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Automatic analysis of the EEG requires the definition of parameters able to describe, as
completely as possible, the basic characteristics of the phenomenon under investigation.

Two different approaches to the problem have mainly been followed: one based on the
analysis of the EEG in the time domain, the other based on the analysis of the EEG in the
frequency domain, the two methods being equivalent insofar as they convey the same in-
formation about the characteristics of the time series analyzed (Burch, 1959; Remond, 1973).

In recent years HjorTH (1970, 1973) has proposed a method of analysis based on time
properties of the EEG. This method characterizes the time series by three time domain
descriptors: activity (A), mobility(M) and complexity (C). The meaning of A, M, C has
been widely described by HjortH (1970, 1973), and from a physical point of view may be
summarized as follows:

A: gives the measure of the mean power of the signal (expressed in V2) over the analyzed
epoch;

M: may be considered as the mean frequency of the signal (expressed in Hz);

C: describes the bandwidth of the signal.

From a mathematical point of view, for time functions f (t) with a mean value equal to
zero, the three descriptors are defined as follows:

A =my = 0'3
M = ]/1'1’12/1’1'10 = 61/Go

C = [o}/s} — o} /o}]*

with:
t + o0
o2 :% f 2 (0) dt = f ©2 S (@) do = men
t—T —oco
where:

fn (t) is the nth-order derivative of f (t)

on is the variance of £ (t)

S (w) is the power density spectrum (PDS)

myp is the nth-order moment of S ()

Figures 1, 2 and 3 show the relationship among A, M and C and the amplitude and fre-

quency characteristics of f (t). In the same figures is also shown the PDS of f (t) at some
particular epochs of analysis: t =a,t =b, t =c.
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Fig. 1 shows the trend of the three descriptors when
£(t) = Y2 (1 — /To) sin wot

with:
wo = 207 st
Te = 128s

This type of function is sketched in Fig. 1 upper-left.

It can be seen that, while M and C are constant (M = 10 Hz, C = 0), A decteases from 1
to zero with'a square law.
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Fig. 1: Dependence of A, M and C on the amplitude of the signal. Upper left: type of function
analyzed; the amplitude remains constant over each epoch of analysis, but changes from epoch to
epoch.

In Fig. 2 the trend of the three descriptors is shown when
f(t) = 2sin ot

with:
50 X

128

In this case A and C are constant, while M increases linearly with time.
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Fig. 2: As in Fig. 1, but with constant amplitude and changing frequency.

In Fig. 3 the trend of the three descriptors is shown when:
o) = V?(sin wot -} sin wt)

with:
wo = 207
© = (1007/128) t

In this case both M and C change with time. In particular, C reaches its minimum value
when the two componeats have the same frequency, whereas it increases according to the
difference of the frequencies of the two components.

The main advantages that can be obtained by characterizing the EEG by A, M and C are:

— the descriptors can be calculated in the time domain, so that the calculation of the PDS
is not required;
~ the descriptors completely characterize signals generated by second-order systems.

Hence the time domain descriptors introduced by HjortH appear to be powerful method
for analysis of the EEG.

Howevert, it is necessary to consider some mathematical and physical aspects in order to
establish the actual capabilities of these descriptors in characterizing the EEG and the
actual possibility of calculating their value with small digital computers.
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Fig. 3: Trend of A, M and C in the case of f (t) = Fy (t) + Fa (t). F; and Fg are sketched in the
upper-left part of the figure.

It is possible to demonstrate (HJoRTH, 1973) that the three descriptors completely iden-
tify a system formed by (mutually identical) second otrder subsystems.

Such systems have a response to an impulse excitation with a PDS described by the function:

(2% 2

(0 — jw)2 — w?
that is, by a function with only one maximum.

Under the hypothesis that the PDS completely describes the basic characteristics of the
EEG, the limitations inherent in HyorTH’s descriptors appeat evident, since it is commonly
the case that the PDS has more than one relative maximum, even after a smoothing process
has been applied.

From a physical point of view the validity of the descriptors may be limited to situations
in which the signal gives rise to a PDS with only one maximum, as in those sketched in

Fig. 4: Relationship between single pulse response of a second order system (upper part) and de-
scriptor value (lower part), increasing the damping factor of the system going on from A to C.
Other tracings show the effect of random superposition of 500 single pulse responses and the PDS
of a single response.
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Fig. 4 A, B, C. In this figure the upper tracings show the single pulse response of a second
order system with a damping factor that increases from A to C. The middle tracings show
the result of a superposition of 500 single responses, randomly distributed over a time
interval of 5.12 sec. As shown by Hjorr (1973), the random superposition of single pulse
responses gives a curve very similar to an actual EEG, with a synchronized activity de-
creasing as the damping factor increases. The lower tracings of Fig. 4 show the PDS and
the value of A, M and C. It can be noted that the damping factor affects C much more than
M.

The limitation mentioned above has been pointed out by Hjorta himself (HjorTH,
1973), who suggested to introduce into the model a short of mutual interaction between the
sub-systems; that is, assuming that the probability of response of one sub-system depends
on the phase of a preceding response. Such a hypothesis improves the capability of the
model of describing the observed EEG, but not in a satisfactory way.

However, it raises the problem of defining a new parameter describing the probablity of
synchronization. In practice, without this parameter, the PDS, such as the ones shown in
the lower trace of Fig. 5, are characterized by the same set of descriptor values. Fig. 5 in-
dicates that curves with a very different structure may be described by constant values of
A, M and C. In particular, a curve with a well organized activity (Fig. 5, example A) may
have the same values of A, M and C as one with poozly organized activity (Fig. 5, example
C). All of the differences are well indicated by the PDS (Fig. 5, lower trace).

From a mathematical point of view it must be noted that the calculation of the descriptors
requires very simple operations, but deals with very large quantities. In fact operations
involved are limited to time derivative calculations and zero crossing counts of time func-
tions (SALTzBERG and BurcH, 1971). Nevertheless, the order of magnitude of the numbers
involved in the calculation of C is such that great errors are often introduced. In fact, the
calculation of C requires the calculation of the second order derivative; under the hypo-
thesis that the signal has significant components at w = 100 57! (=~ 16 Hz), a factor of the
order of 108 is obtained by squaring the second derivative; moreover, C is obtained from
the difference of numbers of the order of 10 Hence it is necessary to adopt particular com-
puting procedures in order to handle numbers with the described order of magnitude with
sufficient precision on a small digital computer.

Even if errors attributable to the performance of the computer may be kept as low as
desired by using of special algorithms, there is another source of error: the analog to digi-
tal (A/D) conversion process.

To get an idea of the erross that affect the calculation of mg and my (linked to the cal-
culation of M and C), when starting from a sampled signal, the percentage error,

[ calculated value

— 1] - 100, is plotted in Fig. 6 as a function of the A/D converter re-
true value

solution (10 bit or 16 bit) and as a function of the ratio: sampling frequency/signal fre-
quency (Fs/Fo).

From the analysis of Fig. 6 it follows that, in order to limit the maximum error of my
(linked to the calculation of C) at + 109, the bandwidth of the signal must be limited to
arangeof 1:7(x:55/8) whena 1o bit A/D converter is used, and to a range of 1: 20 (1: 180/8)
when a 16 bit A/D converter is used.

This means that high performance A/D converters must be used in order to get a good
estimate of the complexity.

The etrors due to the A/D conversion process may be drastically reduced by sampling
the signal at very high speed and applying some averaging techniques. This means that a

Fig. 5: Some examples of signals with different PDS and equal set of descriptors.




15

Some General Remarks on Hjorth’s Parameters Used in EEG Analysis -

4 THe T oD
AT TR H 9L W CW
AW STV Am g iy A 50V
24 [ 14 [ 1] H o.N a.— i . H , e.« . 98
=) §
L [myg
LY N PUVE VI R ' Wb A
AR . g,
ol Twlh ok
- a5 A 1 W50 P ¥l as® . L >‘
h A o/ f - v
mh <{ @ ‘:E




16 + F. Denoth

<%
60 —ee A D 16 Bit
————— A DI 10 Bit
40
20
L]
i
1
20 1
1
t
'
t
® ]
40 b3 1
|
|
1
[ '
[} '
60 §
[ .
! |
t
1
t
i
[

-y /

b 10

1060 £/%

Fig. 6: Percentage error in the calculation of mg and my as a function of the ratio: sampling fre-
quency/signal frequency (F;/Fy), for two different resolution of the A/D converter.

large quantity of data must be processed by the computer, thereby reducing the main
advantages of very simple and fast calculation of the descriptors. Moreover, the descriptors
must be calculated over an f(t) with zero mean value. Highpass filtering of the analog
signal does not satisfy this requirement over each epoch to be analyzed, hence a pre-pro-
cessing of the signal by means of the digital computer is required.

Another source of error in the computation of the time descriptors is due to the noise
introduced by a possible record/reproduce process of the event on a FM magnetic tape unit.
Tt is well known that a good FM recorder has a signal to noise ratio (S/N) of about 45dB,
referring to the maximum recorder signal range. To avoid saturation during the peak
amplitude of the signal, the actual S/N ratio obtainable in EEG records is about 30 db.
This is quite satisfactory in calculating A and M but gives rise to large errors in comput-
ing C.

The noise introduced by the record/reproduce process may be considered «white noise»
over the whole EEG frequency band (=~ 0.5 = 5o Hz); on the other hand, in some parti-
cular epochs of analysis, the main EEG activity may be concentrated in the low frequencies
(i.e. & activity). In this case w? has an order of magnitude of 108 in the signal band and an
order of magnitude of 1010 at the highest frequency of the noise, so that the S/N ratio is
drastically reduced when computing C.

Fig. 7: Noise introduced by 2 record/reproduce process. Upper: actual signal processing; Lower:
reproduced signal processing.
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This reduction may be estimated by considering the ratio:

Wa
f F (o) do
S on
N T oM
f F (o) do
(TS
where:

wa — wm = signal bandwidth
WM — ®Wa = noise bandwidth
F (o) = S (o), 2 S (0), ®* S (o)

The effect of the record/reproduce noise is shown in Fig. 7 for £ (t) == o.31sin 5.4 7 t.

In this figure the PDS and its product by 2 and w?* are shown both for the actual signal
(Fig. 72, b, c) and for the recorded/reproduced signal (Fig. 7d, e, f). In this test a high
performance FM recorder has been used (S/N =~ sodB). Nevertheless, the complexity cal-
culated on the actual signal is C = 11.6, while the complexity calculated on the basis of the
reproduced signal is C = 32.2, that is, increased by a factor 3.

It may be pointed out that the A/D conversion error (Fg = 100, F§/Fg = 37, A/D con-
verter on 1o bit) and the computing errors increase the value of C from O (theoretical
value) to 11.6 (calculated value on the basis of the actual signal).

In what has been described above, we have pointed out some limitations in computing
Hjorre’s time domain descriptors by means of a small digital computer and also some
limitations of their capability to characterize a general EEG. In spite of such limitations, it
is our opinion that these time descriptors may find some application in particular cases
where the structure of the EEG eliminates any misunderstanding. Moreover, the approach
to the problem suggested by Hjorrs is a very efficient attempt to attain a quantitative
description of the EEG on the basis of a physical model, acceptable from a neurophysiolo-
gical point of view. For this reason the approach has a great promotional value.

It is our opinion that further development of the method will permit wide application
in the field of clinical neurophysiology.
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