field of neuroscience (and
other fields of research; cf. chapter 1). Compared to EEG the temporal resolution of MEG
is the same (in ms range), but the main advantage of MEG over EEG is that MEG can
provide higher localisation accuracy (cf. section 2.4), which is due to the fact that different
structures of the head (brain, liquor cerebrospinalis, skull and scalp) influence the magnetic
fields less than the volume current flow that causes the EEG.
Usually in EEG studies a GO/NOGO avoidance paradigm (Figure 8.1) is used to study the
low frequency phenomenon, the CNV. If such a set of measurements is used in MEG
studies, the detected signals are similar to CNV signals showing slow increasing drifts
during GO condition between the two successive stimuh (cf. Figure 8.7). These slow
developing neuromagnetic field changes are contingent on the response demand (cf. Figure
9.4) and are often termed to as the contingent magnetic variation (CMV). The strong slow
CMV signal that develops during GO condition can therefore be identified when compared
to the magnetic signal recorded during NOGO condition, where much of the slow drifts is
reduced. Similar to the CNV the neuromagnetic signals consists of low frequency
components that are almost eliminated if the data are highpass filtered starting with 3 Hz
(cf. Figure 8.2). In previous CMV (and CNV) studies the low frequency components were
investigated in frequency ranges starting from DC (or nearly DC) to a few tens Hz (20-100
Hz) showing the CMV together with the evoked responses (cf. Fenwick et al. 1993, Basile
et al. 1994, loannides et al. 1994b, Hultin et al. 1996), while the slow components are
effectively eliminated using a highpass filter starting with 3 Hz (Liu MJ et al. 1996). In our
CMV analysis described later in chapters 8 and 9 we have used the frequency bandwidth
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D C -20 Hz to study the CMV together with evoked responses as well as the bandpass 3 20 Hz in order to study the evoked responses only .From previous EEG studies it is known
that the CNV experiment is a laborious and long experiment. However, in early CMV
studies the brain activity that one associates with such paradigms was even recorded using
just a single MEG channel, which required a huge number of repetitions of the same
experiment in order to obtain a reasonable topography of the signal (Weinberg et al. 1983).
Although it is difficult to conclude definitive results from a single channel study, it
nevertheless showed, that large array biomagnetometer systems or even better whole head
MEG systems are necessary when studying the CMV, in order to avoid a huge number of
repetitions of the long experiment, since the signal is widely distributed over the brain.
In 1994, Elbert and colleagues (Elbert et al. 1994) investigated the CMV recorded from 10
healthy subjects performing an auditory GO/NOGO paradigm. Neuromagnetic field
changes were measured over the right hemisphere (contralateral to the site of stimulation,
but ipsilateral to the site of movement) using a 37 channel probe (BTi San Diego CA,
USA). In addition to the MEG signal, EEG was monitored from the vertex (Cz). In the data
they found significant temporal activity contributing to the late as well as to early CMV.
Further, the data were consistent with a model that the early CMV component results from
an overlap of temporal and frontal sources and the late CMV results from two bilateral
sources in the motor cortex overlap. However, Elbert et al. stressed that the single current
dipole model, which was applied to the averaged data, is not satisfactory in order to
describe the complex structure of the spatiotemporal distribution of the CMV generators,
and they reported: "neither for the early nor for the late CMV component did a single
equivalent current dipole prove to be a satisfying model."
Hultin and colleagues investigated the CNV and its magnetic analogue recorded from 24
healthy subjects (Hultin et al. 1996) using a 28 channel probe (CNR-IESS, ROM, Italy). In
order to achieve whole head mapping the neuromagnetic field changes were recorded from
different scalp positions, but with special interest devoted to study the late CMV. For
source localisation a two-dipole model was applied to the neuromagnetic signals of 13
subjects. In 11 subjects a goodness of fit was achieved ranging from 83%-95% with one
equivalent source localised near the bottom of the sulcus precentralis contralateral to the
side of movement. Source estimates on the ipsilateral side were less consistent. Even when
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a four-dipole model was used the goodness of fit was just slightly increased. However,
from the results it was concluded that the late CMV is closely related to the Bereitschafts
potential. On the other hand, Hultin and colleagues suggested that the source model used
here was too limited, and further, the dipole localisations were compared to MRI in two
subjects only.
It is widely accepted that the CMV generators are widely distributed in the brain, a fact
which explains the rather limited success to model the CMV using only one or a few point
like generators. A notable exception is the studies of Basile et al. (Basile et al. 1994, 1997)
where slow magnetic fields were recorded, but in a protocol which relied on working
memory task with space and pattern recognition components. The aim of the study was to
address the issue of regional specialisation of prefrontal cortical function. The results
indicated that the equivalent current dipole model did reveal localisation of the slow
magnetic field changes in the prefrontal cortex.
Fenwick and colleagues (Fenwick et al. 1993) were the first to present three dimensional
source estimates from activity obtained from a single subject using a CMV paradigm. In
their study, they used the KRENIKON (SIEMENS, Erlangen Germany), a 37 channel
probe which was placed vertically over the subject’s head. For source reconstruction
magnetic field tomography (MFT) (loannides et al. 1990) was applied to the averaged
CMV signal. MFT revealed estimates of brain activity in different cortical levels. During
the GO condition, for example, activity from deeper levels was extracted from the early
CMV component (between 400 ms and 1400 ms). In the same period, superficial activity
was found in the posterior parietal association areas in both GO and NOGO conditions. For
the GO case the late CMV component was found at different cortical levels around
2100 ms and 3500 ms, while for the NOGO case some sustained activity was found in both
deep and superficial levels. Significant activation was found in the sensorimotor strip on
the superficial level, accompanying the parietal association cortex response in the GO
condition. Furthermore, bilateral activity was found in the primary visual area of the
occipital cortex in both GO and NOGO conditions. At the time of the button press, i.e.,
3700 ms after stimulus onset of SI, the activity was extracted from the sensorimotor and
temporal cortex. Although Fenwick and colleagues presented results from a single subject
only, the study clearly showed that the complex structure of the CMV can be separated into
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many processes. Furthermore, the MFT approach showed that cortical generators of the
CMV can be extracted from deeper as well as superficial levels.
One year later, in a study by loannides et al. (loannides et al. 1994b) some of the authors
have repeated the CMV experiment with two subjects but using the same protocol (Brown
et al. 1989) as in the previous study (Fenwick et al. 1993). In this study the MEG signal
was recorded over the left hemisphere as well as from the fronto-central part of the head by
using the MAGNES system (BTi San Diego, CA, USA), a 37 biomagnetometer array. MFT
analysis identified in each of the two subjects activity from both sensorimotor areas, the
anterior part of SMA and the medial parietal area. In addition, a clear prim ing16 of the left
(contralateral) auditory cortex was observed in the GO condition when the auditory
stimulus was delivered to the right ear (in this study the MEG signal was only recorded
over the contralateral side, i.e., the left hemisphere). In the GO condition responses to S2
were found to be many times larger than responses to SI in the SMA, medial parietal area
and the contralateral sensorimotor area. Also pre-S2 activity was seen in the auditory
cortex which was primed for almost the entire pre-S2 period. Moreover, post-movement
activity was found in the medial parietal area when no strong pre-SMA activity was
present, while it was absent when the SMA was strongly activated before S2. The data
showed not only consistent activations in each subject but also marked differences of
activation patterns, particularly in the SMA and the ipsilateral motor cortex of the two
subjects. The results also indicated that averaging is likely to confuse the detailed structure
of the neuromagnetic signal.
Two years later, Liu and colleagues (Liu MJ et al. 1996) published results obtained by
further MFT analysis from one of the two subjects who had volunteered for the CMV
experiment reported by loannides et al. 1994b. In the previous study the authors focused on

16 In this thesis we w ill use the w ord "priming" in order to describe strong slow regional activity which is

consistent with a preparatory process. Since in a sym m etric avoidance G O /N OG O experim ent both GO and
N O G O conditions have an active elem ent (in N O G O conditions m ovem ent must be inhibited), and therefore,
prim ing can be seen in both GO and N O G O conditions although it is expected to be m ore prom inent in G O
conditions (cf. Figure 9.11). In previous reports the term prim ing has been used f o r the A C and/or SMC, but
in this thesis we will use the term prim ing if it is consistent with a prep a ra to ry p ro cess that might have a
direct influence o f preparatory nature on the A C a n d/or SMC.
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the slow components of the CMV signal, while this time the same data were bandpass
filtered from 3-20 Hz to study activation sequences from a subset of single trials as well as
averaged GO/NOGO trials. All possible hand-ear combinations were analysed from the
fronto-central probe position. In this study, Liu and colleagues focused on the strongest and
most consistent activations after SI and S2, from the motor related areas. The averaged
data, which were time locked to the stimulus, showed strong activity around 100 ms after
SI in the right motor cortex and the right posterior parietal region. A very early motor
activity was also found around 60 ms after SI, while SMA and premotor areas showed
strong activity in the time range from 170-500 ms which is well before any movement has
to be made. Therefore, it was concluded that SI sets motor-planning-related activity in
motion. Responses to S2 were maximum in the GO condition where the activity was found
to be located in the motor cortex contralateral to the finger moved. In the single trial
analysis MFT extracted the same areas as found in the averaged data. Activation sequences
linking frontal and posterior areas were only seen in the single trial analysis. However, Liu
and colleagues reported that a considerable variation in timing in both onset and offset of
activation were evident in the single trial data. This was also reported by Fenwick and
colleagues in 1997 (Fenwick et al. 1997) as well as by loannides et al. in 1995 (loannides et
al. 1995d) who discussed methods of analysis on CNV data as revealed by PET and MEG.

Positron emission tomography (PET) and functional magnetic resonance imaging
(fMRI)
Usually conventional functional MR imaging uses periods of repetitive task performance
when measuring haemodynamic responses from the brain. PET, on the other hand,
measures differences of regional cerebral blood flow (rCBF) using radiolabelled tracers.
Both techniques used for metabolic studies can provide high spatial accuracy, but their
temporal resolution is poor compared to EEG and MEG (see also section 2.4). When
searching the literature for CNV-like experiments which have been performed using PET
or fMRI one usually finds GO/NOGO paradigms that are adapted to the preferred
technique. In the following we will report results from some of the recent PET and fMRI
GO/NOGO studies.
In 1975, Drewe already reported that lesions in the prefrontal cortex result in poor
performance of a GO/NOGO discrimination task (Drewe 1975). In order to identify the
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functional fields activated in relation to the NOGO decision nine healthy subjects were
investigated using PET as reported by Kawashima et al. (Kawashima et al. 1996). From
GO/NOGO minus control images several fields showing significant activation were found
to be located in the frontal lobe, precentral gyrus, frontal gyrus, insula cortex and occipital
gyrus. However, the most salient result from this study was that fields of the prefrontal
cortex of the right hemisphere were specifically active in the GO/NOGO task. From these
results it was suggested that the right prefrontal cortex may be a key structure for making a
decision not to move. This is in contrast to the study reported by Ikeda et al. in the same
year (Ikeda et al. 1996c). From this study it was suggested that the activity recorded from
the left frontopolar region (the activity was recorded using subdural electrodes) is possibly
related to the judgement of external stimuli and subsequent decision making. Results from
the fMRI study published by Casey et al. showed a more distributed activation pattern
across both dorsolateral and orbitofrontal cortices (Casey et al. 1997).
However, the findings published by Kawashima et al. (Kawashima et al. 1996) are in
perfect agreement with the results reported by Konishi and colleagues in 1998 (Konishi et
al. 1998). In this fMRI study, the response inhibition function of the prefrontal cortex
associated with a GO/NOGO task was investigated. In all five subjects the NOGO
dominant focus was found to be in the right inferior frontal sulcus of the prefrontal cortex.
A few NOGO dominant foci were found in the left hemisphere indicating a functional
latéralisation to the right hemisphere. This again is in good agreement with the PET results
published by Kawashima and colleagues (Kawashima et al. 1996).
However, besides the prefrontal cortex other areas were also found to be active during a
GO/NOGO task. In a monkey study by Tsujimoto et al. (Tsujimoto et al. 1997) for example
significant increase of the rCBF during a GO/NOGO task was found in mainly four regions
of the monkey brain when compared to the control condition: (1) the principal sulci, (2) the
anterodorsal frontal pole, (3) the anterior part of the inferior occipital sulcus and (4) the
parieto-occipital region. It was suggested that the increase of rCBF in the principal sulci
may be related to the NOGO decision and motor suppression.
In the fMRI study by Humberstone et al. a simple GO/NOGO motor paradigm was apphed
to human subjects (Humberstone et al. 1997). The GO/NOGO responses revealed activity
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in the SMA proper and the anterior region of the medial premotor cortex; the pre-SMA,
which was suggested to be involved in movement decision making.
SMA activity was also found in the study reported by Stephan et al. (Stephan et al. 1995),
where a CNV paradigm was applied to 5 healthy subjects performing a combined EEG and
PET experiment. The results which were published in abstract form showed not only SMA
activity, but also indicated that expectancy and motor preparation are associated with
activity in the contralateral thalamus and dorsolateral prefrontal cortex as well as in SMA
and posterior parietal area.

7.3 Current state and Objectives
Despite the very large number of articles on CNV using EEG and other techniques there is
still a considerable uncertainty about the number and location of the CNV generators.
Results from very different modalities (i.e. EEG, ECoG, MEG, PET and fMRI) showed
that the CNV has a complex structure and is widely distributed over the brain. However,
when looking at results from EEG, ECoG, MEG, PET and fMRI77 one should bear in mind
that different methods highlight different aspects of the paradigm in use.
Electromagnetic recordings like EEG, ECoG and MEG reveal small transient changes of
brain activity within a millisecond time scale. Such techniques provide high temporal
resolution but less precise spatial information compared to PET and fMRI. On the other
hand, PET and fMRI rely on the haemodynamic of neuronal activity showing similar but
different aspects of brain functions. Both techniques provide reliable spatial information
but over a relatively large period of time. Although, temporal (as well as the spatial)
resolution has been improved over the last few years on PET and fMRI, the temporal
resolution is still in the range of one second or more for fMRI, and a few tens of seconds in

17 The m odalities listed above are not the only techniques where G O /N O G O paradigm s have been studied.

However, it is beyond the scope o f the thesis to p ro vid e a com plete description about all m odalities used f o r
studying G O /N O G O paradigm s. We therefore fo cu sed on the m ost utilised techniques used in the fie ld o f
neuroscience.
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the case of PET. Therefore, combined measurements like for example fMRI or PET scans
with simultaneous EEG recordings have been utilised increasingly.
Retrospectively, scalp EEG was one of the most utilised techniques to study the CNV.
Unfortunately, the CNV generators are difficult to localise particularly for EEG. Maybe
this was one of the reasons that in most EEG studies the location of such generators were
basically estimated by the location of the electrodes. A more precise location of possible
CNV generators has been achieved by using ECoG, where the activity is measured directly
on the surface of the brain. However, the area covered by the grid of electrodes is usually
small, thus the implanted electrodes record area specific activity. Moreover, this highly
invasive technique is appropriate for clinical applications only and cannot of course be
applied routinely for an investigation of the CNV.
During the early eighties, with MEG another non-invasive technique became available to
study the CMV within a millisecond time resolution. Only little success was achieved
when slow components of the neuromagnetic CMV signal were modelled with a single or a
few point like sources. The localisation of the such generators often failed or did not
provide satisfactory results (Elbert et al. 1994, Hultin et al. 1996). Nevertheless, the current
dipole model has some validity for the evoked-like responses in the CMV signal. However,
it has been shown that MEG in combination with advanced source reconstruction methods
like MFT, with its ability to identify both distributed and focal generators without prior
assumption, promises to disclose the subcortical as well as cortical generators of the CMV
(Fenwick et al. 1993, 1997, loannides et al. 1994b, Liu et al. 1996, Hammers et al. 1999a,
Hammers and loannides 2000).

In summary, the CNV offered the first evidence that not only stimulus-related but also
subject-related ’mental state’ activities have a neurophysiological basis in humans
(Papakostopoulos 1988). Many studies have demonstrated that the CNV signals are
extremely responsive to pathology, but the clinical application of the CNV is still of little
practical use. Results from different modalities have shown that the CNV is widely
distributed over the brain and is of variable shape. Furthermore, there is a wide
concordance that the two different CNV components (the early and late CNV) are likely to
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reflect different generators. Moreover, the localisation of the CNV generators have
produced contrary results.

^

Among the non-invasive techniques EEG and MEG are the only modalities providing
temporal resolution sufficient to study the time course of the multiple generators
contributing to the early and late CNV. In our CMV studies, which are described in the
next two chapters, we used MEG to record the neuromagnetic signals elicited during a
GO/NOGO reaction time task. For source localisation we applied MFT to the averaged
MEG signal to extract the slow and fast components of the CMV. The objectives for our
CMV studies are as follows:
•

Identification of activity contributing to slow components (early and late CMV) as well
as to evoked-like responses of the CMV in the healthy human brain by using a large
array biomagnetometer and full head MEG system.

•

Localisation of the major CMV generators including the time course of specific
generators during the GO and NOGO conditions by using magnetic field tomography.

•

Characterisation of inter- as well as intra-subject variability.

•

by studying in detail one subject using a full head biomagnetometer we address the
question: how does the CMV change with time, particularly when identical runs are
repeated ?
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8 A Multi Subject CMV Study Using a Two Probe MEG
System
In the previous chapter we have discussed results from earlier and recent CNV studies
obtained from very different modalities, each highlighting different aspects of the brain.
In this chapter we will present our multi-subject study which uses the magnetic
counterpart of the CNV, the contingent magnetic variation (CMV). In this study we
used a two probe MEG system to record the slow and fast components of the CMV in
the healthy human brain. For source reconstruction of the slow and fast components
MFT was applied to averaged data to extract regions with strong activity. In the
following, we will present results from our CMV experiment as obtained by MFT
analysis.

8.1 Material and Methods
Subjects
Five healthy male volunteers (DB, FB, JD, JL, RB; age: 37.2 ± 8.8; 4 right handed and one
left handed) participated in the MEG experiment. Before the experiment started informed
consent was obtained from each volunteer. Unfortunately, the data of subject JL were
contaminated with unusually strong low frequency noise. Consequently, the data of subject
JL was discarded from analysis.
Some low frequency noise was also found in the data of subject FB (but much less than for
subject JL), which was effectively eliminated by high-pass filtering. Therefore, for this
subject we will present results from higher frequencies (3-20 Hz) only.
None of the remaining four subjects had performed a CMV experiment before, and hence a
detailed demonstration and time for testing was given to all subjects. For subject JD we
will present results from two CMV experiments performed on two different days. JD1 will
refer to the first CMV experiment where only two conditions (LL and RR; see protocol)
were applied. JD2 will refer to the second CMV experiment, which was an identical
repetition of JD1 but extended to the full set of four conditions, and was performed three
136

C

h a p t e r

8 : A

Multi Subject CMV Study

U sin g a

Two Probe MEG System

days later. All other subjects performed all four possible ear-finger combinations only once
and on the same day.

Protocol
Four conditions (left/right ear presentation and left/right index finger movement/no move
ment) divided the long experiment into 4 runs with intervening pauses, where each run
lasted for about 11 minutes. For convenience we use a four label code to distinguish
between the 4 runs: the first index refers to left/right ear presentation and the second index
refers to left/right index finger; for example the combination LR means: left ear
presentation and right index finger movement/no movement. The stimulus delivery system
is connected to a pair of plastic tubes where each tube has a total length of 6.8 m. Hence,
the constant delay18 between stimulus onset and tone presentation (at the subject’s ear) is
approximately 20 ms. The data presented here are corrected for this constant delay; hence,
latencies of SI and S2 refer to tone-onset latencies at the ear of the subject. We presented
auditory stimuli in blocked conditions but randomly interleaved 30 GO and 30 NOGO
trials within each block (ISI 10.8 s ± 2 s), with 1 kHz tones indicating a NOGO and 2 kHz
tones a GO condition. Before the experiment the subject's individual hearing threshold was
determined from the left and right ear separately. During stimulation each tone was
delivered 40 dB above the individual hearing threshold. The warning tone S 1 was 250 ms,
and the imperative stimulus S2 was 270 ms. The separation (onset-to-onset) between SI
and S2 was chosen to be 3.5 s to separate out the early and late CMV components (cf.
Figure 8.1 and Figure 8.7). For the GO condition, a rapid button press response was
required in the time window of S2 to avoid a 250 ms unpleasant burst of white noise
delivered with 90 dB through the headphones. The subjects were requested to keep their
eyes open and to fixate on a cross-hair placed one meter away.

Data acquisition
The MEG signal was recorded using the BTi twin MAGNES system (cf. subsection 4.2.1)
which consists of two dewars, each comprising 37 first order axial gradiometer channels.

18 The propagation o f sound a t room tem perature (~20° C) is approxim ately 344 m/s. Hence, the transition

time o f sound through a 6.8 m tube length w ill be -1 9 .8 ms.
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The experiment was performed in a magnetically shielded room with lateral placement of
either probes over the left and right side of the head (Figure 8.5). The positioning of each
probe was repeated until the auditory MlOO10(page90> peak was captured with its positive and
negative field extrema on either side. The MEG signal was continuously recorded with a
sampling rate of 1042 Hz and a bandwidth from DCM 00 Hz. A fibre optic finger
movement detection device was used to record the finger movement. In all experiments,
separate EOG, EGG and EMG channels were recorded continuously and in synchrony with
the MEG channels.

SI

1 kHz: NOGO
2 kHz: GO

Q2

wrong response:
punishment tone

270 ms

5030-8030 ms

[ |g x t

3500 ms

preparation
250 ms

3250 ms
8800 m s-12800 ms

Figure 8.1: GO/NOGO reaction time task paradigm. For the GO condition, a rapid button
press response was required in the time window of S2 to avoid a 250 ms unpleasant tone
burst of white noise delivered with 90 dB through the headphones.

Data analysis
For further analysis the data were low-pass filtered from D C -20 Hz to study the slow
components including the evoked-like activity. In addition a bandpass filter7 (page 90) from
3-20 Hz (Butterworth, 2nd order) was applied for studying evoked-like activity only (Figure
8.2). Since the effectiveness of the passive shielding is greatly reduced for low frequencies
one is more vulnerable to contamination from environmental noise. Therefore, trials and/or
channels showing19 large environmental or electronic noise were discarded from analysis
leaving 28 trials and 34 channels (on average) for further analysis.

19 This is done by visual inspection.
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D C -2 0 H z

soo rr

3 -2 0 H z

i-----------1

Figure 8.2: CMV signal plot of one subject (DB) showing the tone-onset averaged MEG
signal during a GO condition in both frequency ranges: D C -20 Hz (top) and 3-20 Hz
(bottom). The D C -20 Hz bandwidth is used to study the slow components in addition to
the evoked-like activity, while the 3-20 Hz filter eliminates most of the slow components
to study evoked responses only.

After separation between ("clean") correct GO and NOGO trials, separate averages were
constructed both time-locked to the onset of the warning stimulus (tone averages) and the
onset of the TTL6 (page 89) signal of the button press device (button press averages).
Magnetic field tomography (MFT) which we described in subsection 3.4.2 computes the
non-silent primary current density J P(r,t) (loannides et al. 1990). We applied MFT to
averaged data separately for the left and right hemisphere to extract time courses of
activations. The volume conductors needed for the source reconstruction were chosen to be
spheres fitting the left and right side of the head separately (cf. subsection 2.2.3). The
centre of the spherically symmetric conductor was determined by fitting the boundary of a
sphere to the individual anatomy, i.e. the left or right side of the skull. Figure 8.3 shows an
example of a spherically volume conductor which is fitted to the right side of the skull in
order to determine the centre of the conducting sphere for a right hemisphere MFT
analysis.
If the functional information is to be meaningful, the MFT solution must be clearly
correlated to anatomical structures of the brain. We therefore used a coregistration
technique to transform both the location and orientation of each sensor (which are based on
the MEG coordinate system, see subsection 5.1.1), to the MRI coordinate system.
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C oronal V iew (X)
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Sagittal V iew (Y)
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Figure 8.3: Determination of the conducting sphere centre. In this case the centre of the
conducting sphere is determined for source reconstructions in the right hemisphere. The
boundary of the sphere follows the anatomy of the left or right side of the skull in order to
get the left or right sphere centre respectively. In each profile the white cross indicates the
centre of the conducting sphere with coordinates shown on the top of each figurine.

The dimension of each MRI scan used here for analysis is: 256x256x256 pixel20, having a
voxel27 size of 1 mm3, where the origin is located at the centre of the three dimensional
MR image. Up to date, there is no standard technique for solving the registration problem.
The simplest way, still often used in medical imaging, is the so-called three-point-matching
described elsewhere (Bamidis 1996, Bamidis and loannides 1996). In order to display the
reconstructed current densities on the background anatomy we used the more accurate
surface-based matching approach (Bamidis and loannides 1996). Using this technique, a
few thousand digitised points describing the outline of the subject’s head are matched to
the skull outline provided by MRI (Figure 8.4).
The result of the coregistration procedure is a 3x4 transformation matrix (rotation and
shift) which allows the transformation of the MEG sensor properties to the MRI based
coordinate system (Figure 8.5).

~° The term pixel is often used in image processing and means one (two dimensional) picture elem ent which

usually consists o f a squared dimension.
~l Voxel is the three dim ensional analogue o f a pixel and means one volume elem ent usually in the form o f a
cube.
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mmm
Figure 8.4: Surface-matching coregistration. The figurines a,b,c show steps of the co
registration procedure. ‘Before coregistration’ is illustrated in (a), while (b) shows an
intermediate step of the coregistration procedure. Figurine (c) shows the final matching of
the two different data sets.

Figure 8.5: Channel selection and source space definition. The figure shows the channel
layout used for the CMV experiment performed with the BTi MAGNES H system, and the
respective left and right source spaces, used for the MFT reconstructions. Nine sagittal
slices are shown for each source space, each appearing as a line in the coronal and axial
MRI slices displayed (the deepest slice is common to the left and right source spaces).

In order to get optimal reconstructions the adjustable parameters for MFT, i.e., the decay of
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the three dimensional Gaussian weighting function and the régularisation parameter Ç ,
were determined in the way described in subsection 6.3.2 before MFT was applied to the
CMV data. For a more detailed description we refer to section 6.3.
Separate computations were then performed for each hemisphere, where in each case the
source space Q (i.e., a three dimensional region of space where J p(r,t) was allowed to be
non-zero) was a spherical segment that fitted the entire hemisphere (Figure 8.4). The
estimated current densities obtained by MFT were superimposed as colour level intensity
(P(r,t) = IJp(r,t)l2) on the individual subject’s MRI. Smoothed integrals of intensity, A(t,At), in
a region of interest (ROI), are defined by,

fdt’

A r o iU ,A t) =

t_ 4 l

[ P ( r , t ’)é?

^

d3r

(8 -1 )

RO I

2

Each ROI is bounded by a spherical shell (Figure 8.6) with centre at the point r 0RO1; and a
Gaussian factor controls how points away from the centre of the ROI are weighted. This we
do since an activation curve A roi at a certain grid point is influenced by activity from the
vicinity22. Therefore we use a Gaussian weighting function that has its maximum at the
centre of the ROI.

C oron al V ie w (X) Z. .2 L A

Sagittal View (Y )„ — PJ R

Figure 8.6: Example of ROI definition. In this case a spherical ROI with a radius of 1 cm
has been set in the region of the right auditory cortex (yellow circle).

22 Usually f o r w ell separated sources the activation curves from adjacent g rid poin ts resemble p a rtly due to

the g rid resolution chosen an d/or the sensitivity profile which becom es p o o r a t d eep er locations.
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In this study we focus on the dynamic of the strongest activations, defined on functional
criteria (e.g. strongest activity identified by MFT). In order to define ROIs for the CMV
analysis we have used the low-pass filtered data (DC-20 Hz) processed by a self-written
software called HyperView (see Appendix C) that is able to visualise brain activity identi
fied by MFT as colour level intensity on corresponding MRI slices. Several options are
provided by the software besides following the estimated brain activity in time (like an
animation tool). To give only a few examples, the software allows for: threshold (i.e. a
certain strength of |J|) (in)dependent averaging (which can be done on the modulus or on
each component of J) across time of the current density distribution J, searching for odd
and frequent responses and/or searching for early and late responses) that lead to the
coordinates for the definition of the ROIs. In our analysis we looked for strong regional
activity (i.e. at least 40% of the global |J|max) by following the colour level intensity and it's
corresponding value |J| at each time instant. For each displayed region the coordinates of
the strongest |J| value was taken at several latencies between S 1 and S2 in order to perform
an average centre for the definition of each ROI. In addition we performed threshold de
pendent averages of the modulus of the current density distribution across time windows of
500 ms (cf. Appendix C) only confirming the coordinates we have chosen.
These functionally defined ROIs were used to calculate time courses from separate average
signals for each subject and each GO and NOGO condition (LL, RR, RL, LR). The slow
CMV components were best seen by integrating the intensity as described by equation (8 1) using a running window of 500 ms width23. Latencies of peak activity were computed
for bandpass filtered data in the auditory and motor cortex; the mean and standard
deviation across subjects was also calculated.

8.2 Results
When averaging across subjects the correct responses were 27.6 (> 90%) for GO trials and
30.0 (100%) for NOGO trials during the CMV experiment. The individual mean reaction

23 Usually the CMV com ponents last f o r about 1 -2 s. In order to enhance these slow drifts using running

averaging a smoothing w indow o f a fe w hundred m illiseconds is needed.
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time, i.e., the time between the onset of S2 (at subject’s ear) and the time when the subject
pressed the button, for each subject and run ranges between 150 and 204 ms (the time
window for correct responses was 270 ms after S2). When averaging across runs and
subjects the overall mean reaction time is approximately 180 ms. The mean performance
for each subject and run is summarised in Table 8.1.
Table 8.1: The number of correct GO responses including the mean reaction time (RT) is
shown for each CMV run of all subjects.
RR

5

LL

RL

correct

mean

correct

mean

correct

mean

correct

mean

GO

RT [ms]

GO

RT [ms]

GO

RT [ms]

GO

RT [ms]

JD 1

28

174

26

184

-

-

-

-

JD 2

28

165

30

166

27

164

28

166

DB

29

150

30

154

29

170

30

171

FB

28

174

30

174

23

185

27

161

RB

23

204

28

182

26

175

28

177

Slow neuromagnetic drifts were found in all GO cases of each run and subject. The toneonset averaged MEG signal showed a clearly distinguishable slow magnetic field change
during GO condition with a maximum field amplitude varying from 340-840 fT among the
subjects. In Figure 8.7 examples of averaged GO and NOGO trials are shown with
superimposed MEG channels in each case but with different colour for the channels on the
left (blue) and right (red) probe.
MFT analysis of the averaged signals provided the details for the spatiotemporal regional
variation, as captured by the averaging process. The subject to subject variability was large
but whether this was due to differences in the probe positioning or actual differences in re
gional brain activity cannot of course be determined from just the morphology of the sig
nals. However, activity was identified in the region of the auditory cortex (AC), motor- and
sensorimotor cortex (SMC), inferior prefrontal area (IFF) and posterior inferior parietal
(PIP) area (Figure 8.8) in all subjects. The periods of activations in the AC and SMC
region were consistent across subjects, but the ones from PIP and IPF were highly variable
among the subjects. Therefore, for further analysis, we will consider only activations
obtained from the AC and SMC region.
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DB R R -G O

-1 0 0 0

0

1000

2000
t [ms]
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4-000
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DB RR-NOGO
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Figure 8.7: CMV signal plot of one subject (DB) showing the tone-onset averaged MEG
signal for GO and NOGO trials (30 trials for each case). All channels from the left side
(blue traces) and right side (red traces) are superimposed. A clear separation between the
early and late CMV is evident during GO condition as indicated in the top figurine.

SMC

LR-GO
(D C -20 Hz)
t - 108 ms

RR-GO
(D C -20 Hz)
t = 3400 ms

RL-GO
(DC -20 Hz)
t = 3322 ms

RL-GO
(DC-20 Hz)
t = 912 ms

Figure 8.8: Instantaneous MFT reconstructions for one subject (JD) showing the modulus
squared of the current density distribution in four different brain areas, which were
identified in all subjects during the CMV experiment. In each case the activity is
superimposed on a coronal (top row) and sagittal (bottom row) slice. The coronal slice is a
compromise of the homologous sides on the left and right hemispheres.
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Low frequency analysis (DC-20 Hz)
Large subject to subject variability was encountered in the low-pass filtered data, but
looking across subjects, strong contributions from the auditory and motor cortex could be
identified for both the early and late CMV components. We discovered stable and
reproducible activations from the motor and sensorimotor cortex as well as from the
auditory cortex when the activity as extracted by MFT from the D C -20 Hz data was
integrated over a time range of 500 ms.
These slow neuromagnetic drifts contributing to the early and late CMV were best seen in
the tone-onset averages as illustrated in Figure 8.9. In order to compare the regional activity
across subjects and runs each curve was normalised to the maximum activity found in the
four CMV runs for each subject separately.
Figure 8.9 shows the left and the right regional activity from the auditory cortex (a) as well
as from the motor and sensorimotor cortex (b) during the four CMV runs in all subjects.
An AC priming16 (page 130) soon after SI is obvious in all subjects and all CMV runs (Figure
8.9a).
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Figure 8.9: Time courses of the AC (a) and SMC (b) region for all subjects and all CMV
runs as extracted by MFT analysis from the tone-onset averaged DC-20 Hz data. Each
figurine shows the GO (blue trace) and NOGO (red trace) condition superimposed for the
left and right hemisphere separately indicated by the horizontal axes label LEFT and
RIGHT respectively. The first (second) thin vertical line in each figurine marks the onset of
the warning (imperative) tone. The slow components correspond to integrals of MFT
estimates for the modulus of the current density vector over 500 ms. The scaling of each
curve is normalised to the maximum activity found in the left or right hemisphere of the
four CMV runs separately for each subject. In (a) the AC is primed soon after SI, while in
(b) the SMC shows priming 1.5-2 s before S2.

The priming after S 1 in the AC is evident in both hemispheres and can be seen in both GO
and NOGO traces, but in most cases the activity during the time interval between S 1 and
S2 is higher during GO than during NOGO condition. Moreover and irrespective of side of
stimulation, subjects DB and RB show a left hemispheric dominance (i.e., the strength of
the primary current density vector J p is larger in one hemisphere), while subject JD shows
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a right hemispheric dominance in both experiments.
Figure 8.9b (SMC ROI) shows a clear late CMV component for subject DB in all GO task
cases, with onset of about 2 seconds before S2. For this left handed subject the contribution
to the late CMV is evident in both hemispheres. In contrast to subject DB, the GO/NOGO
differentiation in the SMC region of the other two subjects RB and JD (JD1, JD2) are less
distinct but evident showing a late CMV component with onset of about 1.5-2 s. While for
subject JD in both experiments the right SMC shows more source power, the SMC activity
of subject RB is stronger during GO cases contralateral to the side of movement. However,
a late CMV component with onset of about 1.5-2 s before S2 can be seen in all runs and
subjects, but in some cases it can only be seen when the activity of the SMC region is re
scaled, as illustrated in Figure 8.10.

JD 2100 — au|_
s m c noco“
LE FT
0 .5

0 .5

LE FT

LL
1.0

RL
1.0

LE FT

RIGHT

0 .5

RIGHT

1.0

0 .5

RIGHT

RR

LE FT

LR
1.0

RIGHT

Figure 8.10: Time courses of the SMC region for subject JD obtained from the second
CMV experiment. The same SMC activations as in Figure 8.9b are shown, but now using a
different scaling for the left hemisphere to enhance the GO/NOGO differentiation on the
left hemisphere. The activity is normalised to the maximum activity found in the left or
right hemisphere of the four CMV runs.

Figure 8.10 further shows that during condition LL and RR of the second experiment the
SMC region of subject JD shows a late CMV component in GO cases in both hemispheres,
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while during condition RL and LR the slow increasing shift in the GO activity is now
evident ipsilateral to the side of movement, but contralateral to the side of stimulation.

Evoked-like responses (3-20 Hz)
Time courses of the evoked-like responses, as extracted by MFT from the 3-20 Hz toneonset averages for the AC are illustrated in Figure 8.11. The figures shows the modulus
squared of the primary current density vector |JP(r,t)|2 for the time intervals around SI (-100
to 200 ms) and S2 (3400 to 3800 ms) respectively. The thin lines appearing in the figures
indicate the onset of stimulation for SI (at 0 ms) and S2 (at 3500 ms). As already observed
in the D C -20 Hz data some subjects have a left or right hemispheric dominance (i.e., the
signal strength on one hemisphere is larger than on the other) as was also found in the 3 20 Hz data. For display purposes the signals on the hemisphere which showed weaker
signals were re-scaled compared to the other hemisphere. For each subject, a scaling of 1.0
indicate a scaling which is normalised to the maximum current density vector |JP(r,t)|2
found in the left or right hemisphere of the four CMV runs.
Figure 8.11 (AC region) shows strong evoked-like responses around 100 ms after stimulus
onset in both SI and S2 time intervals. The M100 response from the auditory cortex varies
in strength but less in time in the tone-onset averages. This M100 response is consistently
active in all subjects and all CMV runs during both GO and NOGO cases. In addition to
the well known M l00 response, we note an early activation around 40 ms (M40) after SI
and S2. This M40 peak which is often stronger during GO than during NOGO condition
varies in strength but is stable in time across subjects. Figure 8.12 shows the early M40 and
the later M100 response from the auditory cortex superimposed for each subject for both
SI and S2 time intervals during the same condition LL. In all CMV runs (LL, RR, RL, LR)
we found robust M40 and M l00 activation sequences during both time intervals SI and S2.
This we have summarised in Table 8.2, where mean peak latencies were calculated during
different time intervals. In this table we use separate entries for the GO and NOGO
conditions as well as for ipsi- and contralateral (ear) stimulation.
In Table 8.2 additional entries are placed for two latency ranges: 20-60 ms and 60-120 ms.
The mean latencies were obtained by averaging (across subjects) all latencies of the
strongest peak found in the M40 and M l00 time interval (20-60 ms and 60-120 ms after
stimulus onset), but separately for each GO/NOGO and ipsilateral/contralateral case.
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Figure 8.11: Time courses of the AC region as extracted by MFT from the tone-onset 3 20 Hz data showing IJI2 around S 1 (top) and S2 (bottom). The thin line indicates the time
of the stimulus presentation. The activity plotted here is normalised to the maximum
activity found in the left or right hemisphere of the four CMV runs, while for some
figurines we have used a different scaling indicated by the number on top of the figurine.
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Figure 8.12: Time courses of activity from the AC region for both time intervals SI (a)
and S2 (b). The activation sequences are superimposed for all subjects showing GO and
NOGO activity during the same condition LL. Besides the M l00 response, which is
consistently active during both GO and NOGO conditions, we note an early activation
around 40 ms (M40) after stimulus onset.
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Table 8.2: Mean latencies of the strongest peak and its standard deviation (averaged across
subjects) calculated for different time intervals: around SI (a) and S2 (b), as extracted from
responses of the auditory cortex. In both cases, band-pass filtered (3-20 Hz) signals from
tone-onset averages were used. In (a) and (b) all entries are given in milliseconds, and ipsiand contralateral refer to the ear of tone presentation.

ipsilateral

a) S I

contralateral

case

interval

latency

stdev

latency

stdev

NOGO

2 0 -6 0

43

6

42

7

GO

2 0 -6 0

46

7

36

4

NOGO

6 0 -1 2 0

91

6

92

8

GO

6 0 -1 2 0

99

5

89

7

ipsilateral

6 )3 2

contralateral

case

interval

latency

stdev

latency

stdev

NOGO

2 0 -6 0

40

6

41

6

GO

2 0 -6 0

37

6

32

4

NOGO

6 0 - 120

90

4

92

8

GO

6 0 -1 2 0

94

5

85

9

The table shows that on average the M l00 response peaks a few milliseconds (5-10 ms)
earlier on the contralateral hemisphere but during the GO condition only. During the
NOGO condition the (mean) peak latencies of the M l00 responses range between 9 0 92 ms in both hemispheres, while during the GO condition the M l00 response varies (on
average) between 94-99 ms or 85-89 ms on the ipsi- or contralateral hemisphere
respectively. The low standard deviation (4-9 ms) shows that the grouping employed in the
table reflects the overall organisation of the auditory cortex. The table further shows that
the early M40 activation is again faster during the GO condition on the contralateral
hemisphere. The fastest (contralateral) M40 response is evident during the GO condition
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after S2 (32 ms). This is where the GO/NOGO latencies differ most (9 ms). During the
NOGO condition the M40 responses peak almost at the same time (40-43 ms) in both
hemispheres after SI and S2.

In contrast, the periods of activations as extracted from the SMC region from the 3-20 Hz
tone-onset averages (!) show high variability in strength and time. For some subjects (JD,
DB, FB) we encountered an early SMC activation after S2 (at -3600 ms) is followed by a
later response around the time of the button press (at -3700 ms).
Activations from the SMC ROI around the time of the finger movement can be analysed
best when the MEG signal is aligned to the onset of the EMG24 signal. However, we used
instead the onset of the button press signal which was recorded synchronously with the
MEG signal. Figure 8.13 shows activation sequences from the same SMC region for all
subjects as extracted from the button press averages. Although the pre- and post-movement
activity varies in strength and time, the figure shows clear responses from the SMC region
particularly contralateral to the side of finger movement. In some runs the activity is much
smaller (but evident when a different scaling is used) compared to the maximum activity
found in the four CMV runs. Moreover, in the time interval around S2 (at —180 ms, see
also Table 8.1) the pre-movement activity is likely to include additional components due to
the auditory stimulus.

For an investigation of peak latencies of the pre-movement activity we therefore selected a
time window from -100 to 0 ms. For post-movement activity two more time windows (1 100 ms and 101-200 ms) were defined based on the morphology of the SMC activity.
In Table 8.3 we summarise (mean) peak latencies during pre- and post-movement intervals
as obtained from the SMC region. The MFT analysis shows (mean) peak latencies in the
SMC ROI at -4 0 ms before and -5 0 ms after the onset of the button press. A later
component at about 150 ms was also detected post-movement. Although the standard
deviation is relatively high (19-28 ms), the peak latencies are very similar for the ipsi- and

"4 E lectrom yography (EMG) is a w ell known technique to record the electric activity from muscle

contractions, like fin g e r movements.
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contralateral responses showing very similar standard deviations. For some subjects and
runs the hemisphere contralateral to the finger movement showed responses that were
considerably stronger, but this is not discussed further, since we encountered strong
activations favouring in one hemisphere (in four of the five subjects) which make it
difficult to compare the strength from ipsi- and contralateral responses.
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Figure 8.13: Time courses of the SMC region as extracted by MFT from the button press
(3-20 Hz) data showing |J|2 around the time of finger movement. The thin line indicates
the onset of the button press signal. The activity is normalised to the maximum activity
found in the left or right hemisphere of the four CMV runs. Note that for some figurines a
different scaling is used (indicated by the number on top of each figurine) to enhance weak
activity.
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Table 8.3: Mean latencies of the strongest peak and its standard deviation (averaged across
subjects) calculated for different time intervals (a-c), as extracted from the SMC activity.
In all cases, bandpass filtered (3-20 Hz) signals from button press averages were used. All
entries are given in milliseconds, and ipsi- and contralateral refer to the side of finger
movement.

'

ipsilateral
latency
stdev

'

contralateral
latency
stdev

case

interval

a

-1 0 0 -0

-41

23

-38

28

b

1 - 100

51

25

47

20

c

101 - 200

147

20

144

19

- ,

'

■

8.3 Discussion
The neuromagnetic field changes were recorded with sensor placement optimal for
identifying activity from the auditory cortices. Nevertheless, the sensor placement also
allowed us to estimate activity in the left and right motor cortex and to a lesser extent to the
frontal and parietal areas. The coverage of the two probe (2x37 channel) system limited
further analysis to the auditory (AC), motor and sensorimotor cortex (SMC). For these two
regions, MFT analysis revealed activations which were broadly consistent within subjects,
but with variable periods of activations across subjects, particularly in the low frequency
data. It is unclear whether the variability was due to true inter-subject differences,
reflecting possibly differences in strategy. Differences in probe positioning are another
possible but rather unlikely explanation for the relatively strong activations found in one
hemisphere only (the activity in both region AC and SMC of subject JD and FB were
consistently stronger on the right hemisphere, whereas for subject RB the same region were
always stronger on the left hemisphere).

Low frequency analysis (DC-20 Hz)
Apart from the variability in strength from subject to subject and run to run, we encoun
tered a consistent auditory cortex priming soon after S 1 during both GO and NOGO condi
tions in all subjects. This is in good agreement to an earlier study of loannides et al.
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(loannides et al. 1994b) with just two subjects performing under only one condition (RR).
In this study the auditory cortex was recorded using only one 37 channel probe which was
placed over the left (contralateral) hemisphere. The slow neuromagnetic shifts were differ
ent in the two subjects, extending over the early and late CMV in one, but only over the
late CMV in the other. The results presented here confirm auditory cortex priming. The
priming after SI can be seen in both the GO (ready for action) and NOGO (movement
inhibition) conditions, but priming extending in the late CMV persists mostly in the GO
condition. Our results also indicate that this priming is robust in general terms, but variable
in detail, even within the same subject for different conditions. In retrospect an early
priming in the auditory cortex is natural: this is where the imperative stimulus is processed
and where the earliest analysis must be made.
In contrast, the motor cortex activity was often stronger during the S2 period, and for some
subjects significantly so only on the contralateral hemisphere. The GO/NOGO differ
entiation in the SMC ROI for the subjects JD and RB is not as clear as for subject DB, but
the data broadly agree with a priming of the SMC ROI as part of the late CMV with onset
of about 2 seconds before S2.

Evoked-like responses (3-20 Hz)
The evoked responses are seen in the 3-20 Hz data, where a very early response is seen in
the auditory cortex, well before the onset of the M l00. This early response depends on
condition and is fastest (32 ms) on the contralateral side, after S2 during the GO condition,
i.e. when speed of processing is at premium (to avoid the punishment tone).
An early response is also seen in the SMC region, at a time which is consistent with infor
mation flow from the AC to the SMC region. The button press averaged signals resemble,
but can in no way be considered identical to, responses to voluntary finger movements.
With such analogy in mind the pre-button press peak will be within the motor field (MF)
pre-movement period, while the two peaks after will correspond to the first and second
component of what is termed movement-evoked fields, MEFI25 and MEFU (Cheyne et al.

25 Neurom agnetic fie ld changes im m ediately follow ing the onset o f voluntary m ovem ents are generally

term ed m ovem ent-evoked field s (MEF). The earliest o f these fie ld s is term ed MEFI, while the number o f the
follow ing fie ld s is increased successively.
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1997, 1998, Kristeva et al. 1991).
In conclusion, the main findings in this part of the work are as follows:
> Our results confirm the auditory cortex priming as part of the early CMV complex.
> The SMC region is primed 1-2 s before S2 as part of the late CMV complex.
> The SMC priming after SI can be seen in both GO (ready for action) and NOGO
(movement inhibition), but priming extending in the late CMV persists mostly in the
GO condition.
> For some subjects a left (RB) or right (FB, JD) hemispheric dominance was observed.
> During the four different CMV runs (LL, RR, RL, LR) we encountered variability not
only across subjects but also within subjects.
> The within subject variability encountered here can only be studied by a more detailed
examination of one subject, and with simultaneous recordings over all areas. This we
have done in the second part of the study which is described in the next chapter.
Our results from this study with simultaneous recordings over the left and right hemi
spheres have been published recently (Dammers et al. 1999a), we stress that our emphasis
on the auditory cortex and motor cortex of the results presented here reflects the limited
view provided by the sensor arrangement. We have identified activity in many other areas,
but we refer the discussion of these regions to the analysis of data from the full head system
described in the next chapter. The evidence provided so far demonstrates that both the
auditory and motor cortex are key players in the generation of the fast and slow responses
associated with the planning, inhibition and execution of movement, but only as members
of a wider system which is yet to be fully explored.
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9 A Single Subject CMV Study Using a Whole Head
MEG System
In the previous chapter we presented results from our multi-subject CMV experiment
using a two probe MEG system. In this study we found strong contributions to the early
and late CMV from the auditory and motor cortex region, but we also encountered
large variability across subjects and even from run to run particularly in areas which
were less covered by the two probe system. This was the motivation to continue the
study with one of the subject who volunteered for a repetition of the CMV experiment
using the CTF Omega 151a whole cortex system.

9.1 MFT Study of averaged CMV Data from the CTF Whole
Head System
Our findings from the previous CMV analysis (Experiment 1), as described in chapter 8,
showed that MFT is capable not only of extracting fast (evoked-like) responses, but also of
extracting near DC-like activations from neuromagnetic signals.
When looking back at Experiment 1 our previous CMV study with the two-probe system
verified and extended earlier results (loannides et al. 1994b, 1995d, Liu M l et al. 1996, see
also section 8.3). Although in this study, the sensor placement was optimal for recording
activity from the auditory and motor cortices, MFT also identified activity from other
regions such as the prefrontal and parietal areas, indicating that the CMV is indeed widely
distributed over the brain and would be best analysed using a whole head MEG system.
The limited view including the variability even within one subject was the motivation to
continue the CMV experiment by studying now one subject in detail by using the
advantage of a full head MEG system. As will be shown later the more recent whole head
data analysis (Experiment 2) of a single subject has produced new findings.
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9.2 Material and Methods
Subject and Protocol
Subject JD (male, right handed, age 37) who had also been a subject in Experiment 1 (cf.
chapter 8) volunteered for a repetition of the CMV experiment using the CTF Omega 151a
whole cortex system. We remark that the full head CMV experiment (Experiment 2),
which was in agreement with the Institutional Committee on Human Research, was per
formed 2 Vi years after Experiment 1. Meanwhile, subject JD participated in many auditory
MEG experiments, but also in a few CMV experiments. Although the subject was quite
familiar with the experimental protocol, a detailed demonstration and a short time of test
ing was given to the subject. The same protocol (Figure 8.1) was used for the single subject
Experiment 2, where the only modification was the number of GO and NOGO trials, which
were increased to 50 trials for each case to improve the signal to noise ratio (SNR).
In order to present the stimuli with approximately the same sound intensity as used in
Experiment 1, the subject’s hearing threshold was again tested at both frequencies (1 kHz
and 2 kHz) of the stimulus tones used. In general, the stimuli properties including the
‘punishment-tone’ were the same as described in section 8.1 with the only modification
that the duration of the puni shment-tone was 1.2 s long (in Experiment 1 the duration of
the punishment-tone was 250 ms). For the tone presentation, an E.A.R.Tone (see Appendix
A) delivery system was used with 2 m length plastic tubes conducting the sound from the
transducers to the plastic ear inserts in the subject’s ear. The constant transition time of the
stimulus due to the 2 m tube length is approximately 6 ms.
For comparison with Experiment 1, the data presented here are corrected for this constant
delay. Hence, latencies of SI and S2 refer to tone-onset latencies at the subject’s ear. In this
experiment, only two different conditions (LL1, RR1) were used but each was repeated
once (LL2, RR2).
Moreover, the experiment was extended with five baseline runs: two before and three after
the CMV runs. The first (pre-CMV) and the last (post-CMV) runs were (system) noise
measurements with no subject in place. Noise measurements with the subject in place (but
with no tones delivered and no task set) were taken just before and after the CMV runs. In
addition, one control run using the same stimulation as in condition LL was repeated but
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without any response required from the subject. For convenience, we use a similar label
code as used for Experiment 1, which is summarised in Table 9.1.

Table 9.1: Run order and labels are shown for each baseline and CMV run of the full head
CMV experiment.
ru n

description

label

1

system and environmental noise run with no subject in place

N1

2

noise run with subject in place

B1

3

CMV run: right ear presentation, right finger (no)

RR1

movement
4

CMV run: left ear presentation, left finger (no) movement

LL1

5

CMV run: left ear presentation, left finger (no) movement

LL2

6

CMV run: right ear presentation, right finger (no)

RR2

movement
7

noise run with subject in place

B2

8

just tone presentation (left) but no response required

TL

9

system and environmental noise run with no subject in place

N2

During the experiment the subject was requested to keep his eyes open and to fixate on a
cross-hair placed 1.5 m away. In order to maintain the vigilance of the subject a short
relaxation time was given after each run. Throughout the whole experiment the subject was
monitored using both a camera-monitor system and an intercom system for acoustical
feedback.

Data acquisition
The MEG signal was recorded using the CTF Omega 151# whole cortex system which
consists of 151 l st-order gradiometers (5 cm baseline and 2 cm coil diameter) and 29
reference channels (see subsection 4.2.3). For environmental noise cancellation a subset of
reference channels (9 magnetometers and 20 l st-order gradiometers) are utilised by up to
3rd-order synthetic gradiometers (Cheyne et al. 1995), which we have used to reduce the
low frequency band throughout the whole experiment.
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The CMV experiment was performed at the Universitats-Khnikum Tübingen, Germany,
where the MEG system is installed in a standard Vacuumschmelze room (similar to the
room used at the Research Centre Jülich where the BTi system is installed). All runs
(baseline and CMV runs) were performed in a supine position with the subjects head raised
slightly to a comfortable level. The location of the subject’s head was determined before
and after each run using three head location coils placed on the subject's head. For
environmental and system noise recordings (N I, N2) the same position was kept as for the
runs with the subject in place. All data were collected using a sampling rate of 1250 Hz and
a bandwidth from D C -300 Hz.
In addition to the MEG signal, EOG, ECG and EMG (left and right M. extensor
digitorum26) signals were simultaneously recorded with identical sample rates and filter
characteristics. The ECG was derived from a pair of electrodes using either Einthoven27
lead-II (left ankle and right wrist) or Einthoven lead-III (left ankle and left wrist)
depending on which arm (finger) was not in use. The movement detection device used here
consists of a U-shaped plexiglass holder, where the movement onset (i.e., the extension of
the subject’s left/right index finger) of the optical switch was detected by interruption of a
light beam. The headshape outline was digitised after the experiment using a Polhemus
digitiser (see appendix A).

Signal processing
For further analysis, all data were digitally lowpass (D C-20 Hz) and bandpass (3-20 Hz)
flltered7(page 90) using the same filter characteristics (Butterworth, 2nd order) as used for the
BTi twin MAGNES data (cf. section 8.1). In addition, none of the 151 MEG channels
showed unusually large noise or artefacts. Each CMV run was separated between correct
GO and NOGO trials (max. 50 trials for each case) with a trial length of approximately
7 seconds. The noise and baseline runs with no stimulation (N l, B l, B2, N2) were also

26 The muscle which is involved in fin g e r extension is called M. extensor digitorum.
"7 Einthoven EC G leads are w ell known bipolar limb leads. By convention, the two electrodes used to form

each lead are: lead-1 (left arm positive and right arm negative), lead-II (left leg p o sitive and right arm
negative) and lead-III (left leg positive and left arm negative).
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chopped into 2x50 trials using the trigger code of run TL.
Subject related artefacts, e.g., the signal contamination due to eye blinks/movements and
the heart beat, were removed28 by either discarding the “bad trial29” or using a
decorrelation technique30. The number of trials (on average) remained for further
processing was 47. Separate types of averages were then constructed both time-locked to
the onset (at subjects ear) of the warning stimulus (tone averages) and the onset of the
optical switch (movement averages).
The pre-stimulus baseline (from -1 to 0 s in the case of tone-onset averages) was removed
from the average data. For the movement averages it is difficult to select a time window for
a proper pre-movement baseline calculation. Since the motor response occurs following S2,
it is not possible to establish a pre-movement baseline around this time, while the time
before the signal is superimposed by activity due to the tone stimulation. Therefore, the
movement onset data were bandpass filtered from 3-20 Hz for analysis of the evoked-like
activity and lowpass filtered from D C -20 Hz for analysis of the slow components followed
by a subtraction of the overall mean to remove the DC offset.

Data analysis
For each hemisphere the same left and right source space definitions were used for subject
JD as used in Experiment 1 described in section 8.1 (a spherical segment that fitted the
entire hemisphere). In addition to the left and right source spaces a top source space
covering brain areas above the anterior and posterior commissure31 was defined (Figure

28 The ‘data clean in g’ was kindly perform ed by staff fro m CTF Inc. (Appendix A) who also carried out the

experiment.
29 N O T E :

during run

RR1

a f ly was presen t in the sh ielded room, which bothered the subject and resulted in

some motion artefacts. Hence, a fe w trials which show ed motion artefacts were discarded from analysis.
30 The decorrelation m ethod is one o f many artefact rem oval techniques. The method requires a reference

channel (e.g. the EOG or ECG channel) which is used to decorrelate artefacts individually f o r each channel.
31 The an terior and p o sterio r commissure often a b breviated as CA-CP line is one o f three reference lines

used in the international brain reference system and defines a horizontal plane. The line p a sses through the
su perior edge o f the an terior com missure and the inferior edge o f the p o sterio r commissure. It fo llo w s a path
essentially parallel to the hypothalam ic sulcus, dividing the thalam ic fro m the subthalam ic region.
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9.1). The headshape outline was used to calculate the transformation matrix to translate the
MEG sensor properties (location and orientation) to the MRI based coordinate system (cf.
section 8.1). A channel selection of 90 MEG sensors covering the entire source space was
used for each of the three different source spaces. All source space definitions including the
corresponding channel selections are illustrated in Figure 9.1. The properties of the volume
conductor (i.e., the left and right conducting sphere centres) used for source reconstruction
are the same as defined in Experiment 1 (Figure 8.3). For the top source space analysis an
additional conducting sphere centre was defined in an analogous way to the left and right
sphere centres, before MFT (loannides et al. 1990) was applied to the averaged data. The
adjustable parameters, i.e., the decay of the three dimensional Gaussian weighting function
and the régularisation parameter Ç , were determined in the way already described in
subsection 6.3.2. We then applied MFT with no further adjustment to all averaged data
separately (including the noise and baseline runs) for each type of source space to extract
time courses of activations. The estimated modulus squared of the current density
distribution (P(r,t) = |J p(r,t)|2) obtained by MFT were displayed as a colour level intensity on
the subject’s background anatomy. Functionally defined region of interests (ROIs) were
found as described in section 8.1. Smoothed integrals of intensity, A(t,At), were calculated
for each ROI as defined by equation (8-1). The time courses of these functionally defined
ROIs (strongest activity identified by MFT) were computed separately for the GO and
NOGO conditions for all averaged signals of each run. The slow CMV components were
identified by integrating the intensity as described by equation (8-1) using a running
window of 500 ms width23(pagel42). Latencies of peak activity including mean and standard
deviation were computed for bandpass filtered data in the auditory and motor cortex.
In the following, results from MFT analysis including time courses of regional activations
obtained from run TL will be discussed together with the results obtained from the CMV
runs (RR1, LL1, LL2, RR2).
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Coronal View (X)

LA

Sagittal View (Y)

P R

Figure 9.1: Channel selection and source space definition used for the CMV experiment
performed with the CTF whole cortex system. The figure shows the channel layout and the
respective left (a), right (b) and top (c) source spaces, used for the MFT reconstructions.
For each source space nine sagittal slices are shown, each appearing as a line in the coronal
and axial MRI slices for (a) and (b) and in the coronal and sagittal slices for (c).

9.3 Results
Auditory response (run TL)
At the end of the experiment the subject repeated one run (TL) using the same stimulus
properties as used in run LL (1 kHz and 2 kHz intermixed stimuli presented to the left ear
only). No response was required from the subject during this run (see Table 9.1); hence the
evoked neuromagnetic signals reflect mainly responses from the auditory cortex region due
to the (passive) listening of the high and low tone presentation. Figure 9.2 shows the tone164
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onset averaged MEG signal for both the 1 kHz and 2 kHz tone presentation. In both cases,
strong responses are evident around 100 ms after SI and S2. The maximum peak amplitude
found in the 1 and 2 kHz tone-onset averages is 713 fT and 766 IT, respectively.
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Figure 9.2: MEG signal plot of run TL showing the tone-onset averaged signals for 1 kHz
(a) and 2 kHz (b) tone trials. All channels from the CTF whole head system are
superimposed.

CMV runs
Apart from run RR1 (see footnote 29 about the fly), the head movement of all other CMV
and baseline runs (with subject in place) were in the range from 1 to 2 mm. During run
RR1 the observed head movement was approximately 5 mm. The overall performance of
the subject during the CMV experiment was very high; during all four CMV runs the
subject made only two incorrect responses: 198 (99 %) correct GO responses and 200
(100 %) correct NOGO responses. Slow neuromagnetic drifts were again found (and very
similar compared to the MEG signal obtained from Experiment 1 ) in all GO cases of each
tone-onset averaged CMV run. Figure 9.3 shows the average GO and NOGO trials for all
four CMV runs where the MEG signal of each channel is superimposed.
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GO

NOGO

RR2

Figure 9.3: CMV signal plot of subject JD showing the tone-onset averaged MEG signals
for the GO and NOGO trials. All 151 channels from the CTF whole head system are super
imposed.

The figure shows that slow neuromagnetic field changes are more prominent during the
first two different conditions (RR1 and LL1), while a reduction of the slow drifts is
obvious in runs which have been repeated (RR2 and LL2). However, compared to the
NOGO averages each of the GO case runs (including the repeated runs RR2 and LL2)
shows a distinguishable slow magnetic field change. The maximum (absolute) field
amplitudes of the evoked-like responses around SI and S2 range from 860-1150 fT, while
the field amplitudes in the time interval between SI and S2 range from 500-660 fT.
Figure 9.4 shows an example of the distribution of MEG signals over the scalp, where the
trace for each sensor is plotted for the average signal from the GO condition of the first LL
CMV run. The figure shows the characteristic CMV morphology evident in both hemi
spheres over the temporo-parietal areas, with a stronger slow CMV signal on the contra
lateral (right) hemisphere.
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FRONT

BACK

F igure 9.4: CMV signal plot of subject JD showing the (tone) average MEG signal (100
ms pre-stimulus and 4000 ms post stimulus) of the first LL CMV run during the GO
condition for all 151 sensors. The prominent slow CMV signals are best seen in the
temporo-parietal areas, with clear enhancement of the contralateral (right) side. One
channel on each hemisphere showing the CMV morphology best is highlighted and shown
in enlargement with the NOGO trace superimposed (dashed).

MFT analysis of the three different source spaces (Figure 9.1) revealed tlie details for the
spatiotemporal regional variation, as captured by the averaging process. As expected, we
found good agreement in reconstructions obtained from the side and top source space when
areas were well covered by the MEG sensors in both cases.
The areas identified by MFT confirmed the findings of Experiment 1, where in each source
space strong activations were extracted from the auditory cortex (AC), motor and
sensorimotor cortex (SMC), inferior prefrontal area (IFF) and posterior inferior parietal
area PIP. These regions we already identified in Experiment 1, but as expected, the whole
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head CMV analysis revealed additional areas (Figure 9.5) namely the supplementary motor
area (SMA) and the posterior cingulate cortex (PCC). These two areas were missed by the
analysis of data obtained from the twin MAGNES system. However, Figure 9.5 links the
two experiments. The figure shows examples of strong instantaneous activations extracted
from average MEG data recorded in Experiment 1 (left two columns) and Experiment 2
(right two columns). The activations shown in Figure 9.5 are displayed at similar but not
identical times; the instances displayed were chosen so that the area in question was
activated more or less in isolation, at least within the displayed MRI shce. The motor
cortex activation is particularly difficult to extract from tone-onset based average MEG
signals. Summing the signal from trials time-locked to the onset of the button press
provides a more appropriate average. The last two figurines on the right in the second row
of Figure 9.5 show the SMC MFT estimates from Experiment 2 extracted from the average
of single trials filtered in the D C -20 Hz range and time locked to the onset of the signal of
the movement detection device. The displayed regional activation corresponds to 40 ms
before the button press. The last row of Figure 9.5 shows two examples of additional areas
seen with the helmet data: the supplementary motor area (SMA) and posterior cingulate
cortex (PCC).
The regional activity of the identified regions (as shown in Figure 9.5) obtained by the
three different source spaces show very similar activations in areas which were well
covered by the sensors. Figure 9.6 shows an example where regional activity of the same
area was extracted by MFT using two different source spaces (in this case a spherical ROI
with its centre in the left supplementary motor area was used for comparison). The figure
shows that the regional activities as obtained from the left (a) and top (b) source space
analysis show very similar time courses not only in the CMV runs but also in the baseline
runs.
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tw in s y s te m

w h o le h e ad s y s te m

Figure 9.5: Instantaneous MFT reconstructions for subject JD who participated in both
experiments. In (a) regional activations are displayed showing in turn from the top of the
Figure: AC, SMC, PIP and IPF. In each case the activations are superimposed on a coronal
and a sagittal slice. The coronal slice is a compromise of the homologous sides on the left
and right hemispheres. The same areas were identified in Experiment 1 and Experiment 2
of the same subject JD. On the left the figure shows (first two figurines) MFT
reconstructions from the twin MAGNES data (Experiment 1) and on the right (last two
figurines) corresponding MFT reconstructions from the helmet data (Experiment 2).The
last row (b) shows two new areas, clearly identified only in Experiment 2 the
supplementary motor area (SMA) and posterior cingulate cortex (PCC). All results are
obtained from MFT analysis of the tone onset average signal at the indicated latency,
except for the whole head sensorimotor cortex activation (2nd pair of figurines on the
right) where the average was performed after aligning the single trials with the onset of the
signal of the movement detection device.
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Figure 9.6: Comparison of regional activity as extracted by MFT from tone-onset averages
showing results from the left (a) and top (b) source space analysis. In this case a ROI from
the left supplementary motor area was used to compare the time courses of the same region
as extracted from the two different source spaces. The activity is plotted for both GO (solid
line) and NOGO (dotted line) cases of each baseline and CMV run.

Since the top source space covers all six left and right ROIs (AC, SMC, IPF, PIP, SMA,
PCC) we will show time courses of activity obtained from reconstructions of the top source
space; with the only exception that activity from the AC ROI will be extracted from
reconstructions from the side source spaces. Although the time courses of the AC ROI
from the top and the side source spaces look very similar, we used the ones from the side,
since the coverage of the left and right AC ROI was much better (see also Figure 9.1).
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Evoked-like responses (3-20 Hz)
When looking at the 3-20 Hz band-limited tone-onset CMV averages, strong evoked-like
responses were seen in three (AC, SMC, PIP) out of six ROIs, as illustrated in Figure 9.7.
The modulus squared of the primary current density vector |Jp(r,t)|2 is shown for the time
interval around S I, where the activity is normalised to the strongest response found in the
six ROIs. The thin lines in each figurine indicate the onset of stimulation for SI (at 0 ms).
The figure provides an overview of the ROIs in which strong evoked-like responses are
evident, and further confirms the right hemispheric dominance of subject JD (cf. section
8.2). Notice the different scaling used for the figurines of the SMC, SMA, PCC, and IPF
ROI, where the activity was much weaker. The strongest evoked-like responses were found
in the right hemisphere, which we already observed in Experiment 1, particularly in the
AC, SMC and PIP region soon after SI and S2. In Table 9.2 we summarised the strongest
peak amplitudes for each ROI in the left and right hemisphere. Apart from the IPF ROI the
activity was always strongest on the right hemispheres, while for the SMA and PCC ROI
the difference between the left and right hemisphere is negligible. For both regions the
left/right-ROI centre to centre distance is 1 cm. Although the strongest evoked-like
response was found in GO activations of the right parietal area, this very strong activity
was only seen once in both SI and S2 time intervals during condition RR1 and LL2,
respectively.

Table 9.2: Maximum peak amplitudes for each left and right ROI normalised to the
maximum value (1.0) found in the six ROIs of all tone-onset averaged CMV runs. Apart
from the prefrontal cortex (IPF) the activity of the right handed subject JD is always
strongest on the right hemisphere. For the IPF and also the SMA and PCC ROI the
amplitudes are small and the difference between left and right maximum peak amplitude is
negligible.

ROI
AC
SMC
SMA
PCC
IPF
PIP

LEFT
max. amplitude
0.263
0.180
0.020
0.059
0.054
0.626

RIGHT
max. amplitude
0.724
0.626
0.025
0.066
0.032
1.000
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Figure 9.7: Time courses of regional activity from the AC, SMC, SMA, PCC, IPF and PIP
ROI, as extracted by MFT analysis from the tone-onset average 3-20 Hz MEG signal. The
modulus squared of the current density vector is plotted for both GO (blue) and NOGO
(red) cases of all CMV runs (RR1, RR2, ELI, LL2). In each figurine the activation traces
are normalised to the maximum activity found in the six ROIs (note the different scaling
for the SMC, SMA, PCC and IPF ROIs). The thin line indicates the onset of the stimulus
presentation.

In general, the responses from the SMC and PIP ROI follow the activations from the
auditory cortex, showing peaks in the time range from 80 to 250 ms, but variable from run
to run. Besides the much weaker signals, large variability in timing and strength of the
evoked-like responses was also identified in the SMA, PCC and IPF ROIs. However, very
similar activation patterns were found in the left and right supplementary motor area, where
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the evoked-like activity shows small GO and NOGO peaks ranging from 140 to 500 ms
after SI in condition RR1, RR2, LL1 and TL. The strongest SMA peaks were found in run
TL, but during the NOGO case only. The strongest PCC activity (which is only 6% of the
overall maximum) shows GO/NOGO peaks at -250 ms after SI in both hemispheres, but
in condition LL1 and LL2 only. Further, the strongest evoked-like activity in the prefrontal
cortex was found in the left hemisphere around 150 to 250 ms after SI during GO cases of
run LL1 and LL2, but during NOGO case in run TL.
In contrast to all other selected ROIs, the auditory cortex shows as expected the most
consistent and strong activation in each run and hemisphere for both time intervals. Figure
9.8 shows the time course of the AC activity for both GO and NOGO cases during the time
interval of SI and S2 for all CMV and baseline runs. The figure shows very consistent AC
activations in runs when the subject was stimulated by the low and high tones (RR1,RR2,
LL1, LL2 and TL). Each figurine in Figure 9.8 is normalised to the strongest (M l00) peak
found in the AC region during the time interval of SI and S2. The scaling used here
illustrates the strength of the evoked responses relative to the subject’s individual
background activity which was recorded before (B l) and after (B2) the CMV experiment.
While the peak strengths of the GO and NOGO activation are very similar during run TL
(except for the NOGO activation after S2 in the right hemisphere), they differ in the CMV
runs by showing more prominent NOGO activation peaks, particularly after S2.
The two most prominent peaks after SI and S2 are the well known M100 and the earlier
M40 responses (cf. section 8.2), as illustrated in Figure 9.8. Both responses are consistently
active in both hemispheres and stable in time. We calculated mean peak latencies and its
standard deviation for both GO and NOGO cases, separately for the two time intervals S 1
and S2. Peak latencies of the task related runs (RR1, LL1, LL2, RR2) as well as the non
task related run TL are summarised in Table 9.3. In the table we use separate entries for
ipsi- and contralateral (ear) stimulation. Additional entries are placed for two latency
ranges: 20-60 ms and 60-120 ms. The mean latencies in Table 9.3 were obtained by
averaging (across CMV runs) all latencies of the strongest peak found in the M40 (2060 ms) and M l00 (60-120 ms) time interval.
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Figure 9.8: Time courses of activity from the AC ROI plotted for each tone-onset averaged
CMV and baseline run. In each figurine both GO (blue) and NOGO (red) activations are
superimposed showing activity during the time interval of SI (a) and S2 (b). Besides the
M l00 response, which is consistently active in all tone presentation runs (LL, RR and TL),
we note an early activation around 40 ms (M40) after stimulus onset (cf. Figure 8.12).
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Table 9.3: Mean latencies of the strongest peak and its standard deviation (averaged across
CMV runs) calculated for different time intervals: around SI (a) and S2 (b), as extracted
• rs

from responses of the auditory cortex. In both cases, bandpass filtered (3-20 Hz) signals
from tone-onset averages were used. In (a) and (b) all entries are given in milliseconds, and
ipsi- and contralateral refer to the ear of tone presentation. The peak latencies provided in
brackets [] are extracted from responses of the auditory cortex during the baseline run TL.

a) SI

ip s ila te ra l

c o n tra la te ra l

case
NOGO
GO

in te rv a l
2 0 -6 0
2 0 -6 0

late n c y
52 [57]
49 [—]

std e v
7

NOGO
GO

60 -1 2 0
6 0 -1 2 0

101 [108]
103 [110]

6
6

■.

-

92 [92]
93 [92]

.

std e v
•v 4
2

4
10

'

ip s ila te ra l

case
GO

2

o

b)S2
NOGO

la te n c y
44 [46]
40 [43]
■i

2 0 -6 0
2 0 -6 0

c o n tra la te ra l

la te n c y
52 [53]
45 [52]

std e v
5

99 [109]
99 [103]

2

laten c y
44 [47]
34 [42]

std e v
5
1'

3
1

87 [92]
84 [92]

-3
„3

(

NOGO
GO

6 0 -1 2 0
60 -1 2 0

^ ■
»v
.
1. , " ‘
t
The very low standard deviation in Table 9.3 reflects a consistent overall organisation of
the auditory cortex during the CMV runs of subject JD. Except for one case (the M l00 GO
response after SI on the contralateral hemisphere) the standard deviation ranges from 1 to
7 ms. The table further shows that on average the M l00 response peaks a few milliseconds
earlier (9-15 ms) on the contralateral hemisphere for both GO and NOGO cases. The
fastest response of the M40 (34 ms) and M l00 (84 ms) peak can be seen in GO condition
after S2 on the contralateral hemisphere. This is where the GO/NOGO latency of the M40
responses differ most: 10 ms on the contralateral hemisphere. The difference between ipsiand contralateral latencies is also slightly larger after S2, ranging from 8-15 ms; while the
difference between ipsi- and contralateral latencies after SI range from 8-10 ms. The table
further shows that if no response is required from the subject (see latencies in brackets as
•

*

‘

1

'

.

extracted from the non-task run TL), the difference between the ipsi- and contralateral
M l00 latencies are even larger: 16 and 18 ms in the time interval of SI, while the
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difference is 11 and 17 ms after S2. When comparing the peak latencies of run TL with the
(mean) peak latencies obtained from the CMV runs, we will find that during the task
related runs the M40 and the M l00 responses are a few milliseconds faster, particularly
after S2: 1-7 ms (M40) and 4—10 ms (M100). Furthermore, the fastest response in the
CMV runs were found in the GO case on the contralateral hemisphere after S2. The
contralateral peak latencies of the 1 kHz tone (NOGO) and 2 kHz tone (GO) activation of
SI and S2 are identical in the case of the M l00 (92 ms) response and almost identical for
the M40 response (in both GO/NOGO cases the S1/S2 difference is only 1 ms).
When looking at the activation sequences of the auditory cortex obtained from Experiment
1 we found good agreement in the periods of activation obtained from the single subject
Experiment 2, for instance when comparing the mean peak latencies of the two most
prominent peaks (the M40 and M100 peak), as illustrated in Table 8.3 and Table 9.3. Since
Table 8.3 refers to mean peak latencies calculated across subjects, the question remains
whether or not the latencies differ when the time courses of the auditory cortex is compared
within the same subject (JD) who volunteered in both Experiment 1 and Experiment 2.
Again, good agreement was found in the (mean) peak latencies of the early M40 and the
strong M l00 response of the same subject in Experiment 1 and Experiment 2. Table 9.4
shows the differences of the M40 and M l00 peaks of both experiments. These differences
were calculated from mean peak latencies (averaged across CMV runs) of the same subject
separately for Experiment 1 and Experiment 2. We remark that positive values in Table 9.4
indicate that (on average) a faster response was detected from data of Experiment 1. This is
where the subject performed the CMV experiment for the very first time (after Experiment
1 and before Experiment 2 the subject participated in a few CMV experiments). Table 9.4
shows that the differences in the M40 and M l00 peaks from the two different experiments
range from 0-10 ms, showing the largest difference (10 ms) on the ipsi- and the smallest
(0 ms, i.e., identical peak latencies) on the contralateral hemisphere. The table further
illustrates that very similar but not identical peak latencies were extracted from the auditory
cortex obtained from Experiment 1 and Experiment 2, where a faster response (positive
values) is always (except for one case: the M l00 peak during GO condition on the
contralateral side) evident from the very first CMV experiment (Experiment 1).
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Table 9.4: Differences of mean peak latencies of the M40 and M100 auditory cortex
response extracted from Experiment 1 and Experiment 2 of the same subject (JD). The
peak differences were calculated for both time intervals SI (a) and S2 (b) from the 3-20 Hz
tone-onset averages. In (a) and (b) all entries are given in milliseconds, and ipsi- and
contralateral refer to the ear of tone presentation. Positive entries in (a) and (b) indicate that
on average a faster response was detected from data of Experiment 1.

peak

case

ipsilateral
difference

M40
M40

NOGO
GO

8
2

1
0

M100
M100

NOGO
GO

9
6

-3
5

#52
peak

case

ipsilateral
difference

contralateral
difference

M40
M40

NOGO
GO

10
6

1
0

M100
M100

NOGO
GO

8
7

4
2

contralateral
difference

Activation sequences from the premotor and motor related areas can be analysed best when
the MEG signal is aligned to the onset of the (finger) movement. This we have done by
using the optical switch device (see section 9.2) where the (TTL) signal was synchronously
recorded with the MEG signal in order to construct averages aligned to the finger
movements. To avoid (strong) contribution of activity due to S2 we selected a time window
ranging from -200 ms to 200 ms before and after movement-onset. Figure 9.9 shows
activation sequences from all six ROIs around the time of the finger movement. As
expected and in contrast to the tone-onset averages (Figure 9.7) the strongest response is
evident in the SMC ROI showing clear pre- and post-movement activity. These activations,
which are only defined for GO cases, are much stronger contralateral to the side of the
finger movement. While the AC and IPF ROIs show mainly activity in the pre-movement
time range (-200 - 0 ms) with a maximum peak amplitude of 0.3 and 0.06 for the AC and
IPF ROI respectively, the PIP ROI shows strong pre- and post-movement activity (max.
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amplitude 0.5), but varying in time from run to run. Reproducible activations on the other
hand were obtained not only from the SMC ROI, but also from the SMA and PCC ROI,
which becomes evident when the activity is plotted using a different scaling, as illustrated
in Figure 9.10.
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Figure 9.9: Time courses of regional activity from the AC, SMC, SMA, PCC, IPF and PIP
ROI, as extracted by MFT analysis from the 3-20 Hz movement-onset averages. For each
GO case activation the modulus squared of the current density vector is plotted for all
CMV runs (RR1, RR2, LL1, LL2) around the time of the finger movement. In each
figurine the activation traces are normalised to the maximum activity found in the six ROIs
(note the different scaling for the AC, SMA, PCC and IPF ROIs). The thin line indicates
the onset of the movement detection device signal.
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Figure 9.10: Time courses of the SMC, SMA and PCC ROI as extracted from the 3-20 Hz
movement onset averages around the time of the finger movement. The same activation
sequences are plotted as shown in Figure 9.9, but using a different scaling to enhance the
weaker signals. Note also the different scaling for the ipsilateral SMC ROI.
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In comparison to the contralateral SMC activity, the responses extracted from the PCC and
SMA ROI are much weaker in both hemispheres, showing a maximum peak amplitude of:
0.025 and 0.180 for the SMA and PCC ROI, respectively. The ipsilateral SMC ROI also
shows much weaker signals (max. peak amplitude 0.18) compared to the contralateral side.
In Table 9.5 we summarise (mean) peak latencies extracted from the pre- (-100-0 ms) and
post-movement (1-100 ms) intervals as obtained from the SMC, SMA and PCC ROIs. The
latencies shown in Table 9.5 were calculated by averaging (across runs) all latencies of the
strongest peak separately for the ipsi- and contralateral side of finger movement.
Additional entries are placed for two latency ranges: -100-0 ms and 1-100 ms.

Table 9.5: Mean latencies of strongest peak and its standard deviation (averaged across
runs) calculated for different time intervals, as extracted from the SMC, SMA and PCC
ROI. In all cases, band-pass filtered (3-20 Hz) signals from movement-averages were used.
All entries are given in milliseconds, and ipsi- and contralateral refer to the side of finger
movement.

ROI

interval

SMC
SMC

-1 0 0 -0
1 - 100

ipsilateral
latency
stdev
-49
50

37
' 46

contralateral
latency
stdev
-43
27

18
6
-

SMA
SMA

-1 0 0 -0
1 - 100

-29
29

8
5

-31
28

12
4

PCC
PCC

-1 0 0 -0
1 -1 0 0

-50
34

28
21

-43
33

23
13

Table 9.5 shows that on average the strongest peak found in the contralateral SMC ROI
appears -4 0 ms before the movement-onset signal, while the post-movement activity of the
same ROI peaks around 30 ms. On the ipsilateral hemisphere the SMC ROI shows (on
average) pre- and post-movement activity which peaks around 50 ms before and after
movement-onset, but is variable from run to run (the standard deviation is very high: 37 ms
for the pre- and 46 ms for the post-movement peak latency). The most consistent SMC
activation was found on the contralateral hemisphere after movement-onset, which is
reflected by the very low standard deviation (6 ms). The pre-movement peaks of each
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CMV run in the contralateral SMC ROI were found to be -3 0 ms (on average) earlier
during LL1 (-64 ms) and LL2 (-50 ms) condition than during RR1 (-23 ms) and RR2 (35 ms) condition. This time difference between LL and RR conditions resulted in the
higher standard deviation (18 ms) of the contralateral pre-movement SMC peak latency.
Although the SMA activity in the 3-20 Hz data is much weaker the strongest peaks were
found 30 ms before and after movement-onset in both hemispheres. The periods of
activation obtained from the PCC ROI are similar to the ones obtained from the SMC ROI,
both showing higher variability during the pre-movement time interval. The most
reproducible activation peak in all three ROIs was always found after movement-onset on
the contralateral hemisphere (standard deviation range from 4 to 13 ms).
Although different devices were used for the movement detection in Experiment 1 (the
subject had to press a button) and Experiment 2 (the subject had to lift the finger to
interrupt a light beam), we address the question: how different (or similar) are the pre- and
post movement peak latencies in the SMC ROI of the same subject in Experiment 1? Very
similar mean peak latencies were obtained from Experiment 1 during the pre-movement
time interval: -50 ms (ipsilateral) and -3 6 ms (contralateral), but also highly variable from
run to run (standard deviation for both the ipsi- and contralateral peak latency is 30 ms).
Similarly in Experiment 2 the most consistent activations were found in the contralateral
SMC ROI during the post-movement time interval (standard deviation is 11 ms). On the
other hand this was where the time difference between Experiment 1 and Experiment 2 was
largest (22 ms), while the differences for the other peak latencies range from 0 to 7 ms.

Low frequency analysis (DC-20 Hz)
MET analysis of the D C -20 Hz tone-onset average MEG signal revealed slow neuromagnetic field changes in all six ROIs, as illustrated in Figure 9.11. The figure shows time
courses of activity integrated over 500 ms for each left and right ROI. The activations are
shown for all CMV conditions (LL1, LL2, RR1, RR2) together with baseline conditions
provided by run TL (tone presentation to the left ear, but no response required) and the first
noise run (B l) with subject in place (before the CMV experiment). In each figurine the
activation sequences from GO (blue) and NOGO (red) condition are superimposed with
activity extracted from the baseline run TL (yellow) in the case of run LL1 and LL2, while
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for the CMV condition RR1 and RR2 the GO/NOGO traces are superimposed with the
(background) activity extracted from run B l (black). The regional activation curves shown
in Figure 9.11 were first normalised to the maximum activity found in the selected ROIs,
and further re-scaled for display purposes to the individual left or right maximum found in
each ROI. The number next to the vertical axis indicates the scaling used, where 1.0 refers
to the overall maximum.
As we have already shown in Figure 9.7 the strongest activity was found in the left and
right PIP ROI, while the SMA, PCC and IPF ROI show distinct but weaker activations
compared to the PIP ROI. Strong activity is also evident in the auditory cortex and the
motor cortex region. The activation curves obtained from the AC and SMC ROIs of
condition LL1 and RR1 broadly agree with our results from Experiment 1 of the same
subject (see Figure 8.9). For the AC, slow CMV components are seen in the right
hemisphere, with the early CMV part showing some but not complete differentiation
between the GO and NOGO conditions. In some runs a late CMV component is also
evident in the AC ROI, particularly on the right hemisphere. In general, the AC activity of
subject JD is more prominent on the right hemisphere as already observed from data of
Experiment 1. Activation sequences extracted from run TL are similar but not identical to
the NOGO traces. For the SMA and PCC ROIs the NOGO activation shows responses at
the level of the background activity (B l).
The activity extracted from the SMC region shows a clear late CMV with onset around
1.5 s before S2. In each CMV condition the SMC activity is always strongest on the left
hemisphere (subject JD is right handed). This is where the GO/NOGO differentiation of the
SMC activity is best. In the PIP region a late CMV with onset of about 1 to 1.5 s before S2
is also evident but in the left hemisphere only, while the right hemisphere of the PIP region
shows priming after SI. The activation curves obtained from the left and right SMA (and
PCC) ROI are very similar. Both areas SMA and PCC are primed in all GO cases of both
conditions (LL, RR) starting 200-300 ms after SI. On either hemisphere the SMA GOactivity remains high after SI, while a late CMV arises in the PCC region with onset of 2 s
before S2. In some ROIs (AC, SMA, PCC) we observed a reduction of slow activity in
runs which have been repeated (LL2, RR2). The strongest reduction, however, is obvious
in GO case activation in of the SMA and PCC, as illustrated in Table 9.6.
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Figure 9.11: Time courses of slow regional activations for the AC, SMC, SMA, PCC, IPF
and PIP ROIs, as extracted by MFT analysis of the D C -20 Hz tone-average MEG signal. In
each case the instantaneous estimate of the modulus of the current density vector was
integrated over 500 ms. In each figurine the activation sequences from GO (blue) and
NOGO (red) conditions are superimposed with the traces from run TL (yellow trace: 1 kHz
tone presentation to the left ear, but no response was required) in the case of run LL1 and
LL2, while for run RR1 and RR2 the GO/NOGO traces are superimposed on the
(background) activity from run B l (black trace: noise measurement before the CMV
experiment with subject in place). The activity of each ROI is normalised to the maximum
activity found in the left or right hemisphere. The number on the vertical axis indicates the
scaling, where 1 refers to the maximum activity. The two thin lines in each figurine
indicate the tone-onset for SI (at 0 ms) and S2 (at 3500 ms).
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Table 9.6: Reduction of GO activity during the time interval between SI and S2 for the
AC, SMA and PCC ROI. The reduction shown here is expressed as the ratio of integrated
Go activity as extracted from tone-onset averages of the repeated (RR2,LL2) and the first
CMV runs (RR1, LL1). A ratio smaller than 1 refers to a reduction of activity in the
repeated condition. For each LL and RR CMV condition separate entries are given for the
left and right hemisphere.

RR

LL

ROI

LEFT

RIGHT

LEFT

RIGHT

AC

0.95

0.90

0.58

0.65

SMA

0.54

0.45

0.46

0.50

PCC

0.56

0.50

0.48

0.50

The table shows the ratio of integrated GO activity during the time interval between S 1 and
S2 for the AC, SMA and PCC ROI of the repeated runs in relation to the first CMV runs
(RR1, LL2). In other words, a ratio (RR2/RR1 and LL2/LL1) smaller than 1 (as shown in
Table 9.6) refers to a reduction of GO activity in runs which have been repeated
(RR2,LL2). The AC ROI shows in both hemispheres a stronger reduction in condition LL2,
while the GO case activity in the left and right SMA and PCC ROI is about half of the
activity found in run LL1 and RR1. However, the most dramatic reduction of the overall
GO activity between SI and S2 is evident in the SMA. This is also illustrated in Figure
9.12, where SMA activity is displayed as colour level intensity on background anatomy at
the level of the SMA ROI centre and the corresponding axial MRI slice. Each figurine in
the upper/lower left/right comer shows the estimated the current density distribution
integrated over the time interval between SI and S2, as extracted by MFT analysis from the
CMV conditions LL1 and LL2. The time courses of the GO and NOGO activity plotted in
Figure 9.12 correspond to integrals of the modulus of the current density vector over 500
ms, as we have shown in previous figures (Figure 9.11). Figure 9.12 further shows that the
overall SMA activity in the time interval between SI and S2 is strongly reduced when the
same CMV condition (LL2) is repeated, while the (overall) NOGO activity is much weaker
in both LL1 and LL2 conditions.
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Figure 9.12: SMA activity as extracted by MFT analysis from the tone-onset averaged
CMV conditions LL1 and LL2. The MFT reconstructions are displayed as colour level
intensity on background anatomy at the level of the SMA ROI centre. The current density
distribution shown on the axial MRI slices corresponds to integrated activity over the time
interval between SI and S2, while the time courses of the GO/NOGO activations
corresponds to integrals of the modulus of the current density vector over 500 ms, as we
have shown in previous figures. The figure shows that the overall SMA activity in the time
interval between SI and S2 is strongly reduced when the same CMV condition (LL2) is
repeated, while the (overall) NOGO activity is much weaker in both LL1 and LL2
conditions.
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The left IPF area also produced very stable and consistent strong activation differentiating
the GO and NOGO conditions. The GO activation in the left IPF area decreases rapidly
with the onset of S2. Figure 9.13 shows slow activations extracted from GO cases (Figure
9.13a and Figure 9.13c) and the difference between GO and NOGO activations (Figure
9.13b and Figure 9.13d) for the SMA and left IPF region, with the traces of different CMV
runs superimposed for each area. In the case of SMA the mean of the left and right SMA
activity is displayed. The comparison of GO activity and the difference between GO and
NOGO activity shows that in both areas the portion of the NOGO activity is negligible.
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Figure 9.13: GO case activations for the SMA (a) and left IPF (c) ROIs in comparison to
the difference activation between the GO and NOGO of the same area (b and d). In the case
of SMA the mean of the left and right SMA activity is displayed. In each figurine, the
activity was extracted from tone-onset averages showing the modulus of the current density
vector integrated over 500 ms. The sagittal MRI slice of the area is displayed together with
the activation of the ROI on its right for the four CMV runs.
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As we have illustrated in Figure 9.11 CMV components were obtained from all ROIs from
the tone-onset DC—20 Hz average MEG signal. Although, movement-onset averages are
not directly comparable to data obtained from voluntary finger movements, we addressed
the question: how do the periods of activation change when the same signals are aligned to
the onset of the movement detection device signal ? This is shown in Figure 9.14, where
the modulus of the current density vector is integrated over a time window of 100 ms for
all CMV runs. The activation traces which are only defined for GO cases are normalised to
the maximum activity found in the six (left and right) ROIs. In each figurine the activity is
displayed for the time interval: 1000 and 500 ms before and after movement-onset. The
strongest responses were again found in the AC, SMC and PIP region, while the activity
extracted from the SMA. PCC and IPF region is much weaker (note the scaling).
When looking at the slow neuromagnetic drifts shown in Figure 9.14, the slow activity
from the AC and SMA region is almost eliminated in the movement-onset averages (the
neuromagnetic field changes from the SMA region were strongest soon after SI in the
tone-onset averages, cf. Figure 9.11). The SMC ROI shows clearly slow increasing GO
activity in both hemispheres, while the slow increasing shift is more prominent when the
preferred hand is used, i.e., during the CMV condition RR. In contrast the non-preferred
hand condition (LL) is associated with less well defined SMC activity and instead well
defined activity is seen in PCC and SMA. The activity extracted from the PIP ROI show
similar GO traces compared to the SMC ROI, but on the left hemisphere only. Some slow
neuromagnetic field changes can also be seen in the left IPF ROI and the PCC ROI during
LL condition, but with much less source power compared to the SMC ROI. However, the
L-IPF shows the most consistent slow CMV activation: a long priming which drops to zero
with the onset of movement.
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Figure 9.14: Time courses of GO case activations for the AC, SMC, SMA, PCC, IPF and
PIP ROIs, as extracted by MFT analysis of the D C -20 Hz movement-onset averages. For
each GO case the instantaneous estimate of the modulus of the current density vector was
integrated over 100 ms. The activation traces shown here are normalised to the maximum
activity found in the six left and right ROIs. For display purposes we use a different scaling
for the weaker SMA, PCC and IPF activations. The thin lines in each figurine indicates the
onset of the movement detection device.

9.4 Discussion
General observations
MFT analysis of the single subject CMV experiment (Experiment 2) using a full head bio
magnetometer system confirms in general the results obtained from Experiment 1 with
188

C

h a p t e r

9: A Single Subject CMV Study Using a Whole Head MEG System

more subjects, where strong contributions to the fast and slow components associated with
the CMV protocol were found in the auditory cortex (AC), sensorimotor cortex (SMC),
inferior prefrontal cortex (IPF) and posterior inferior parietal area (PIP). The wider
coverage of the full head CMV experiment showed strong reproducible activations from
the IPF and PIP regions thus confirming their candidacy as generators of the CMV (Gemba
and Sasaki 1989, Rugg et al. 1989, Gaillard and van Beijsterveldt 1991, van Boxtel et al.
1993, Lai et al. 1997, Oishi and Mochizuki 1998). These areas, we already observed in
Experiment 1.
The full head data analysis revealed activations in additional areas (e.g. Figure 9.5) that are
involved in the GO/NOGO task: the supplementary motor area (SMA) and the posterior
cingulate cortex (PCC). Particularly, the supplementary motor area has been discussed as
one of the prime candidates for CMV activations (loannides et al. 1994b, Lamarche et al.
1995, Bceda et al. 1996a, Hamano et al. 1997). Our results are supported by the good
agreement in reconstructions that were obtained from MFT analysis of the three different
source spaces (separate calculations were performed using left, right and top source spaces,
cf. Figure 9.1), where the top source space (which covered all ROIs from

the leftand right

hemisphere) revealed the same areas being activated during the GO/NOGO task.
Our results obtained from both experiments (Experiment 1 and 2) confirm previous
invasive and non-invasive studies where strong contributions to the CMV (or CNV) were
found in the:
•

auditory cortex (cf. Fenwick et al. 1993, loannides et al. 1994b, Lamarche et. al. 1995)

•

premotor (including SMA) and sensorimotor cortex (cf. Fenwick et al. 1993, Elbert et
al. 1994, loannides et al. 1994b, Lamarche et. al. 1995, Ikeda et al. 1996b, Hamano et
al. 1997)

•

cingulate and postcentral cortex (cf. Lamarche et. al. 1995)

•

prefrontal cortex (cf. Sasaki et al. 1993, van Boxtel et al. 1993, Ikeda et al. 1996a,
1996c, Basile et al. 1997, Hamano et al. 1997) and in parietal areas

(van Boxteland

Brunia 1994, loannides et al. 1994b, Oishi et al. 1998).
For some subjects in Experiment 1, a left (RB) or right (JD, FB) hemispheric dominance
was observed, i.e., responses were found to be stronger in one hemisphere (e.g.. Figure
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8.11). The full head experiment confirms the right hemispheric dominance for subject JD
in the tone-onset averaged data (Figure 9.7). Therefore, the observed latéralisation in
Experiment 1 is unlikely to be explained by a (possible) different probe position, rather
reflecting different organisation and strategies of individuals. Particularly, the left IPF
activation of subject JD must be understood together with results from previous studies,
where a latéralisation of NOGO activity in the left (Konishi et al. 1998) and right
(Kawashima et al. 1996) prefrontal cortex was reported.

Evoked-like responses
Very consistent and reproducible activations were extracted from the auditory cortex from
the 3-20 Hz tone-onset averages of the same subject JD. In both experiments a very early
response is seen well before the onset of the prominent M l00 peak. Single trial analysis
(Liu LC et al. 1998) from the auditory data that have been collected to determine the ‘best’
probe position32 used for Experiment 1 (section 8.1) revealed not a universal but a very
systematic trial by trial pattern in all our subjects. About twice as many single trials showed
earlier responses in the contralateral hemisphere during the monaural stimulation (Liu LC
et al. 1998). However, from the tone-onset average CMV data (section 8.2 and 9.3) we
found that this early response depends on condition and is fastest during GO cases (for
subject JD: 34 ms in both (!) experiments) on the contralateral side after S2, when speed of
processing is at premium. As is well known, the M l00 response peaks -1 0 ms earlier in the
contralateral hemisphere compared to the ipsilateral side of (ear) stimulation (Pantev et al.
1986, Liu LC et al. 1998), while the fastest responses were always seen in GO condition on
the contralateral hemisphere after S2 for both the M40 and the M l00 response.
We remark that the full head CMV experiment was conducted 2Vi years after Experiment
1. Nevertheless, the differences in (mean) peak latencies of the early M40 and the M l00
responses of the same subject are very small, particular on the contralateral side after S2
(0-4 ms). The mean peak latencies of the two most prominent AC responses are indeed
robust in time, as it is reflected by the very low standard deviation (Table 9.3). This is

32 A simple auditory experim ent w as perform ed using the sam e stimulus properties as used f o r N O G O

stimulation before the subjects underwent the CM V experiment. Repositioning o f each p robe was repeated
until the prom inent M 100 peak w as captured with the positive an d negative fie ld extrema on either side.
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evident not only from the single subject data, but also when peak latencies are averaged
across subjects, as we did in the data analysis of Experiment 1 (Table 8.2). The evoked
responses from the baseline run TL showed a similar but not identical activation pattern in
the auditory cortex. Even for NOGO cases the periods of activation in the AC ROI were
always faster (5-10 ms) during the task related CMV conditions, i.e. when attentiveness
was maximal. Such a difference is also evident when peak latencies from the same subject
are compared between Experiment 1 and Experiment 2. Again, faster responses were
obtained from Experiment I, when the subject participated in the CMV experiment for the
very first time, whereas he was trained by the time of Experiment 2.
Movement-evoked fields (MEF) have been proposed to reflect sensory feedback to the
cortex from the periphery (Kristeva et al. 1991), where the earliest of these fields (MEFI)
occurs around 90 ms following onset of electromygraphic activity (Cheyne et al. 1999). In
order to align the MEG signal to the finger movement we used instead the output signal
from a switch (Experiment 2) or button press device (Experiment 1). Consequently, the
MEFI response results in a decrease of its peak latency around 30 ms after trigger onset
(Cheyne et al. 1997). The pre- and post-movement activity presented here resemble, but
cannot of course be considered identical to, responses to voluntary finger movements. This
is in particular reflected in the larger variability of the pre-movement SMC and PCC
responses (Table 9.5). However, the strongest and most consistent activations from the
movement-onset averages were found around 30 ms after movement-onset in the
contralateral SMC ROI, which corresponds perfectly to what is termed MEFI. Around the
same time, but with much less source power, bilateral SMA activity is evident showing
slightly stronger activations on the contralateral side. This result shares the view from
Wiesendanger (Wiesendanger et al. 1996) and Marsden (Marsden et al. 1996) who
considered the role of SMA in bilaterally organised movements.

Low frequency analysis (DC-20 Hz)
The CMV experiment introduced here (Experiment 2), using a full head biomagnetometer,
pursues the single subject approach, including the introduction of baseline control
conditions and repetitions providing a firmer foundation for the analysis. From this
experiment we revealed strong CMV signals contributing to the near DC-like neuro
magnetic field changes.
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MFT analysis of the averaged signals provided the details for the spatiotemporal regional
variation, where time courses of the reconstructed current density vector were extracted
from six different ROIs (AC, SMC, SMA, PCC, IPF, PIP) on either hemisphere. The slow
CMV components in each ROI were best seen when the activity extracted by MFT from
the D C -20 Hz data was integrated over 500 ms. This integration produced stable and
largely reproducible activations. In both experiments we have identified slow CMV
components from the same areas, while in Experiment 1 the variability across subjects was
large, Experiment 2 revealed additional areas involved in the GO/NOGO task.
In view of our findings during repetitions of identical runs in Experiment 2 the
considerable variability between subjects which still persists is unlikely to be just noise, but
it reflects a combination of innate differences in the way function is organised in different
individuals, different strategies adopted and training effects, which even for our extensively
trained subject JD, were clearly in evidence (e.g. SMA activation across repetitions in
Figure 9.12 and Figure 9.13). This view is supported by the findings of invasive studies
(Lamarche et al. 1995), where it is found that "the slow potentials recorded in the CNV
paradigm were of variable shape, preventing a very systematic classification". Never
theless, for all subjects and runs free of large low frequency external noise the slow
components were consistently identified in the same areas; the variability was primarily in
the timing and duration of slow activations in the different areas. In general terms the AC is
primed soon after SI onset as part of the early CMV complex, while the SMC is primed
before S2, as part of the late CMV complex (loannides et al. 1994b, see also Figure 8.9 and
Figure 9.11). A slow rise in the AC activity can be seen in both GO and NOGO
immediately after S I, but it extends to the late CMV in the GO condition, for some, but not
all of the runs and subjects.
The key role of the prefrontal cortex in the CMV generation in general and inhibition of
movement has been documented in both studies with animals (Sasaki et al. 1989) and with
normal human subjects (Gemba and Sasaki 1989, Basile et al. 1997), as well as in patients
(Rosahl and Knight 1995, Ikeda et al. 1996a, 1996c). These results are in good agreement
with our findings obtain by the full head experiment, where the left inferior prefrontal area
was consistently activated in all runs, starting soon after SI with an early CMV peaked at
900 ms and followed by a late CMV with onset of 1.5-2 s before S2. The activity in the left
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IPF area decreases rapidly with the onset of S2. This is the area closest to Sasaki’s NOGO
area, both in terms of location and function. During the interval between SI and S2 the
early and late CMV activation was evident in this area, showing best as the difference
between the GO and NOGO activations (Figure 9.13). The pattern is consistent with both
an inhibitory role, as its activity decreases immediately with onset of S2, possibly to allow
the execution of the movement. The early activation, coming soon after the auditory and
motor related areas have completed evoked-like responses to the warning stimulus, which
is also consistent with a combination of immediate inhibitory function coupled to holding
of information regarding the impending movement (the activity is much stronger in the GO
condition). Liu and colleagues (Liu MJ et al. 1996) presumed that “the GO condition after
SI shares an inhibitory element with the NOGO condition, in so much as movement has to
be delayed, and thus temporarily inhibited”. This is particularly evident in the IPF ROI
during GO condition.
Activity from the supplementary motor area contributing to CMV or Bereitschaftspotential
has been extensively discussed in earlier studies (Tanji 1994, Lamarche et al. 1995, Ikeda
et al. 1995, 1996a, 1996b, Wiesendanger M et al. 1996). In contrast, other MEG/EEG
studies concluded symmetrical SMA activation should result in a considerable cancellation
of their fields (Bôtzel et al. 1993, Nagamine et al. 1996). The results presented here
confirm the evidence of SMA activity during a CMV protocol, as was also reported in
previous MEG studies by loannides and Liu, (loannides et al. 1994b, Liu MJ et al. 1996).
Our results from Experiment 2 show that during the GO task strong activity is evident in
the supplementary motor area and posterior cingulate cortex. The bilateral SMA response
was identified from the top, and the side MFT analysis (with 90 sensors each time). These
observations agree with findings from studies using implanted intracranial electrodes
(Bceda et al. 1996b, Hamano et al. 1997). Particularly in GO cases the SMA activity
increases 200-300 ms after SI, which is well over 3 seconds before any movement has to
be made, but this is where the movement planning stage begins. In terms of latency this is
in good agreement with findings reported by Liu et al. (Liu MJ et al. 1996), while the
preparatory activity in the SMA was already reported in earlier monkey studies (Alexander
and Crutcher 1990, Tanji 1994).
The new twist added in the present analysis is the lability of the SMA and PCC activations.
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Even for the highly trained subject JD, a repetition of the task leads to the same latency for
the early CMV component, but a marked reduction in amplitude and a nearly complete
elimination of the late component when the same run is repeated a few minutes (LL2) or
hours later (RR2). This high lability of the SMA activation is consistent with numerous
animal experiments where SMA plasticity is demonstrated (Tanji 1994). In 1994, Tanji
addressed the question: “What happens if simple motor tasks are trained over a more
extensive period of time ?” The result reported in his monkey study was the following:
when the monkey was kept training for 12 months on the same task, no pre-movement
activity was found in either left or right SMA. From this result he concluded: “the neuronal
activity in the SMA (after extensive training) in relation to the execution of a simple motor
task is similar to that in the primary motor cortex (MI), and therefore redundant. It is
possible that the profound reduction of SMA activity (but not MI) after the prolonged
training may be an indication of more economical usage of SMA neurons that play more
important roles in more complex motor tasks” .
Tanji’s suggestion of a more economical usage of SMA after a prolonged training is further
supported by our results obtained from the D C -20 Hz movement-onset averages (Figure
9.14), where the preferred hand (condition RR) is associated with strong SMC activity in
both hemispheres while the SMA activity is relatively weak in comparison to the activity
during LL conditions. In contrast, the non-preferred hand (condition LL) is associated with
less SMC activity, and instead a well defined activity is seen in the SMA and PCC. Hence,
the lability of the SMA reported here (e.g. Figure 9.12 and Figure 9.14) is in good
agreement with Tanji’s animal findings and has been described for the first time (to our
knowledge) from MEG data.
The specific results obtained from Experiment 2 apply only to a single subject, where
generalisations are suggestive, but can only be made with confidence after many such
studies have been completed. Given the lengthy nature of the experiments and the long
analysis, such an undertaking is potentially very useful but also a formidable undertaking.
In summary, the results demonstrated here show that MFT analysis of CMV data can
produce very concrete identifications of focal regional activations, including temporal
sequencing and a precise statement about which regions show plasticity through modified
activations when the experiment is repeated. In the following we summarise our major
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findings from Experiment 2:
> The full head MEG experiment adds to the evidence that CMV generators are highly
distributed over the human brain.
> Our results confirm in general the findings from Experiment 1, where MFT identified 4
CMV generators in three different subject: the AC, SMC, IPF and PIP. Furthermore,
priming of the AC and SMC as part of the early and late CMV complex, respectively, is
also confirmed by the results from Experiment 2.
> In addition, the full head analysis revealed two more (on either hemisphere) CMV
generators: the SMA and PCC. Particularly the identification of SMA activity has been
discussed to be difficult to identify from MEG data (Nagamine et al. 1996). MFT
analysis from Experiment 2 clearly showed the contribution from the SMA to the CMV
signal, thus confirming results from invasive studies (Ikeda et al. 1996a, 1996b).
> The SMA and PCC show priming even seconds before movement, but the preparatory
activity in both cortices seems to depend on the difficulty of the task, with activity
increasing as the difficulty increases (e.g. when the task is performed for the first time).
Repetitions of identical CMV runs revealed a strong reduction of activity in the SMA
and PCC.
> The left IPF consistently showed a clear differentiation between GO and NOGO
activity and is closely related (in function and location) to the NOGO area identified in
animals (Sasaki et al. 1996, 1989).
> W e observed laterality effects between the two hemispheres (cf. IPF and PIP
activations in Figure 9.11).

In conclusion, the analysis of both CMV experiments showed that at least six different
major CMV generators on either hemisphere contribute to the early and late CMV (cf.
Figure 9.5). Although the number of subjects for the low frequency analysis is low (only
three different subjects) the data collected and analysed is comparable to previous
CMV/CNV experiments (in most experiments only one condition was performed).
Furthermore, the results presented here are (partly) well supported by previous invasive and
non-invasive CNV or CMV studies, while MFT analysis also revealed new findings (e.g.
reduced SMA activity after repetitions of identical runs; cf. Figure 9.12). Nevertheless and
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in particular our new findings from Experiment 2 must be confirmed within many more
subjects in future whole head MEG experiments.

In summary the nature (including the generation) of the CNV is not yet fully understood,
but the evidence provided here and from other human and animal studies point to multiple
CNV generators and to an important role of the cortices described above. We believe that
the utilisation of such CMV experiments using whole head MEG systems and MFT
analysis can pave the way for using the CNV phenomenon as a useful clinical tool.
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10 General Discussion and Outlook
The main objective of this work is the analysis of near DC-like neuromagnetic field
changes generated by the normal human brain during a GO/NOGO reaction time task. In
our studies, the magnetic analogue of the CNV, the contingent magnetic variation (CMV)
has been recorded by means of large array and full head biomagnetometer systems; and
further analysed using a source model employing current density distributions, namely
magnetic field tomography (MFT). The experiments required measurements of very low
frequency components that are difficult to record since the shielded rooms are less effective
at these frequencies.
In this project, one of the major aims has been to investigate whether or not MFT is
capable of extracting reliable source estimates from near DC-like neuromagnetic field
changes. Since CMV generators often fire simultaneously from cortical as well as from
deeper brain structures, the method had to cope with the identification and separation of
widely distributed as well as focal sources contributing to the slow and fast components of
the CMV signal. Previous studies have been reported where (the simpler) dipole source
analysis failed in providing reliable estimates of such generators (Bôtzel et al. 1993, Elbert
et al. 1994, Nagamine et al. 1996).
Assuming a method would reveal reliable estimates about the number and location of the
CMV generators, why would it be of importance to know the spatiotemporal dynamics of
the CMV ? The question is answered by the large number of studies which have shown that
the CNV is strongly modified in a range of neurological and psychiatric disorders (e.g.
Howard and Lumsden 1996, 1997, Oishi et al. 1998, Heimberg et al. 1999). Therefore noninvasive detection and identification of CNV (CMV) including reliable source estimates of
the neuronal generators might turn this sensitivity into a useful clinical tool.

With the following table we review the aims of our project and summarise the results we
have obtained from this work.
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Table 10.1: The table summarises the aims and main findings of our project.

> provide estimates of M EG 's localisation capability by investigating key steps of the
measurement procedure
> identification and localisation of CMV generators using large array and full head MEG
systems
> show differences in time courses of GO and NOGO CMV activity in different subjects,
and show how the activity is changed when identical runs are repeated in the same
subject
> use magnetic field tomography (MFT) to extract DC-like CMV components from
averaged neuromagnetic signals, which has not been possible in other studies using
simpler models
> pave the way for turning CMV experiments into a useful non-invasive clinical tool

M ajor findings from the MEG system evaluation
> the introduction of our thermoplastic mask reduces the inter-operator variability by a
factor of 2-3
> our modifications to the MEG head location system reduces the head location error by a
factor of more than 2
> the overall accuracy for a typical MEG system recording superficial neuromagnetic field
changes is in the range of a few millimetres and is mostly influenced by subject's head
movements and the signal to noise ratio

M ajor findings from Experiment 1
> identification of 4 CMV generators on either hemisphere in three different subjects:
auditory cortex (AC), sensorimotor cortex (SMC), inferior prefrontal cortex (IPF) and
posterior inferior parietal area (PIP)
> variability in the time courses across subjects, but the AC and SMC activity were
broadly consistent within subjects
> AC priming as part of the early CMV complex
>

SMC priming as part of the late CMV complex
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M ajor findings from Experiment 2
> confirms in general the findings of Experiment 1
> found two more CMV generators: supplementary motor area (SMA) and posterior
cingulate cortex (PCC)
> observed laterality effects between the two hemispheres
> early left IPF activation during GO condition
> strong reduction of activity in the SMA (and PCC) when identical runs are repeated.
This has been notoriously difficult to identify non-invasively from electrophysiological
data, especially from MEG, so our success in identifying them clearly and showing how
they change with repetition can be considered as the highlight of our project.

In order to achieve the set goal, reliable estimates including the reproducibility of neuro
magnetic sources are essential. Therefore, our research has started in chapter 5, where the
accuracy of the measurement procedure including head frame definition, head location
system and head movements were investigated to determine the (intrinsic) errors before
any source localisation is applied. Thereby, we have developed strategies to improve both
the variability of the head frame definition, which shows a large variability if different
operators define a head based coordinate system on the same subject, and the head location
accuracy. In particular, we have shown that the use of a thermoplastic mask effectively
reduces the inter-operator variability and provides a head based coordinate system that is
robust across different operators (Dammers et al. 1996).
We have also introduced changes in the head location procedure (section 5.2), where the
improvements have reduced the head location error by a factor of more than 2 during real
measurements. Although in all our tests we obtained the very acceptable accuracy of about
2 mm for the definition of the head frame, the head location procedure and head
movements, in an actual long experiment the head movements might deteriorate if the
subject is in an uncomfortable position.
We continued the research of “how well can MEG localise neuromagnetic sources” in
chapter 6 by applying the well known equivalent current dipole (ECD) approach and
magnetic field tomography (MFT) on phantom data, where we have tried to simulate MEG
measurements (with known sources) under realistic conditions. The aim of the study was to
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demonstrate some of the limitations of two very different source reconstruction methods.
Therefore, both methods were applied to the same set of data, including superficial as well
as deep sources with a signal to noise ratio similar to realistic measurements. Although in
this chapter some of the tests and simulations have been performed for the first time, they
should by no means be regarded as being exhaustive. In other words, the simulations
demonstrated in chapter 6 should provide some estimates about the localisation capability
of deep and shallow source before the main bulk of real data sets is analysed in the
following chapters.
With chapter 7 we started our CNV (CMV) research by reviewing some of the extensive
literature, where it was found that almost nothing was known (with the exception of one
study reported by loannides et al. 1994b) about the time course of some major CNV
(CMV) generators. Moreover, in almost all previous CNV (CMV) studies only one or two
conditions (i.e. the combination of tone presentation and the side of finger movement) have
been investigated. Our initial cues were taken from a study with only two subjects
performed with a single 37 channel probe (loannides et al. 1994b). In this study all ear and
hand combinations were examined with the probe position covering the sensorimotor areas
well but little else and a separate run for the (left) auditory cortex contralateral to tone
presentation and finger movement.
In our first CMV experiment (chapter 8) we have investigated more subjects performing
more conditions and made use of a two probe large array biomagnetometer (2x37 channels)
with lateral placement on either hemisphere (Dammers et al. 1999a). The major objective
of this experiment was the (bi-hemispheric) identification and localisation of the major
CMV generators in more subjects including their time courses during the GO and NOGO
conditions, as well as the characterisation of the inter- and intra-subject variability.
Although, strong activations were identified in all subjects in the auditory cortex (AC),
motor and sensorimotor cortex (SMC), inferior prefrontal cortex (IPF) and posterior
inferior parietal cortex (PIP) the limited coverage and the sensor placement of the two
probe system restricted our analysis to the AC and SMC region. For these two regions,
MFT analysis revealed activations which were broadly consistent within subjects, but with
variable periods of activations across subjects, particularly in the low frequency data
(Figure 8.9).
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However, the major findings in this work have been: 1) the priming of the auditory cortex
as part of the early CMV complex, confirming results reported by loannides et al.
(loannides et al. 1994b) and 2) the priming of the SMC region before S2 as part of the late
CMV complex. Nevertheless, the full extent of the CMV and the within subject variability
can only be studied by a more detailed and full head examination of a single subject with
simultaneous recordings over all brain areas. This we have done in the second part of our
CMV study (chapter 9) which was carried out in a very efficient and successful
collaboration with the MEG-lab of the University of Tübingen and two employees from
CTF, who successfully realised the definition of our extended CMV protocol in a very
short time.
In the last chapter (chapter 9) of our CMV research, the analysis of the single subject CMV
experiment using a full head biomagnetometer system (Experiment 2) confirms in general
the results obtained by the experiment described in chapter 8 (Experiment 1) using more
subjects. We remark that the full head CMV study was conducted 21/2 years later, and that
MFT analysis identified the same areas being active during the CMV protocol as found in
Experiment 1. The wider coverage of the full head CMV experiment showed reproducible
activations from the IPF and PIP region, and also revealed activations in additional areas
that are involved in the GO/NOGO .task: the supplementary motor area (SMA) and the
posterior cingulate cortex (e.g. Figure 9.5).
The SMA activity had been claimed to be “invisible” by MEG, because the magnetic fields
were supposed to cancel each other. Several articles have been published where (the
simpler) dipole source analysis failed to provide reliable estimates of near DC generators or
to extract SMA activity from MEG signals (Bôtzel et al. 1993, Elbert et al. 1994,
Nagamine et al. 1996). We have used MFT instead in order to extract the spatiotemporal
dynamics of cognitive activity present under the CNV paradigm. By using MFT we were
able to show that the method is indeed capable of extracting near DC-like sources
including the SMA activity.
In Experiment 2, repetitions and baseline control conditions were introduced in order to
investigate how the activity (extracted from the same subject) is changed when identical
runs are repeated. When a run was repeated the SMA and PCC activities were similar for
the early CMV component, but showed a remarkable reduction of the amplitude of the late
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component when the same run was repeated a few minutes (LL2) or hours later (RR2).
These results which have not been previously reported in human MEG studies and must be
considered together with the training effects observed in monkeys where a simple motor
task was trained over an extensive period of time and no pre-movement activity was found
in either left or right SMA (Tanji 1994).

In summary, we have managed to access both evoked and near DC-like activations that one
associates with the CMV protocol by using large array and full head biomagnetometer
systems. We further demonstrated that MFT is capable of localising primary current
density distributions that produce near DC like neuromagnetic field changes. MFT can
produce very concrete identifications of focal regional activations, including temporal
sequencing. The results from Experiment 1 indicated that CMV generators are widely
distributed and would be best studied by using a full head MEG system providing
simultaneous recording over all brain areas. Although, different probe positions of the
MAGNES II system would provide signals from all over the brain, the necessary
repetitions of the same experiment would introduce large changes in the activations
(Lamarche et al. 1995, Ikeda et al. 1995, 1996a, Hamano et al. 1997). We have further
analysed both types of averages, tone onset and movement onset averaged data, but the
analysis of the movement onset averages are not directly comparable with voluntary finger
movements.
The full head CMV analysis provided the spatiotemporal dynamics of some of the major
CMV generators and precise statements about which region show plasticity through
modified activations when the experiment is repeated. The specific results obtained from
Experiment 2 apply only to a single subject, but gathering together the findings obtained
from both experiments, the results provided here (and from other human and animal
studies) point to an important role of the cortices described above in the generation of the
fast and slow responses associated with planning, inhibition and execution of movements.
The specific findings obtained by Experiment 2 can be regarded with confidence only after
many such studies have been completed. Given the lengthy nature of the experiments and
the long analysis such an undertaking is potentially very useful but also a formidable
challenge. Although the clinical utilisation of CMV (CNV) experiments has not been
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realised yet, we believe that MFT analysis of CMV data can pave the way to turn this
sensitivity into a non-invasive diagnostic tool that improves the interpretation and the
diagnostic value of CMV (CNV) investigations.
Future work
In order to produce reproducible and reliable source estimates from neuromagnetic signals
it is important to establish a way of controlling variability and/or flaws in the measurement
procedure and the data analysis. In the following we summarise some of the drawbacks
which were directly drawn out from our project.
I)

A major drawback of almost all MEG systems is the lack of information about the

head position during MEG experiments. Usually, only two measurements are used to
determine the head position before and one after MEG recordings, while nothing is known
about the head location in between. Particularly, if one is interested in single trial analysis
the reconstruction might include large localisation errors, especially if long experiments are
conducted. Therefore continuous measurements of the subject’s head position would allow
for corrections and hence improve the localisation accuracy of MEG.
II)

In our CMV analysis we were not able to separate motor activity from somatosensory

activity (Figure 9.5). One reason for that is that we did not use a very dense representation
grid (>7 mm, by using 2601 grid points throughout the source space), since a large number
of grid points would require very long computation times and a large amount of data
storage. This drawback is known not only from MFT but also from other source
reconstruction methods. Therefore the utilisation of supercomputers enables the analysis of
(very) long data sets with denser representation grids (1-2 mm3) within reasonable
computation times.
III)

The utilisation of such a high performance computer would also allow for recon

structions using realistic head models (e.g. BEM or FEM) which also require demanding
computation times.
IV )

Another way of improving the resolution of MFT solutions would be to apply a

second reconstruction in selected ROIs, after “standard” MFT has identified regions with
strong activity (by using the standard set of 17x17x9 grid points), where the standard grid
size is now applied to a region of interest providing a much denser representation of the
MFT solution for this ROI. Although a version of MFT has been prepared (in terms of a
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prototype) for this, no tests have been performed so far to demonstrate the feasibility of this
approach.
V)

Further, in the current MFT algorithm each timeslice is reconstructed separately and

fully independent of previous solutions. Especially for low frequency signals, it might be
useful to include the information, i.e. location and direction, of previous source estimates.
Of course, such approaches must be tested extensively.
VI)

Since shielded rooms are less effective at low frequencies and the analysis of near

DC-like neuromagnetic signals might be contaminated with noise and (biological)
artefacts. Quite a few artefact and noise elimination (or better noise reduction) tools are
available and applied in most MEG laboratories. However, in the last two years the
utilisation of blind source separation, like the so-called independent component analysis
(ICA), on MEG data has introduced promising results in artefact elimination (Cichocki et
al. 1999, Jahn et al. 1999). ICA therefore, maybe a useful tool to provide “clean MEG
signals’’ which would improve the reliability of MEG’s source reconstruction capability.
VII) Reliable noise and artefact elimination would also support the utilisation of
magnetometer coil configurations, which are supposed to extract neuromagnetic field
changes from deeper as well as from superficial brain structures (compared to a gradiometric coil configuration).
VIII) Although many studies have shown the differences in CNV (CMV) and Bereitschaftspotentials (Ikeda et al. 1994, Lamarche et al. 1995, Hamano et al. 1997) an
experiment recording voluntary finger movements might nevertheless be a useful extension
for further CMV studies giving an estimate of the contribution of the Bereitschaftspotential
to the CMV signal.
IX)

Finally we offer a comment on the different brain imaging techniques that have been

introduced into neuroscience in the last few decades, each highlighting best one or other
aspects of brain function. For example fMRI has established itself in the last few years
through its excellent spatial resolution and the faster-than-PET temporal resolution which
now allows separate trials to be processed in almost an evoked-like response manner. Many
of these techniques measure either haemodynamics (blood flow or blood volume) or
metabolism (fMRI, SPECT, PET, MRS, optical imaging) rather than electrophysiology
(MEG, EEG, ECoG); and up to date, only MEG and EEG recordings provide sufficient
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temporal resolution to follow brain processes non-invasively with millisecond temporal
resolution. Since each modality provides a different view of the acting brain, combining
modalities for extracting haemodynamic, metabolic and/or electrophysiological informa
tion from the brain is a worth-while goal pursued in many laboratories because it promises
to discover the working principles of the human brain.

In the following, we would like to link our findings with suggestions and directions along
further research can be pursued:
1) perform continuous registration of head movements during MEG recordings. This
information would provide the basis for further (real-time) corrections that would
improve the localisation accuracy of MEG. Such a project has been recently established
at the MEG lab at the Research Centre Jiilich.
2) make use of supercomputers that allow data analysis of (very) long data sets with very
dense representation grids (1-2 mm3) within reasonable computation times. A first
parallelised version of the MET code has been recently installed, on a supercomputer
(CRAY T3E) at the Research Centre Jiilich.
3) if no supercomputers are available apply a second MET reconstruction in selected
ROIs, where the “standard” MET grid size (2601 grid points) is now applied to a small
region of interest providing a much denser representation of the MET solution for the
selected ROIs.
4) incorporate information about the direction of the current density distribution (which is
already available from MET solutions)
5) make use of the information from previous timeslices, particularly if one is interested in
slow frequency components.
6) make use of advanced noise and artefact elimination tools (e.g. ICA) to improve the
reliability of MEG s localisation capability.
7) if such advanced noise elimination tools are available a magnetometer coil
configuration might be the method of choice to investigate both superficial and deeper
brain structures.
8) investigate the CMV in many more subjects including repetitions of identical runs in
order to understand the intra- as well as inter-subject variability.
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9) define paradigms which differ widely in difficulty to confirm or extend our results that
showed strong reduction in, e.g. SMA, activity when identical runs are repeated.
10) extend the experiment with recordings of voluntary finger movements in order to
estimate the contribution of the Bereitschaftspotential to the CMV signal.
77) finally we would suggest performing multi-modal CMV studies combining the
information of different modalities in order to provide a more comprehensive
understanding of how the brain works!
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Contact Information:
Biomagnetic Technologies Inc. (BTi) and Neuromag Oy:
Biomagnetic Technologies, Inc.
9727 Pacific Heights Blvd.
San Diego, CA 92121-3719, USA

Voice: ++1-619 453-6300
Fax: ++1-619 453-4913
E-mail: msi@magnes.com
http://www.4dneuroimaging.com

CTF Systems Inc.:
CTF Systems Inc.
15 - 1750 McLean Ave.
Port Coquitlam, B.C.
Canada V3C 1M9

Voice: ++1-604 941-8561
Fax: ++1-604 941-8565
E-mail: gordonh@ctf.com
http://www.ctf.com

EA .R.Tone:
E-A-R Auditory Systems
3A Insert Earphones, Cabot safety corp.
5407 west 79th street
PO Box 68940, Indianapolis, In 46268, USA
Polhemus Inc.:
Polhemus Inc.
1 Hercules Drive
PO Box 560
Colchester, VT 05446, USA

Voice: ++1-802-655-3159
Fax: ++1 -802-655-1439
E-mail: sales@polhemus.com
http://www.polhemus.com

Shimadzu:
Shimadzu Inc.
1, Nishinokyo Kuwabaracho
Nakagyou-ku
Kyoto 604-8511, Japan

Phone: 81 (75)823-1111
FAX: 81(75)823-1361
http://www.shimadzu.com

Vacuumschmelze GmbH:
VACUUMSCHMELZE GMBH
Griiner Weg 37
D-63450 Hanau
Germany

Phone: ++49-6181-38-0
FAX: ++49-6181-38-2645
E-mail:
vacuumschmelze@hau3.siemens.de
http://www.vacuumschmelze.de
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Glossary of Abbreviations
AC

auditory cortex

BEM

boundary element method

BP

Bereitschaftspotential

CMV

contingent magnetic variation

CNV

contingent negative variation

Corr

correlation coefficient

ECD

equivalent current dipole

ECO

electrocardiography

ECoG

electrocorticography

EEG

electroencephalography

EMG

electromyography

EGG

electrooculography

EPI

echo planar imaging

EPSI

echo planar spectroscopy imaging

FIT

finite integration technique

fMRI

functional magnetic resonance imaging

FOCUSS

focal underdetermined system solution

Gof

goodness of fit

HLS

head location system

II,F

infinite line element

IPF

inferior prefrontal cortex

ISI

inter-stimulus interval

LL

left ear presentation and left finger movement

LORETA

low resolution electromagnetic tomography

LPA

left preauricular point

LR

left ear presentation and right finger movement

MCG

magnetocardiography

MEF

movement evoked field
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MEG

magnetoencephalography

MET

magnetic field tomography

MGG

magnetogastrography

MNE

minimum norm estimate

MNG

magnetoneurography

MOG

magnetooculography

MPG

magnetopneumonography

MRI

magnetic resonance imaging

MRS

magnetic resonance spectroscopy

MUSIC

multiple signal classification

MRS

near infrared spectroscopy

PCC

posterior cingulate cortex

PET

positron emission tomography

PIP

posterior inferior parietal cortex

rCBF

regional cerebral blood flow

rCOER

regional cerebral oxygen extraction rate

RL

right ear presentation and left finger movement

RMS

root mean square

RP

readiness potential

RPA

right preauricular point

RR

right ear presentation and right finger movement

SMA

supplementary motor cortex

SMC

sensorimotor cortex

SNR

signal to noise ratio

SPECT

single photon emission tomography

SPI

sensor position indicator

SQUID

superconducting quantum interference device

SVD

singular value decomposition

VEF

visual evoked field
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HyperView (current version 4.4) is a self-written IDL program for visualisation and
processing of reconstructed current density distributions on anatomical background. For
more details please contact the Author.
Author:
J. Damme rs
Institute of Medicine
Research Centre Jiilich
D-52425 Jiilich

mail to: J.Dammers@fz-juelich.de
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