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INTRODUCTION

High temporal resolution is necessary to resolve the
rapidly changing patterns of brain activity underlying
mental function. While electroencephalography (EEG)
provides temporal resolution in the millisecond-range,
which would seem to make it an ideal complement to other
imaging modalities, traditional EEG technology and
practice provides insufficient spatial detail to identifu
relationships between brain electrical events and structures
and functions visualized by magnetic resonance imaging

(MRI) or positron emission tomography (PET).

Recent
problem
from
recording
EEGs
overcome
this
by
advances
more electrodes, by registering EEG data with anatomical

information from each subject's MRI, and by correcting
the distortion caused by volume conduction of EEG signals

through the scull and scalp. Example applications are
presented from studies of language, attention and working
memory. Along with its ability to record how brains think
when performing everyday activities in the real world,

an invaluable
complement to other functional neuroimaging modalities.
The purpose of functional brain mapping is to measure

these advances make modern EEG

of

neuronal activity associated with sensory,
motor, and cognitive functions, or with disease processes.
To be truly effective in this regard, an imaging modality
patterns

needs both near millimeter precision in localizing regions
of activated tissue and subsecond temporal precision for
characterizing changes in patterns of activation over time.

both to recordings of brain electrical activity and, except
where noted, to recordings of brain magnetic activity called
magnetoencephalograms or MEGs; the nature of MEG
recording technology and the relative strengths and
weaknesses of EEG versus MEG approaches has been
extensively reviewed elsewhere [3,41; here it suffices to
say that, from a broad perspective which considers all
neuroimaging modalities, the differences betwen EEG and
MEG are slight relative to their similarities.)
These features would seem to make the EEG an ideal
complement to PET and fMRI, but unfortunately the spatial
detail provided by conventional EEG recordings has been
so coarse that it has only been possible to meaningfully
interpret them with respect to underlying functional
neuroanatomy at the level of entire cortical lobes, if at all.

Although the ability to infer the three-dimensional
distribution of electrical sources in the brain from scalp
EEG recordings has fundamental physical limits, the
amount of spatial information that can be recovered from
the scalp-recorded EEG is frequently underestimated.
Indeed, the very low level of spatial resolution obtained
from conventional EEGs reflects the fact that activity is

only measured at a small number of scalp sites during most

routine recordings; moreover, modern spatial signal
enhancing methods have not often been applied. Recently,

several laboratories have been recording EEGs (and
MEGs), from more than 100 locations, performing postprocessing of the resulting data to increase its spatial detail,
and in some cases registering this data with other images of

Increasingly fine anatomical resolution is available from
positron emission tomography (PET) and functional
magnetic resonance imaging (fMRI) technologies, but the
length of the temporal sample they require is still an order
of magnitude or more too long to resolve the rapidly
shifting patterns of activity that are characteristic of actual
neurophysiological processes. The electroencephalogram

brain structure and function. These developments are
producing dramatic improvements in the utility of the EEG

(EEG), in contrast, has a temporal resolution as fine as the
analog-to-digital sampling rate used to record it (typically

Better spatial sampling is the first requirement for
extracting more detailed information about cognitive

in the one to five millesecond range), and its exquisite
sensitivity to changes in mental activity has been
recognized since Hans Berger reported a decrease in the
amplitude of the dominant (alpha) rhythm of the EEG

processes from scalp-recorded EEGs. The nineteen-channel

during mental arithmetic. In addition to the type of tonic
alterations in brain electrical activity reported by Berger,
EEG measurements of phasic, stimulus-related changes in
brain activity (such as Evoked Potentials of Eps) are wellsuited for measuring subsecond component processes of
sensory, motor and cognitive processes ll,2l. For
simplicity we use the term EEG in a general sense to refer

as a neuroimaging method.

CONCERNING EEG SPATIAL ENHANCEMENT AND
SOURC E GENERATOR LOC ALIZATI ON

"10120" montage electrode placement commonly used in
clinical and research EEG recordings has an interelectrode
distance of about 6 cm on a typical adult head. This
spacing may be dense enough for detecting signs of gross
pathology or of differentiating the gross topography of

evoked potential components,

but is

insufficient for

resolving the finer topographical differences which

are

function.

By

important

in

studying cognitive brain

of

sensors to over 100, average
interelectrode distances of about 2.5 cm can be obtained on

increasing the number
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an average adult head, which is within the range of the
typical cortex-to-scalp point spread function (ie. The size
of the scalp representation of a small, discrete cortical
source).

For EEG (but not MEG) recordings, the usefulness of
such increased spatial sampling remains limited by the
distortion of neuronal potentials as they are passively
conducted through the highly resistive skull. This distortion
amounts to a spatial lowpass filtering, which causes a
blurring of the potential distribution at the scalp. In recent
years a number of spatial enhancement methods have been

developed for reducing this distortion. The simplest and
most widely accessible of these methods is the spatial
Laplacian operator, usually referred to as the Laplacian

(LD) It is computed as the second derivative in
of the potential field at each electrode. The LD is
thought to be proportional to the current entering and
exiting the scalp at each electrode site t5l , and is
Derivation
space

independent of the location of the reference electrode used

for recording. It is relatively insensitive to signals which
are common to the local group of electrodes used in the
computation, and thus relatively more sensitive to high
spatial frequency local cortical potentials. A simple method
of computing the LD assumes that electrodes are
equidistant and at right angles to each other, an
approximation which is only reasonable at a few scalp
locations, such as the vertex. A more accurate approach is
based on measuring the actual three-dimensional position
of the electrodes and using 3D spline functions to compute
the LD over the actual shape of the subject's head t6l .
The main shortcoming of the LD is that it unrealistically

assumes

that the skull has the same thickness and

conductivity everywhere on the head, which limits the
amount of improvement in spatial detail that the method

can achieve. This shortcoming of the LD can be

shown to be reliable and more accurate than the LD, of
course, at the expence of obtaining and processing each
subject's structural MRL Although the Debluning method
can substantially improve the spatial detail provided by

scalp recorded EEGs, it doesn't provide conclusive
information about the location of generating sources.
Nevertheless, the improved spatial detail facilitates
formation of more specific hypotheses about the
distribution of active cortical areas during cognitive tasks

than was previously possible.
The issue of bluning of brain signals by the skull can
largely be avoided by recording the magnetic rather than
the electrical fields of the brain, because the skull has a
substantially smaller effect on magnetic field topography.
However, this transparency does not eliminate the need for
utlizing a high density of sensors to accurately map the

spatial topography

of brain

magnetic fields, and the

problems of localizing generator sources are equally severe
for MEG as they are for EEG; when those problems are
overcome the two techniques arguably produce

localizations with approximately equal accuracy. Neither
the Laplacian Derivation, nor more advanced EEG spatial
enhancement algorithms, nor MEG recordings, provide any
conclusive three dimensional information about where the
source of an electrical signal lies in the brain. In some
cases, such as when healthy subjects perform difficult
cognitive tasks and strong signals are recorded over areas
of association cortex (ie., dorsolateral prefrontal, superior
and inferior parietal, inferotemporal and lateral temporal),
the hypothesis that EEG potentials are generated in these
areas is the most plausible, but counter-examples can
always be presented. In addtion to visual examination of

the potential field distribution, another procedure for
generating hypotheses concerning the neuroanatomical loci
responsible for generating neuroelectric events measured at

distortion
resulting from conduction to the scalp. One such method is

the scalp is called "dipole modeling" [10,] l]. Dipole
modeling uses iterative numerical methods to fit a
mathematical representation of a focal, dipolar current

computational estimate

source, or collection ofsuch sources, to an observed scalprecorded EEG or MEG field. Regardless of which method

ameliorated by using realistic model of each subject's head

to locally correct the EEG potential field for

called "Finite Element Deblurring". It provides a
of the electrical potential which
would be recorded near the cortical surface by using a
realistic mathematical model of volume conduction through
the skull and scalp to downwardly project scalp-recorded
signals t7-91. Each subject's MRIs are used to construct a
realistic model of his or her head in the form of many small
tetrahedral elements representing the tissues of scalp, skull
and brain. By assigning each tissue a conductivity value, it
is possible to calculate the potential at all finite element
vertices by using Poisson's equation. Given that the actual

of

of

these finite elements is
unknown, a constant value is used for the ratio of scalp to
skull conductivity; the conductivity of each finite element
is set by multiplying this constant by the local tissue
thickness as determined from the MRI. Thus, even though
true local conductivity is unknown, the procedure is wellbehaved with respect to this source of uncertainty, because
it successfully accounts for relative conductivity variation
due to regional differences in scalp and skull thicknesses.
In initial applications, the Deblurring method has been

conductivity value

2

each

is

used

to

formulate them, such source generator
In rare cases,
this can be done in patient populations in the context of
invasive recordings performed for clinical diagnostic
purposes. More commonly, another type of imaging
modality, such as PET or fl\4RI, has to be employed.
Indeed, combining the high temporal resolution of EEG
with the precise anatomical resolution of fMRI is a hot
hypotheses must be independently verified.

topic in human cognitive neuroscience (see below).
Since EEG and MEG dipole modeling has become a
popular activity in the last few years, it is worthwhile to
reiterate that dipole modeling does not, in general, provide
a unique and physically correct answer about where in the
brain activity recorded at the scalp is generated. This is so
because solving for the source of an EEG or MEG
distribution recorded at the scalp is a mathematically ill-

conditioned "inverse problem" which has no unique
solution; additional information and/or assumptions are
required in order to choose among candidate source
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models. While some of this a priori information ls
obvious and harmless (ie., that the potentials must arise
from the space occupied by the brain), other assumptions
border on presupposing unknown information (ie., that the
potentials arise only from the cortex, or that the number of
active cortical areas is known). One simple, convenient,
and possibly clinically useful approach for potentials
elicited by simple sensory stimulation is to assume that the
scalp potential pattern arises from a single point dipole
source. Although not anatomically and physiologically
realistic, such simple models can sometimes be useful for
locating the center of mass of primary sensory cortex,
particularly when solutions can be evaluated with respect to
anatomical information derived from structural MRIs.

most complex

However,

scalp-recorded

electrophysiological phenomena are poorly approximated
by a single source model, and obtaining estimates of the

strength and

3D locations of the underlying neuronal

generators when there are multiple, time-overlapped active
sources has widely recognized practical and theoretical
difficulties [2,13]. One promising approach to the issue is
to use information about the cortical regions activated by a
task as mapped by 3D functional neuroimaging methods

or PET to constrain the number and
approximate locations of dipole source models, and to
derive information about the spatiotemporal dynamics of

of their engagement. Modern EEG methods have also been
used to study subsecond and multisecond distributed neural
processes associated with working memory, the cognitive
function of creating a temporary internal representation of
information during focused thought tl6J.
CONCLUSION

Finally, as a practical matter, an obvious but often
unappreciated feature of EEG technology is worth
mentioning, namely its extreme compactness and

simplicity. This fact has important

economic

considerations, which frequently fail to be considered in
scientific discussions of brain mapping technology. It also

means that, unlike all other functional neuroimaging
modalities (which require massive machinery, large teams
of technicians, and complete immobilization of the subject)
EEGs can be collected from an ambulatory subject who is
literally wearing the entire recording apparatus. This
feature of EEGs will facilitate research into the as yet
uncharted territory of how brains think when performing
everyday activities in the real world.

such as fl\4zu
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