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PREFACE
It had been difficult to find appropriate teaching material for students

and newcomers to this field of brain electromagnetic topography. In
part, this is due to the many disciplines involved, requiring some
knowledge of the physical sciences, mathematics, neurophysiology
and anatomy. It is my hope that this book will be found suitable for
introducing interested workers to this exciting field. Advanced topics
will not be covered, as there are many excellent texts available.
Peter K.H. Wong
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PART 1

FUNDAMENTALS
1.1 INTRODUCTION
This book provides an introduction to topographic EEG analysis.

It is aimed at the practising neurophysiolOgist seeking an entry-level

text, EEG technologists and EEG students seeking to bolster their
knowledge, and the graduate student requiring help in their
coursework. Material is presented and discussed at the novice and
intermediate levels. Although fundamental concepts and some
mathematical knowledge is covered, the emphasis is on the practical
use of this new and exciting technique.
The rationale for topography is that the traditional EEG or
evoked potential (EP) tracings contain information which under
normal circumstances, is not appreciated by the naked eye. There is
simply too much data, in a form unsuited for visual analysis.
Frequency content of background EEG is one example. In this
instance the solution is to apply mathematical processing by Fourier
analysis, resulting in the familiar spectral plots. To discern the
interrelationships between different scalp locations, one can merely
arrange such plots in a manner as to mimic a head diagram, as had
been demonstrated using 16 channels of EEG (Bickford 1977, 1981).
However, there are elements of the dataset which are still
unrevealed: the exact location of the alpha peak, subtle asymmetries
of the alpha distribution, complex phase relationships of waveforms
etc. Although part of this information can be gleaned from the
numerical representation, it is a laborious and non-intuitive process. It
would be like trying to provide information of a city subway system
by describing it entirely with words. A graphical communication of
the same information (i.e., a system "map") would be more useful
(Lehmann 1987).
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Further argument can be applied to small time differences
between channels (phase relationships). Two different epileptic foci
may generate spikes that appear identical to the naked eye, due to
the limited time resolution of ordinary EEG pen and paper write-out.
Electronic displays with higher resolution would clearly reveal their
intricate timing relationships. Coupled with suitable processing and
display capabilities, a spatial-temporal analyzer for such EEG events
can be implemented.
Quite apart from the display aspects of topography, there is a
great selection of mathematical and statistical tools available to
perform many different types of quantitative analyses. Such "postprocessing" techniques cover a wide spectrum indeed. Examples
include simple montage/reference reformatting and digital filtering;
time-series studies, factor analysis, dynamical analysis; more advanced
methods like source generator modelling/ dipole localization and
spatial-temporal modelling. Many of these are capable of shedding
light onto hitherto hidden aspects of the data, or provide special
insight by allowing interactive exploration of the datasets. It should
be stated that the reader is not expected nor required to understand
the intricacies of all the above techniques. They are covered within
this text for the sake of completeness, and to allow the adventurous
reader to wander further afield when the basics have been mastered.
Indeed, it will be in one or more of these "esoteric" areas that one
may find a potential solution to a current problem, or an approach
that may portend a new and productive research initiative.
It is useful to view topographic analysis as a novel approach to
clinical neurophysiology, to complement rather than replace the many
time-proven visual analytical techniques. There are additional
conceptual and technical knowledge requirements before one can
skilfully extract the additional information which lies beneath the
surface. To carry out clinical interpretation without adequate
preparation would be inappropriate and fraught with difficulties.
Likewise, to discard a new technique out of hand is equally
inappropriate.

Topographic methodology includes the additional concepts of
digital signal processing, computer graphics and cartography,
numerical and statistical analysis, physics of electric fields,
quantitative EEG and magnetoencephalography (MEG). These complex
and diverse components are separated and covered in this and the
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following parts. Chapters within each part are designated for specific
topics, and are thus relatively short. Throughout the book, there is a
noticeable profusion of illustrations. This will hopefully make an
otherwise difficult topic more palatable.
For the beginner, a small selection of normal data (yEP with
flash and pattern, P300, EEG with eyes open and close) for different
age ranges is presented in Part 5, as a guide to some normal
variations. Space limitation does not allow a full display of this data,
and thus only selected maps are presented.

1.2 DATA ACQUISITION
Using an array of recording electrodes, the scalp EEG signal is
amplified and filtered. It then undergoes transformation from that
analog form present at the amplifier output, into information suitable
for computer assimilation. This step is the analog to digital
conversion (ADC). The original EEG information is now in a digital
form suitable for storage in computer memory, and ready for further
digital processing and display.
There are 2 important parameters which govern ADC
conversion: sampling rate (Hz) and precision (bits). These will be
treated separately.
Fig. 1 - 1 depicts a single channel of EEG, as present at the
output of the amplifier after suitable filtering. Two sampling rates
were used. The vertical lines on the right denote the times when
ADC occurs. By comparing this rate to the number of perturbations
present in the signal in a given time window (say 1 sec.), one can
appreciate that the first rate (top right) is low, and the digitized
result is a crude representation of the original signal. The higher
sampling rate (bottom right) produced a much smoother output,
which was able to capture all the perturbations, or follow the changes
of the signal faithfully. This "high fidelity" characteristic of
digitization is important because it dictates the amount of temporal
precision which can be achieved.
Inadequate sampling rate can occur if the frequency content of
the signal is too high in relation to the sampling rate. Theoretically,

4
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Input signal

v
o
I

low rate
ADC output

t

a
g
e
time

high rate

1-1: Signal digitization. Left: input signal; right: output signals for different
sampling rates (top=low rate, bottom=high rate).

the mIrumum sampling rate should be twice the highest frequency
component contained in the signal. In practice, as the low-pass filters
generally used during E~G amplification have a gradual roll-off in
the frequency response curve, it is safer to sample at a minimum of 3
or 4 times the cut-off setting for the low-pass filter.
To illustrate the problems with inadequate sampling rate, Fig.
1 - 2 shows an input signal at one frequency being digitized into an
output which contains some slower activity, which is obviously an
artifact created by the sampling process.
Such "alias" error is
insidious and permanent, because it cannot be detected after ADC is
completed, nor can it be removed. Along the same lines, an EEG
input with high frequency beta may then possibly become
contaminated with delta activity.
ADC precision is expressed as the number of ''bits'' which is
used to represent any given voltage level. As Table 1 indicates, a
precision of 8 bits means that there can be 256 such levels, while 10
bits means 1024 levels are available. Tied closely to this are the
related parameters of dynamic range (through which the signal can
vary without "clipping" or saturation distortions), and the minimum
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ADC time points
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1-2: Sampling alias. The input signal is shown at the top right and on the
left composite tracing. The dotted vertical lines are the times when ADC at a
slow rate occurred, with the output a seemingly triangular waveform.

ADC voltage accuracy (ADC step size or "error"). If 8 bits were used
to represent a range of 512 uV (or +/- 256 uV), then the absolute
ADC voltage error is 2 uV, as any variation can only be in steps of 2
uV. However if a range of +/- 1024 uV is desired, then for the same
ADC precision, the step size is 8 uV. If the requirements for the
recording is such that this step size is unacceptably large, then the
only alternative would be to increase the number of bits used.
Fig. 1 - 3 shows the effect of sampling at different precision.
Here the input tracing is being represented by 6 bits, and shows the
tracings obtained with decreasing precision.
At the minimum
precision of 1 bit (bottom tracing) there are only 2 voltage levels:
zero or maximum! However, the poor quality of the tracings may be
hidden by the simple act of filtering, as may be done by software. As
the right side of Fig. 1 - 3 shows, the smoothed tracings merely look
better, but do not approximate more the input signal any better.
To put things
uV, while evoked
microvolt to 30 or
ADC precision is

in perspective, EEG spikes are of the order of 100
potential waves can be from a fraction of a
40 uV. In practice, it is useful to know that the
usually determined by the electronic hardware
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Table 1: Relationship between ADC precision and digitized data
results.

# of bits

# levels

step size

8

256

1 uV
2
4

+/- 128 uV
+/- 256
+/- 512

10

1024

1
2
4

+/- 512
+/- 1024
+/- 2048

12

4096

1
2

+/- 2048
+/- 4096

range

c p
r

r

e e
a c
s I
s
n i
g 0
n

Unsmoothed data

smoothed data

1-3: ADC precision. The input data is shown in bold line at the top, with
decreasing levels of sampling precision (from 6 bits at input, to 1 bit for the
lowest tracing). The visual effect of smoothing of the same data (right) is that
of an artificially higher precision.
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selected, so that the user has no choice. Based on this pre-determined
precision, the user must make a compromise between step size and
dynamic range. Again, the easiest way is to think in terms of the
electrical short-circuit noise of the amplifier system. It is not useful
to have the ADC minimum voltage step size much smaller than this
noise value. So one selects the step size at the value closest to the
amplifier noise. From this point on, the dynamic range is effectively
determined.
Difficulty arises if this dynamic range is too small for the signal
amplitude range. Then one must either accept a coarser ADC step
size with the accompanying "choppy" output, or use hardware that
can provide greater ADC precision, thus allowing the same voltage
accuracy but able to accommodate a greater input voltage range. Fig.
1 - 4 shows the influence which amplifier gain has on the dynamic
range and voltage accuracy. The input consists of the sum of signal
and noise. At a low gain, there is no saturation (or clipping), but the
low voltage details are missing. At high gain (xS) these details are
clear, but clipping has occurred. Such a compromise between gain
and fidelity may be avoided if the original data had been sampled at
a higher precision, effectively raising the clipping threshold. Like alias
error, saturation error is permanent, with no recourse for data
recovery once sampling is completed. If a fixed preciSion ADC is
used, the only recourse is for the amplifier gain to be lowered until
the dynamic range is sufficient to avoid clipping.

increased gain

Input

gain Xl
gainX5

noise

+

~

+

1-4: Amplifier gain and clipping. Left: the input tracing (top) consists of
signal (middle) and noise (bottom). Right: the effect of increasing the gain:
the bottom tracing (x 5) shows clipping of the positive peak, while the
smaller noise ripples are enhanced.
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Map construction
Let us assume that a set of scalp electrodes applied according to
the International 10 - 20 System (henceforth referred to as 10 - 20
system) had been used to record an EEG signal, and that adequate
digitization had been carried out. The resulting data is in the form of
individual tracings which represent voltage variation with time, or a
"time series". One can display these tracings in anatomically
meaningful arrangements, by arranging the tracings more or less in
the respective head locations. To be able to fully appreciate at a
glance all the subtleties of the spatial information present, a totally
different form of data display is required. Such a display must
convey the anatomic or spatial element (i.e., based on some sort of a
head diagram), and also the amplitude information pertaining to the
potential field of interest. Fig. 1 - 5 illustrates how the common
example of frequency power display can be adapted, showing the
topographic features of the various frequency bands. No ideal method
exists that can allow all the temporal and spatial information of a
segment of EEG data to be displayed in one diagram. By limiting
each individual display to a given time window, and by allowing a
successive series of such displays, useful topographic displays can be
constructed, based on the idea that a pictOrial representation of the
instantaneous potential field can convey useful information.
A rudimentary "map" can be constructed merely as the
arrangement of the voltage amplitude at one time instant, as given in
Fig. 1 - 6. This is inconvenient for visual analysis, as all 19 voltage
values in each "frame" must be completely scanned and remembered
before the voltage field which it depicts can be appreciated. Such a
process would be extremely tedious. To simplify this, each frame is
transformed into voltage-coded maps. This is simply a "colouring"
process where a set of colours (or shades of grey) are used to convey
voltage. The dynamic range is equally divided into the same number
of voltage bins, so that actual voltage values falling within a given
colour's bin is assigned that colour. By a process of "pseudo
colouring", the purely numerical map is transformed into a colour
display. This same approach is used to provide colour to originally
black and white motion pictures. Fig. 1 - 7 illustrates the process of
map construction.
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1-5: Map construction. The electrode array (top) is superimposed onto a head
diagram (middle). By assigning appropriate values at each of the electrode
positions, meaningful topographic displays result (spectral band maps bottom).
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Input
voltage map
at cursor

electrode
Fpl
Fpz

o

6

2

3

o

-2

3

3

-1

-3

Fp2

F7
F3

-------------------------+------------

-I

-5

Fz

2

-2

o

-I

-I

4

Oz

02
cursor

1-6: Numerical display. The voltage readings at all channels at any given
instant (cursor on the left) is displayed anatomically (right).

A single map may represent the magnitude of the instantaneous
potential field for a single time point, or some mathematical
representation of the voltage field during a given time window (e.g.,
mean voltage). An illustration using the alpha rhythm can be seen in
Fig. 1 - 8. The colour scale used here is such that black and white
represent maximum and minimum amplitudes respectively, while the
grey shades in between represent all other intervening amplitudes
(i.e., a unipolar scale). The occipital prominence is obvious, with a
tapering-off of the field towards the anterior head. If sequential maps
are shown, there would be a pattern of fluctuation between high and
low magnitudes occurring at the alpha frequency of 10 Hz.
At the coarser time windows of 1 sec. used here, the details of
how the field changes with time is lost, and all that remains is the
overall pattern of occipital prominence. This happens since the
original data is a persistent occipital dominant alpha rhythm, with no
fluctuation or change over the time period under study. The maps for
the 1 sec. windows thus depict the averaged activity over the

