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EEG Signal Acquisition

Cristiano Rizzo

5.1 Introduction

Electroencephalography (EEG) signal acquisition originated
in the 1930s, but not until the development of digital systems
in the 1980s was there a significant impact on the technol-
ogy, particularly with respect to EEG signal analysis.

Before digital technology, EEG systems were analogues,
recording signals using pens directly onto paper that didn’t
allow any further modifications or processing. It was only
possible to inspect or “read” the ink tracing and add some
handwritten comments or observations.

The adoption of digital technologies allowed the data to
be stored into a computer and subsequently processed and
displayed. This has opened new opportunities for the user to
analyse and display the data which has changed the way
EEG data is “read”. Not only is the EEG now read on a high-
resolution PC screen and manipulated, but the screen can
display additional information that is of added value to the
reporting process.

In order to appreciate the significance of digital electroen-
cephalograph, this chapter will explore the structure of a
modern data collection system to identify the different com-
ponents and understand their function. The next chapter
describes some of the ways data can be processed and/or
analysed.

This chapter presents information that is essential for
the overall understanding of a digital electroencephalo-
graph system. Other information that is not essential will be
found as notes or in the appendix and can be read only if
deemed necessary. This is to simplify the text for those who
want an overview of the topic but also provides more
detailed information for those who wish to understand
more.
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5.1.1 Digital EEG System Structure

A digital electroencephalograph (Fig. 5.1) is a system com-
posed of the following main elements:

Fig. 5.1 Digital electroencephalograph
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1. Data acquisition devices
(a) EEG “headbox” - Amplifier
(b) Video camera

2. Manual input devices
(a) Keyboard
(b) Mouse

3. Stimulation devices
(a) Photic stimulator

4. Output devices
(a) Monitor
(b) Printer

5. Processing devices
(a) Computer

6. Recording accessories
(a) Electrodes
(b) Caps
(c) Conductive gel

7. Supports
(a) Carts
(b) Arms/stands

The data acquisition devices are the core of the system
and convert the analogue signals and visual images collected
from the patient to a digital representation that can be stored
in a computer. The main component of the entire EEG sys-
tem is the headbox and collects the EEG data from the patient
and will be the subject of most of this chapter. The video
camera is the device that records the continuous image
(video) of the patient and is closely synchronized with the
electrical (EEG) information. Section 5.5 describes the
Video in more detail.

The input devices, usually a keyboard and mouse, allow
the user to enter additional information into the system and
to control the system functionality.

The stimulation devices are used to deliver controlled
stimuli to the patient with the objective of stimulating a
controlled response, for example, to induce an epileptic
seizure. The most common example of a stimulation
device is the photic stimulator that emits a powerful flash
(up to 2 J/stimuli) at a given frequency and intensity and
for a selectable duration. The first photic stimulators used
a xenon lamp to generate the light. These lamps had the
ability to deliver very powerful bursts of light for very
short durations. However, they have now been replaced
with high-power LED (light-emitting diode) systems
which have similar, or even better, characteristics. For
additional information on the use of the photic stimulator,
see Chap. 13.

The output devices provide the user with feedback and
output from the system. This includes the monitor, where the
EEG and additional information is displayed (see Sect.
5.4.3), and the printer, where information and results can be
printed for a permanent record (see also Sect. 5.4.4).

The processing devices include the computer, which
always hosts a processor, that performs all the basic analysis,

an internal RAM—random access memory—to temporarily
store the data (typical values are 4-8 Gb) and programmes
necessary to run the analysis, at least one hard disk to perma-
nently store the data (typical values are 500 Gb to 1 Tb) and
usually a CD/DVD reader/writer to read and/or write data
onto external media that can be read on any PC. The com-
puter will have several interfaces or communication ports
(i.e. network,' serial port,> USB port?®), allowing the com-
puter to communicate with the various peripherals including
the input and output devices. One particular type of interface
are the synchronization devices commonly referred to as
trigger IN and trigger OUT; these are communication ports
that allow the user to send and receive very simple signals
(typically TTL*) used to synchronize devices. The trigger IN
port of an EEG system receives synchronization signals from
external devices (e.g. a photic stimulator), while the trigger
OUT port of an EEG system can send synchronization sig-
nals to peripheral devices that need to be driven or controlled.
In general, the role of the computer is to process all the data
coming from input devices and data acquisition devices and
provide the user with feedback and control through the out-
put devices.

The recording accessories are the electrodes, caps, con-
ductive gel and other transducers that interface or connect
the patient to the headbox. Information about these accesso-
ries can be found in Chap. 3 of this book.

The supports consolidate the system into a single unit for
ease of use and functionality. They are typically the cart and
the various arms and support frames that hold the amplifiers,
computer and other devices.

5.2 Analogue Components

5.2.1 EEG Signal Detection: The Electrodes

The electrodes, which include all the signal detection devices
like the caps, wire electrodes, belts and other transducers,
connect directly to the patient and play a fundamental role in

'The nerwork interface supports very fast communication between PCs.
The kind of interface depends on the communication standard, but cur-
rently all PCs use the Ethernet standard 10/100 or Gigabit Ethernet.
Wireless networks are also common, often called WiFi (technical name
of IEEE 802.11) which support speeds from 11 to 54 Mbps or even
higher with the new standards.

*The serial port is a standard serial communication that transmits data
at low speeds between different devices. This has been replaced with
the USB Port (see next note).

3The USB port (Universal Serial Bus) is a standard serial communica-
tion protocol for high speed communication between different devices.
It is now the most common standard and is available on almost any PC
or device with multiple different connector types.

“The standard TTL (transistor-transistor logic) is a binary standard,
using just 0 and 1, where “0” is associated with a voltage between 0 and
0.8 V and “1” is associated with a voltage between 2 and 5 V. This is
why it is often referred to as the 0-5 V standard.
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the EEG signal acquisition. They represent the connection
between the location where the signal is measured and the
amplifier. Given their fundamental importance and the num-
ber of different electrodes available on the market, this book
has a dedicated chapter on this topic (Chap. 3).

5.2.2 EEG Acquisition System:
The Differential Amplifier

EEG signals are normally acquired using a differential
amplifier. This is a component that measures small electrical
potential difference between two points and then amplifies
several times that potential for recording. The general design
of a differential amplifier, connected to two points on the
scalp, can be represented by Fig. 5.2.

The amplifier has two inputs, normally referred to as
inverting input and non-inverting input. The amplifier then
measures and amplifies the difference of potential between
these two inputs, that is>:

Vour = A(VA _VB)

where Vour is the measured voltage, V, the voltage at the
inverting input, Vj the voltage at the non-inverting input and
A is the amplification factor. In the case of an EEG signal, the
amplification factor is in the range of 10,000 and increases
the measured voltage, normally in the range of 500 pV, to
become compatible with the voltage normally used in elec-
tronic circuits that are in the range of a few volts. The exact
value of this amplification factor is not relevant for the user

*Note that, according to the electronic naming convention, the non-
inverting input should be highlighted with the symbol “+” that, in the
above example, corresponds to Fp2, and the inverting input should be
highlighted with the symbol “—” that, in the above example, corre-
sponds to C4. Consequently, the signal Fp2-C4 should have positive
signals going up and negative signals going down. However, in the EEG
naming convention, for historical reasons, all signals are drawn in
reverse, and the notation Fp2-C4 implies that a positive Fp2 signal will
go down (i.e. an eye blink). This inversion is commonly done by the
display system together with inverting the amplifier input. For the sake
of simplicity, the electronic naming convention is used in this text,
assuming that the inversion is performed by the display system.

T Ground=0z

because it is made redundant by the signal processing, and
for the sake of simplicity, it will be omitted, and a simplified
version of the formula will be used:

Vour = (VA _VB)

The measured voltage Voyr is theoretically referenced to
a potential normally called “ground”® and highlighted in
Fig. 5.2 as Vg, so that:

Vour=(Va-Va)-(Ve-Va)=VaX6-Vet¥6=Va-Vs

The formula shows that the value of the measured voltage
is independent of the ground potential. However, this is only
true if the amplifier can effectively measure the voltages
(Vi — Vi) and (Vg — Vg); if not, the amplifier could “satu-
rate” and measure Voyr incorrectly. As a result, although the
electrode that detects the ground potential could, theoreti-
cally, be placed in any location on the patient, its position
must actually consider the possible saturation effect and
should always be positioned close to all the other electrodes
to minimize the difference of potential between them.

In reality, signal amplification is not perfect and cannot be
simplified to the extent shown in the formula. As a result,
several parameters have been defined to evaluate the ability
of an amplifier to amplify the signal. The most common
parameters for this evaluation are the CMRR (Common
Mode Rejection Ratio), the internal noise of the amplifier, its
input impedance and its bandwidth.

CMRR is an index of the rejection of common noise
between two inputs of the amplifier (inverting and non-
inverting). If the same noise is present at the two inputs (very
common in practice), this noise should be completely can-
celled by the amplifier because of its “differential” nature. In
other words, because the amplifier is only detecting the dif-
ference of potentials between the two inputs, any common

%The name “ground” for the reference potential is misleading because it
is not in contact with the real ground or earth of the power supply but is
in fact just a “common” potential for the measurement. Despite “com-
mon” being a more appropriate term, “ground” is used in this text fol-
lowing the common terminology used in the EEG field.
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noise should be eliminated. In practice, the common noise is
not perfectly cancelled but is significantly attenuated. For
example, a common noise of 1 V will not be cancelled
entirely but will result in a component of noise typically
about 1 pV. The value of the CMRR is measured in dB to
highlight the attenuation factor and is calculated as
follows’:

CMRR =201log,, (Vix / Vour )

Using the values of the example this becomes:

CMRR =20log,, (1V/1uV)=
20log,, (1,000,000) = 20x6 = 120dB

The value recommended by [1] is 110 dB, and amplifiers
currently on the market have values around 100 dB or
higher.

The internal noise of the amplifier is the value of the out-
put when all inputs are set to zero. Theoretically according to
the formula, the output should be zero, but, in practice, the
circuits that compose the amplifier produce some noise that
by design should be minimized. Normal values for this noise®
are a few pV, if measured peak to peak (indicated as pVpp),
or below 1 pV, if measured as effective value (indicated as
HVRums).’

The input impedance of the amplifier is a parameter that
indicates the resistance to current flow through the amplifier
as a function of the applied voltage. Its value should be as
high as possible and is typically in the range of hundreds of
MQ or higher.

The bandwidth of the amplifier defines the operating fre-
quency range of the amplifier. If the lower limit of the band-
width is 0 Hz, the amplifier is called a DC-amplifier (direct
current) and can record very slow potentials.!® In all other
cases, the amplifier is called an AC-amplifier (alternating
current) and will have a cut-off frequency below which all

"Note that the CMRR value can vary as a function of the frequency of
the signal. As a result, when a CMRR value is specified, it should
always be accompanied by the frequency, or the bandwidth, of the
signals.

$Note that the internal noise of the amplifier can vary as a function of
the bandwidth of the signal so that when an internal noise value is spec-
ified, it should always be accompanied by the frequency, or the band-
width, of the signals used for the measurement.

°The approximate value of the internal noise, measured as peak to peak,
can be obtained from the internal noise measured as the effective value
(or RMS—Root Mean Squared) using the following formula:

Ver =2X\/2XVRMS

The approximation is that this formula is valid only for sinusoidal
signals.

1'With respect to DC amplifiers, see Chap. 3 where the problems gener-
ated by the coupling with the recording electrodes are discussed.

potentials will be significantly attenuated.!' The lower limit
of the amplifier bandwidth should be selected based on the
signal to be recorded, typically in the range of a tenth of a
Hertz (i.e. 0.1 Hz). Values for this limit are shown in Table 5.1
and in Sect. 5.3.4 where the upper limit of the bandwidth is
shown and which is always correlated to the anti-aliasing fil-
ter that is necessary for sampling.

5.2.3 EEG Acquisition Technique: Common
Reference and Bipolar Electrodes

One of the biggest advantages offered by digital EEG is that
the signals are no longer recorded in an unmodifiable way on
paper but acquired and stored in a format capable of post-
processing and display. This big advantage is used by digital
systems to record not the potential differences between only
two electrodes, as on paper EEG, but to record the potential
difference between each electrode and, through a common
electrode, any other electrode. For this reason the common
electrode is called a common reference. A common refer-
ence amplifier design is shown in Fig. 5.3.

Figure 5.3 only shows four electrodes with common refer-
ences, but this can be extended to any number of channels in
a recording system. The common reference electrode is con-
nected internally to the inverting input of each differential
amplifier, and the ground electrode is connected internally to
each differential amplifier. Consequently in order to record,
for example, a 19-channel EEG, it is necessary to apply 21
electrodes to the patient, 19 so-called active electrodes plus
the common reference and the ground. Generally speaking, to
record N channels, N + 2 electrodes have to be applied.

Once all the active electrode potentials are recorded with
respect to a common reference, any specific signal between
any two electrodes can be calculated using simple subtrac-
tion!? for example:

(Fp2-Ref)-(C4-Ref) = Fp2-Hef-C4-+Hef=Fp2-C4

The formula illustrates that the result does not depend on
the position of the common reference electrode, at the condi-

"Note that below the cut-off frequency of a high-pass filter, the signal
is not completely cancelled but only attenuated, and its attenuation
becomes higher and the signal approaches zero the further the signal is
away from the cut-off frequency. The same applies for the low-pass fil-
ter: above the cut-off frequency, the signal is not completely attenuated,
and its attenuation becomes higher the further the signal is away from
the cut-off frequency. Note that, by definition, at the cut-off frequency,
the signal has an attenuation of 70% meaning that a signal of 100 pV is
attenuated to 70.7 pV.

2This assumption depends on the fact that the EEG fields have been
demonstrated to be conservative fields, which means that given three
points A, B and C and measuring V, — V¢ and Vy — V, the potential
Vs — Vj can be obtained as the difference of the first two.
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Fig. 5.3 Common reference acquisition

tion to avoid any saturation of the recorded signal. Saturation
can occur in two different ways:

1. Both recorded potentials (Fp2-Ref) and (C4-Ref) saturate:
in this case, the display of Fp2-C4 will be a flat line because
the difference between two saturated signals (which implies
they are both at the maximum value) is zero. This situation
is typical in cases where the potential of the common refer-
ence electrode increases due to artefact. In a unipolar mon-
tage, this artefact will be seen easily, while in any bipolar
montage, only a short flat line will be seen.

2. Only one of the two recorded potentials (Fp2-Ref) or
(C4-Ref) saturates: in this case, the display of Fp2-C4
will be the signal from the electrode that does not satu-
rate; thus, this problem is very difficult to detect.

Note that in Fig. 5.3, there are a couple of bipolar elec-
trodes (ECG), to show examples of polygraphy electrodes
(ECG, respiration and others) that are recorded in bipolar
mode and only share the ground electrodes with the EEG
channels."

3Note that to record polygraphy channels, it is necessary to always
have a ground electrode applied to the patient; otherwise the differential
amplifier of these bipolar channels will not have a reference potential
and may not work correctly.

Note that the physical bi-auricular reference is a common
reference where two earlobe electrodes are shorted and used
as a common reference as shown in Fig. 5.4:

5.2.4 EEG Acquisition System: Noise

What has been described for the differential amplifier is valid
under ideal circumstances; however, we must consider the
“true” characteristics of the amplifier operating under noni-
deal circumstances. The main problem is that the contact
between the electrodes and the scalp is never perfect. This
imperfect contact is defined as the contact impedances and is
measured on all the electrodes, including the common refer-
ence and ground electrodes, and leads to the susceptibility of
unwanted noise detected through the electrodes and the con-
necting cables. The complete analysis of this interference is
very complex and depends on a large number of variables;
however, a simplified analysis can be made using the follow-
ing diagram (Fig. 5.5):

In the diagram, /p indicates the micro-current that can
flow through the patient due to electromagnetic induction
(the patient acts as an antenna for the electromagnetic noise)
and that reaches the ground. /¢ indicates the micro-current
that can flow through the cables again caused by electromag-
netic induction (the cables form a loop, and an electromag-
netic force is induced in the cables following Faraday’s
Law). Z,, Zg and Zg represent the contact impedances at
input A, B and ground respectively, while Zy represents the
input impedance of the differential amplifier. By applying
the law of electronic circuits,'* the output voltage, Voyr, can
be calculated as:

Vour =[Va —VB]+[IP xZg (2, —ZA)/ZIN]+
[IC (Z, -2, )J = Signal + Noise

It is clear that the output is two components: the desired sig-
nal V4 — Vg plus an undesired noise component. To under-
stand the origin of this noise component, representative
values can be used for the variables: if it is assumed that the
induced micro-current caused by the patient and cable is,
respectively, Ip = 0.2 pA and Ic = 10 nA and the contact
impedances are Z, = 10 kQ, Zz = 5 kQ and Zg = 20 kQ
(which are representative of values seen in practice) and the
input impedance of the differential amplifier Zyy = 100 MQ.
The result is:

Vour =[Va =Va ] +[ 02 4AX Z (2, 2, )1 Zyy |+
[10nA(Z, -2,)]

“Consider the current Ip flows through Z, and Zg and then Zg. Then
consider the current /¢ in the loop Z, — Zg, and apply Ohm’s Law.

SNote that for simplicity, the amplification factor has been omitted.
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Clearly, the majority of the noise is generated by the induc-
tion through the cables and can have significant values that
are in the same range, or even greater, than the signal. Typical
EEG signals are normally in the range of hundreds of pV, so
it is clear that a component in the range of 50 pV can signifi-
cantly impact the recording. The most common noise
detected by the electrode cables is induced by the mains
power (in Europe 220 V at 50 Hz, in the US 110 V at 60 Hz)
and is generated by almost every electronic device. Typically,
the induced noise has a frequency of 50 Hz (or 60 Hz in the
US).' This is the reason why all EEG systems feature a stop-

!*Note that several other countries than the USA have a mains fre-
quency of 60 Hz, so the notch filter needs to be centred appropriately
depending on the country.

Ground=0z
Zg

band filter, centred at 50 Hz. This filter, commonly called a
notch filter," is designed to eliminate the undesired compo-
nent (i.e. 50 Hz) and is often called 50 Hz Filter.'® The trans-
fer function of the filter is shown in Fig. 5.6.

Unfortunately, given the growing number of electronic
devices that are present in a hospital environment, plus old or
poorly installed main lines, the noise is not only a sinusoidal
component at 50 Hz but 50 Hz signal contaminated by other
components which quite often create harmonics of the mains

"The notch filter (or multi-notch) is usually a digital filter that is run
during the signal display process so that it can be activated or deacti-
vated as the signal is displayed to the user.

8Note that the term 50 Hz should only be used to indicate just the 50 Hz
noise component and not all the other noise components discussed.
Often, 50 Hz is used improperly to refer to any kind of noise visible on
the EEG.
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frequencies, or multiple frequencies, each a multiple of the
original mains frequency. The most typical example of this is
the 50 Hz sinusoidal signal with multiple peaks associated
with its cycles that are caused by switching systems. The
notch filter eliminates the 50 Hz component, but all the peaks
remain, contaminating the signal. These problems have
resulted in the design of multi-notch filters that can be set to
eliminate several frequency components of the original sig-
nal, starting from 50 Hz and moving forward with each main
harmonic, for example, 100 Hz, 150 Hz, 200 Hz and further
if necessary. The transfer function of such a filter is shown in
Fig. 5.7

Another important reason to consider the formula for the
noise with respect to the output voltage is that both addi-
tional noise terms are functions of (Z, — Zg). This means that
noise does not depend on the “value” of the impedance of a

150 200 250
Frequency (Hz)

100 300

single electrode but on the “difference” between the values
of two electrodes. As a result, to minimize the noise, it is
necessary to make the two impedances equal to each other.
Clearly, this is not possible so the only available strategy to
minimise noise is to reduce all the contact impedances as
much as possible, including those of the common reference
and the ground electrodes, so that their difference will be
minimal.

5.3  Analogue-To-Digital Conversion

The analogue-to-digital conversion of a signal is a process
that converts an analogue signal waveform to a sequence of
numbers that can be processed and stored in a PC. The
analogue-to-digital conversion is very common in our daily
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Fig.5.8 Sampling process equivalent scheme

life, used for music, telephones, televisions and many other
applications. This is discussed in Sect. 5.3.5.

5.3.1 Sampling
Sampling is a very simple process that, given an analogue
signal properly amplified, consists of “measuring” the signal
a given number of time per second and then storing the mea-
sured values instead of the entire analogue signal. An exam-
ple of an analogue-to-digital conversion is shown in Fig. 5.8.

As shown in the diagram, the analogue signal is measured at
regular periodic intervals. The frequency of this measurement
is defined as the sampling frequency, indicated as Fs. Sampling
is a no-loss process, which means that no information is lost, if
and only if the sampling frequency is at least twice Fyax, the
maximum frequency that occurs in the signal.

This is known as the sampling theorem!® and can be writ-
ten as a formula:

F,>2xF

MAX

If the sampling theorem is not followed, the resulting digital
signal can be corrupted, so all sampling systems filter the ana-
logue signal at least at half the sampling frequency before
sampling. This is usually called an anti-aliasing filter, where
the name aliasing is taken from the typical error that can

“The mathematician and electric engineer Claude Elwood Shannon,
known as “the father of information theory,” formulated the sampling
theorem in 1948. It was the first step toward the “digitization” of com-
munications and started the revolution in digital technology.

appear if the sampling is not performed correctly.?’ For exam-
ple, if we assume that the bandwidth of the EEG does not
exceed 100 Hz, an adequate sampling rate, in agreement with
[1], is 256 Hz,*! which means that the low-pass anti-aliasing
filter should have a cut-off frequency of approximately 100 Hz
as shown in the diagram. Note that the cut-off frequency of the
anti-aliasing filter is never exactly half the sampling frequency.
This is because at the cut-off frequency, the signal is not com-
pletely cancelled but only attenuated to about 70% of its value.
Normal cut-off frequencies are in the range of 1/3 or even 1/4
of the sampling frequency to ensure that frequencies above
half of the sampling frequency are properly cancelled.

Note that with the sampling process, we represent a set of
continuous real numbers (the signal to measure) with a set of
real numbers (the sampled signal).

5.3.2 Quantization

The objective of the quantization process is to complete the
analogue-to-digital conversion process by reducing the mea-
sured samples to a set of finite numbers. It is important to
note that the values measured by the sampling process are

2 Aliasing is the phenomenon that represents signals associated with
frequencies that exceed half of the sampling frequency appearing in the
reconstructed signal as “duplicates” of the original signal. This means
they will appear at frequencies that are specular to the original pivoting
on the sampling frequency. For a better understanding, see Appendix
1—The Aliasing

2Note that for the sampling rates, most of the time a power of 2 value
is selected (i.e. 256, 512, 1024 and so on) as this makes data processing
by a PC more time efficient.
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Fig. 5.9 Quantization process equivalent diagram

real numbers, so they have practically infinite resolution.
This makes it impossible to store them in a simple form like
a byte. Quantization approximates the real measured value to
a close integer value.

A diagram of such a process could be that of Fig. 5.9

As the diagram highlights, quantization happens in a
finite range of amplitudes, often referred to as the maximum
signal input (indicated in Fig. 5.9 as Vi), which defines an
upper and lower limit for the signal to be converted. This
parameter plays a very important role in the EEG signal
acquisition process, because it needs to encompass the signal
to be converted to avoid the saturation phenomenon. This
happens when the measured signal exceeds the maximum
signal input with the result that the value above the maxi-
mum signal input appears as the maximum signal input
instead of the real signal, “cutting” the signal at the upper or
lower value.?? This saturation phenomenon should not be
confused with the saturation of the amplifier, even though the
result is very similar (as described in Sect. 5.2.3).2* An exam-
ple of saturation is shown in Fig. 5.10.

Another very important parameter for the quantization
process is the precision of the measurement. In a digital sys-

22This phenomenon is similar to what happened with paper EEG sys-
tems when the pens reached their maximum excursion. In those sys-
tems, the limit was set by the physical limit of the excursion of the pens;
in the digital systems, the limit is defined by the maximum signal that
can be quantified.

2The main difference is that the saturation of the amplifier has a mini-
mum recovery time before it functions correctly (the ability to amplify
properly), while the saturation of the maximum signal input is a revers-
ible problem, and the correct signal is shown as soon as the signal
returns to within limits.

7
nT [sec]

tem, this is determined by the number of bits used for the
quantization of the signal (indicated in Fig. 5.9 as Nbit). The
number of bits used is directly proportional to the number of
intervals (or more correctly number of digits) in which the
maximum input signal is split. The relation is the
following:

Nbit = 8 — 2¢ digit = 256 digit

Nbit = 12 — 2" digit = 4,096 digit

Nbit = 16 — 2'6 digit = 65,536 digit
Nbit = 22 — 222 digit = 4,194,304 digit
Nbit = 24 — 2% digit = 16,777,216 digit

We can define the precision of the measurement or resolu-
tion as the ratio between the maximum input signal and the
number of intervals in which such a range is split:

Maximum input signal

Resolution = -
Number of intervals

This value identifies the precision of the measurement of
the quantization process and is expressed in [V/digit]. Note
that the precision of the process is not uniquely identified by
the number of bits, as often specified, but by a well-defined
ratio between two values where only the denominator is pro-
portional to the number of bits.?*

*The number of bits is quite often used as an indicator of the precision
in those systems that can use several different values of maximum input
signals, having multiple precision values (one for each different maxi-
mum signal input value).
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Fig.5.10 Example of saturation of the input signal

As the quantization process induces an error in the mea-
surement, it is necessary to quantify the magnitude of such
an error to evaluate its importance. Considering how the pro-
cess is performed, by “measuring” the signal using the clos-
est interval, it is evident that the average quantization error is
half the interval into which the maximum input signal is
divided, as shown in Fig. 5.11.

As shown in Fig. 5.11, a signal is represented by the clos-
est quantization level either above it (samples 3 T, 4 T, 6 T,
8 T,9 T of Fig. 5.11) or below it (samples 1 T,2 T,5 T, 7 T,
10T, 11 T of Fig. 5.11).

More precisely this can be written as:

Quantization interval amplitude
2

Average measurement error =

In systems on the market, the number of bits normally
used for quantization is typically 16 (with a minimum value
recommended by [1] of 12) combined with a maximum input
signal of at least 1 mV for EEG (£500 pV), which leads to
the following values:

1000[uV ]
65536 digit|
15[nV / digit]

Resolution = =0.015[pV / digit] =

Because this resolution is more than sufficient for most
applications, quite often systems use maximum input sig-
nals higher than 1 mV to handle intracranial signals and
various polygraphic signals (i.e. ElectroCardioGram,
ElectroOculoGram and others).

10

L

1T 2T 3T 4T 5T 6T 7T 8T 9T

10T 11T

Fig.5.11 Example of approximation of the signal due to quantization

5.3.3 Decimation

Decimation is an advanced technique that is not essential for
the comprehension of the EEG signal acquisition process.
This paragraph describes some of the more sophisticated
aspects of the process. Decimation is basically a digital pro-
cess which reduces the number of samples collected. For
example, sampling a signal at 512 Hz and then keeping one
sample for every two (which means one sample is kept and
one sample discarded) results in a signal sampled at half the
original sampling rate or 256 Hz. This operation is often
referred to as downsampling, as it leads to a reduction of the
original sampling rate.

In order to obtain the correct result from decimation,
the sampling theorem (seen in Sect. 5.3.1) must be hon-
oured. This means that the signal to be decimated must
not contain any frequencies higher than half of the new
sampling frequency resulting from the decimation. As a
result an additional anti-aliasing filter should be applied
to the signal before decimation. The advantage is that this
filter operates on a sampled signal and is therefore a digi-
tal filter. This is the main reason over-sampling tech-
niques are used. The original signal is sampled at very
high frequencies (i.e. 8 kHz) and then decimated to obtain
the desired sampling rate with a digital anti-aliasing filter,
which has a much better performance than a similar ana-
logue filter. A second advantage, which is more compli-
cated and will not be addressed in this book, is the
reduction of background noise (minimal) that results
using this technique.
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Fig. 5.12 Decimation equivalent scheme

A possible scheme for the decimation process is shown in
Fig. 5.12:

As shown in Fig. 5.12, assuming an input signal So(nT))
sampled at 512 Hz, to perform a decimation of 2 to 1 (which
means moving from a sampling rate of 512 Hz-256 Hz), the
first process is to apply an anti-aliasing filter with a cut-off
frequency that is at least half of the resulting sampling rate (i.e.
lower than 256/2 = 128 Hz). In the example this frequency has
been chosen to be 100 Hz. The decimation process of keeping
just one sample for every two can only be completed after the
filtering, obtaining the desired output signal So(nT),).

In reality the decimation process is often used to convert
a signal from very high sampling rates (e.g. 8192 Hz) to
much smaller values (e.g. 256 Hz) to take advantage of
having a single analogue anti-aliasing filter in the circuits
and the rest of the process performed by the software (or
firmware) with digital filters to allow the selection of the
desired sampling rate.

5.3.4 Summary of the Parameters of EEG
Signal Acquisition

As discussed in the previous paragraphs, the parameters that
must be known to sample EEG signals correctly are:

B = signal bandwidth®
Ayiax = maximum signal amplitude

Consequently, the following parameters must be set in the
recording system:

Fs = sampling frequency, which must be at least twice the
maximum frequency composing the signal (i.e. the upper
limit of the bandwidth)

Vin = maximum signal input, which must be larger than the
maximum signal amplitude to guarantee correct signal
recording

The most common parameters for typical EEG signals are
shown in Table 5.1, derived from recommended standards
[1], and calculated with a 16 bit quantization:

For the sampling process, the upper limit of the bandwidth is the
important parameter, while the lower limit of the bandwidth is more
important for the selection of the high-pass filter.
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Table 5.1 Recording parameters for EEG and polygraphic signals

Signal type Anmax Vin (V) Resolution (nV/digit) Bandwidth (Hz) Fs (Hz)
EEG—adult 50-400 pv 800 12.2 0.3-70 256
EEG—children 100-1000 pV 1600 24.4 0.3-70 256
EEG—intracranial 1-2 mV 3200 48.8 0.3-150 512
ElectroCardioGram 0.5-3 mV 3200 48.8 1.6-70 256
Muscle 10 pV to -10 mV 12,800 0.19 50-500 1024
ElectroOculoGram 50-400 pvV 800 12.2 0.3-70 256
Table 5.2 Example parameters for analogue-to-digital conversion of common signals
Data throughput

Signal type Band FC Nzt Channels (kbytes/s)

EEG 120 Hz 256 Hz/channel 16 20 10

Acoustic EP 8 kHz 16 kHz/channel 16 2 32

Telephone 4 kHz 8 kHz 8 1 8

Audio 20 kHz 44.1 kHz/channel 16 2 172

5.3.5 Examples of Other Analogue-To-Digital
Conversion Processes

The analogue-to-digital conversion process described for
EEG signals is common to many other applications of daily
life such as telephones, music and others. For example, voice
transmitted by our mobile phones is sampled at 8 KHz with
a quantization at 8 bit, with a resulting bandwidth of less
than 4 KHz, which works correctly for a normal conversa-
tion. However, when we consider high-fidelity audio,
because the audible signal that can be heard by humans is in
the range of 20 KHz, the music must be sampled at 44.1 KHz
and 16 bit to sound correct. Examples of analogue-to-digital
conversion of signals are shown in Table 5.2:

5.4 The Digital Component

Once the analogue EEG signal is converted to digital, the
signal goes through additional processes such as storing, dis-
play, printing and other manipulations for further analysis.
The following paragraphs describe these processes.

5.4.1 EEG Signal Storage

Once the EEG signal is converted to a digital format, most
EEG systems immediately store it. The first destination for
data is the hard disk of the recording PC or another disk over
the network. Subsequently the data is normally transferred to
a disk over the network which provides reading station

access for viewing, analysis and reporting. Once the signal
has been displayed, analysed and reported, the signal (or just
a part of it*) is transferred to a permanent storage media,
which could be another disk or a non-rewritable media like
CD-R?" or DVD-R,?® through an application that is normally
part on the reporting system. These media allow the data to
be permanently stored (or at least for several years) in an
unmodifiable way, as required by some national laws. It’s
important to remember that in modern systems, the EEG is
normally stored as “raw” data, that is, exactly as the signal
was acquired by the amplifier. This means that all EEG chan-
nels are stored with a common reference, with only the filters
performed by the hardware system and without any addi-
tional filter (including the notch filter), and these processes
are performed when displaying the signal on the screen, as
described in the next paragraphs.

2Tt’s a common practice to select only parts of the EEG and video to be
permanently stored. This is necessary to reduce the amount of data
stored while keeping all the relevant information (e.g. seizures) for sub-
sequent review and/or analysis.

Y’CD-R is a non-rewritable optical media (not the same as rewritable
CD, which should not be used for this purpose) with a capacity of 650
or 700 Mb.

#DVD-R is a non-rewritable optical media (once again, not to be con-
fused with rewritable DVD which should not be used for this purpose)
with a capacity of 4700 Mb, often referred as 4.7 Gb even if in the infor-
matics standard 4.7 Gb should be 4.7 x 1024 Mb = 4812 Mb.
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Fig.5.13 Example of EEG
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5.4.2 EEG Signal Digital Processing

Before being displayed, the EEG signal goes through various
processes, which include some or all of the following:

1. The original signal, where all channels are recorded in
Common Reference, can be re-referenced, that is,
calculating for each signal the Average Reference or the
Source Reference.

* Average Reference yields the absolute potential of each
recorded electrode, as discussed in Sect. 5.2.3. For
example, for the electrode C3 recorded as (C3-Ref), the
average reference yields C3,ps. This is obtained by cal-
culating the average of all the common reference elec-
trodes (which should ideally be the absolute potential
of the common reference electrode—named AVG) and
subtracting this value from the signal of each channel.
Written as a formula, this is:

_ (Fp1-Ref)+(Fp2-Ref)+..+(02-Ref) _ (Fp1+Fp2+....+02) -19-Ref
19 19

AVG

(Fp1+Fp2+...#02)  19-Ref
19 19

= -Refags

The first term of the formula should tend to zero as the
arithmetic average of a large number of uncorrelated signals,
so the result will be the real “absolute” potential of the com-
mon reference electrode Ref,zs. By simply re-montaging the
signals with this newly calculated reference, the result is:

C3ABS = (CS'Ref)'AVG = C3-Ref+Ref = CSABS

Fpl G2 W Fpl AVG WW—W

g, Bt naal il

The disadvantage of this process is that the number of
averaged signals is normally not as large as required (should
be infinite), so the AVG potential obtained is not the “real”
potential of the common reference electrode but is contami-
nated by all the high-amplitude signals that are present in the
various electrodes (e.g. eye blink artefact). When this signal
is subtracted from each electrode, the contaminated signal
spreads to all the electrodes.? This phenomenon, known as
average reference contamination, can be avoided by increas-
ing the number of electrodes to be recorded (which in most
cases is not possible) or by excluding those electrodes where
artefacts are most often present (e.g. Fp1, Fp2 for Eye Blinks)
from the calculation of the AVG potential.

Figure 5.13 shows two set of signals displayed in unipolar
montage. The signals on the left are shown in common refer-
ence and the signals on the right in average reference, includ-
ing the fronto-polar electrodes in the average calculation.

As the figure shows, the artefact due to eye blinks that is
present in the common reference display, mainly in the fron-
tal area (i.e. Fpl and Fp2), contaminates other electrodes
(i.e. O1, O2 with reverse polarity) with the average reference
display.

The average reference is rarely used for the visual inter-
pretation of EEG, but it is often necessary for processing that
requires an absolute value for the potentials, such as
mapping.

Also, note that the average reference does not affect the
display with a bipolar montage because the same potential is

¥The signal is spread into any other channel attenuated by a factor that
is the number of channels used for the calculation, with reverse polarity
(inverted) due to the subtraction performed by the re-montaging.
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In this example, the following parameters are set
HEADBOX
. Hardware High-Pass Pre-Filter (Fixed) = 0.10 Hz
o Hardware Anti-Aliasing Filter (Fixed) = 1600 Hz
U Hardware Sampling Rate (Fixed) = 4096 Hz

INTERFACE OR FIRMWARE
. Anti-Aliasing Filter= 110 Hz
. Decimation Frequency = 256 Hz

DISPLAY
. High-Pass Display Filter (Digital) = 0.53 Hz
. Low-Pass Display Filter (Digital) = 70 Hz

Fig.5.14 Example of a complete filtering chain for an EEG signal

subtracted from all the electrodes so that the difference of
potentials between two electrodes remains the same.

* Source Reference is a signal processing technique that
aims to highlight the “source” of the potentials. In other
words, the potential will be higher in the electrode that is
closest to the source of the potentials. A complete analysis
of this technique is complicated and described in
Appendix 2—Source Reference.

2. The Montage defines how signals are recombined and
selected for display. This could be unipolar (each signal
with the reference selected at the previous point) or bipo-
lar (the difference between two channels recorded with
the same reference). Refer to Sect. 5.2.3: Common
Reference and Bipolar Electrodes—for further details.

3. Signals are filtered (using correctly designed digital filter) to
reduce the recorded bandwidth for the display and to cut
noise (e.g. a digital notch filter). These filters represent addi-
tional processing over and above the filters already applied
by the hardware as seen in the previous paragraphs. For
example, Fig. 5.14 shows a diagram of the complete filter-
ing chain for a typical acquisition and display process.

As Fig. 5.14 shows, the system works to progressively
narrow the bandwidth of the signal until it is compatible with
the display.

A\ 4

~ N
>

110 [Hz] Fg = 256 Hz

1 1
0.53 70 [Hz]

These three processes are all digital and allow any of their
parameters to be modified to prepare the signal for display
on the screen and/or for printing.

5.4.3 EEG Signal Display

Signal display is a very important process, often under evalu-
ated, because it defines the quality of the final “presentation”
of the recorded EEG to the user and can therefore influence
correct data interpretation.

Data are drawn on a matrix of points, called pixels, that
compose the LCD* screen. The size of the pixel matrix is a
characteristic of the graphic card of the PC and the screen
that is connected to the graphic card. In fact, to display an
image on the screen, the matrix must exist in the memory of
the graphic card, and the screen has to be capable of display-
ing the matrix of pixels, or interpolations have to occur.
Typical matrix is 1440 x 900, 1680 x 1050 (mainly used on
laptops) and 1920 x 1080 (Full HD). It is worth noting that
the size of the pixel depends on the resolution and the size of

LCD is the acronyms of liquid crystal display and is the most common
display type. Depending on the brand and model, its size ranges typi-
cally from a minimum of 15” up to 24", 27" or even 30”. The screen
proportions are always 16:9 or 16:10, or in other words, the horizontal
size is 16/9 of the vertical size. The resolution again depends on the
brand and model but is often 1920 x 1080 as this is a common TV stan-
dard (full HD resolution), but there are also even higher resolutions.
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Table 5.3 Typical pixel sizes

Monitor Proportion |Resolution |Monitor size  |Pixel size
17" 16:9 1440 x 900 |37.6 x21.2cm [0.29 x 0.29 mm
19" 16:9 1600 x 900 |42.1 x23.7 cm |0.26 x 0.26 mm
21" 16:9 1920 x 1080 46.5 x 26.2 cm |0.24 x 0.24 mm
||
||
||
| ||
| ||
|
| |

Fig.5.15 EEG signal drawn on a pixel matrix 40 x 30

the screen. Typical values for pixel size are shown in
Table 5.3.

The display of the EEG signal is presented by drawing on
the pixel matrix of the graphic card the sequence of signal
samples connecting each point, in the simpler hypothesis,
with a line identified by “on” pixels. The result, on a differ-
ent scale, is shown in Fig. 5.15, where the digital signal
Sq(i) = [3.0; 4.0; 7.0; 5.0; 3.0; 1.0; 1.0; 2.0; 4.0; 6.0] is
drawn.

As Fig. 5.15 shows, the value of a signal sample is asso-
ciated with a specific pixel (drawn in black in Fig. 5.15).
The vertical coordinate is proportional to the value of the
sample, while the horizontal coordinate is time (in
Fig. 5.15 the proportion factor is 4 pixel/digit). These pix-
els are then linked by additional pixels (drawn in grey in
Fig. 5.15).

The vertical scaling factor determines the video gain,
often improperly called its sensitivity, that is calibrated by
the EEG system manufacturer with proportions that are, for
example, 100 pV/cm, 200 pV/ecm, 400 pV/em, 800 pV/em
for the EEG and other values for other signal types.’! It is
worth noting that typically a signal that is quantized at 16 bit,
that is 65,536 digits, is then drawn in about 200 vertical pix-

3Values range from 1, 2, 5, 10 pV/cm plus all their multiples 20, 50,
100 pV/em up to 1, 2, 5 mV/em for polygraphic signals which have
typically higher amplitudes.

els®; this means that all the efforts made to increase the pre-
cision of the quantization vanish when the signal is
displayed.

The horizontal scaling factor determines the so-called
base time, that is, the number of seconds of EEG drawn on the
screen. This factor is also calibrated by the EEG system man-
ufacturer to display an integer number of seconds on the
screen (typically 10, 15 or 20 s) or to represent a proportion,
for example, 1.5 cm/s or 3.0 cm/s. It is worth noting again that
a signal, for example, sampled at 256 Hz is then drawn in
about 96 horizontal pixels.*® This quite often contaminates
the signal (most of the time unperceivably) due to the number
of samples that are drawn on the same horizontal position.

It is clear that for an optimal display of EEG signals, both
the horizontal and vertical resolution of the screen must be
chosen as high as possible. For the screen of an EEG report-
ing station, a minimum resolution of 1920 x 1080 pixel is
recommended.

5.4.4 EEG Signal Printout

Signal printout is also a very important process but is less and
less common as the display interpretation is now preferred.
Printouts still occur, for example, to give patients a few pages
of EEG together with the report and/or for medical-legal rea-
sons. Printouts are normally done in two ways:

Single sheet printout, typically on A4 paper format (or
“Letter” in the US) and with laser technology on standard
paper. The process is very much the same as the display
described in the previous paragraph: the paper is divided into
a matrix of points that can be switched “on” or “off.”” In the
case of a printer, the number of points is determined by the
resolution of the printer that is often at least 600 dpi,** which
is four times larger than the video, minimizing the resolution
issue described for the screen. This is also the reason why
EEG signals printed on paper look “thinner” than the same
signals on the screen: they are plotted on a matrix of much
smaller points and consequently the lines are thinner.

Continuous module printout is rarely used. This was done
on thermal paper that, by heating, became darker. The reso-

2The calculation is done assuming a vertical resolution of 1080 pixel
with 10 EEG signals on the screen. Every signal will occupy at maxi-
mum the space between the signal above and the signal below. So, con-
sidering a space between lines of 1080/10 = approx. 100 pixel, the
space occupied by a signal will be 2 x 100 = 200 pixel.

3The calculation is done with a horizontal resolution of 1920 and 20 s
of EEG signals drawn on the screen, that is, 1920/20 = 96 pixels per
second of signal.

3DPT is the acronym for “dots per inch” and is the number of dots per
inch of the matrix. One inch corresponds to 2.54 cm, so 600 dpi corre-
sponds to 600/2.54 = 236 points/cm. As an A4 sheet size is 29.7 x 21 cm,
assuming a border of 1 cm, the matrix of points on an A4 sheet is (29.7—
2) x 236 = 6537 and (21-2) x 236 = 4484 or 6537 x 4484 points.
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lution of these printers, typically 16 points/mm, was not as
high as the laser printers but still better than the screen
resolution.

In both printout cases, vertical and horizontal scaling fac-
tors are properly calibrated by the EEG system manufacturer
to reach the desired gain on paper and base time.

5.5 Synchronized Digital Video

Recording the patient video synchronously with the EEG is
a technique used for many years and has evolved to its cur-
rent form of synchronized digital video.

The first systems were composed of a camera filming the
pens writing the EEG data onto the scrolling paper, while a
second camera filmed the patient; the two signals were then
mixed together and the video EEG was obtained.

With the first digital EEG, recording of the video started
on videotape and the synchronization signal was encoded
into the video tape. This kind of system is often referred to as
the analogue video option for digital EEG.

In the middle 1990s, the first digital video systems were
developed, which involved recording the video into a file,
together with the EEG; the recording PC and its software
performed the synchronization. It is worth noting that in
many of these systems, analogue or digital, audio was always
recorded.

Main advantages of digital video over analogue are:

» Digital video is easier to store and transfer as both EEG
and video can be written on the same media (hard disk,
CD or DVD or any other).

* Digital video offers direct access to any time instant of the
video, without the need to rewind or fast forward the tape
as with the analogue video.

However, it is worth noting that digital video has intro-
duced new variables such as the resolution of the image, the

codec used for the compression and the codec used to play
the video on a PC. The following paragraphs describe these
parameters in detail and how the digital video is recorded
and stored.

5.5.1 Digital Video EEG Acquisition

A digital video EEG acquisition system is basically a PC that
performs three digitizing processes simultaneously:
analogue-to-digital conversion of the EEG, the video and the
audio. Figure 5.16 shows a diagram for such a video EEG
acquisition system:

Analogue-to-digital conversion of the EEG has already
been reviewed in Sect. 5.3. The analogue to digital conver-
sion of the audio, as discussed in Sect. 5.3.5, is the same as
EEG, just with different parameters; the next paragraph will
analyse the digitizing process for the video.

5.5.2 Video Signal Digitalization

The video signal normally acquired by a standard camera is
composed of 25 images per second,® captured by the camera
itself.*® The complete analogue to digital conversion consist
of digitizing every image and storing the entire sequence of

3The 25 images/s. Comes from the PAL video standard adopted in
Europe for all TV signals. In the USA the TV standard is NTSC which
uses 30 images/s (originally 29.97 fps but now adapted to digital cam-
eras using 30 fps).

*Note that the video signal has already been sampled in the time
domain by acquiring 25 images per second. This means that, according
to the sampling theorem discussed previously, there should not be any
movement in the signal faster than 12.5 movements/s. In reality there’s
no way to apply an anti-aliasing filter to this signal, so if a movement is
faster than 12.5 times/s, it will be displayed incorrectly. A typical exam-
ple is the wheels shown in older western movie that appear to turn
backward.
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Fig.5.17 Digitalization of an image

Table 5.4 Video resolution

Name Image resolution
Full HD—1080i/p 1920 x 1080
HD—720p 1280 x 720

CIF* 384 x 288

CIF is the acronym of Common Interchange Format that was a com-
mon format representing a good compromise between quality and size

25 images per second, or less if necessary,” into a file. The
number of images or frames per second (fps) is the number
of images per second that is recorded into the file. The reso-
lution of the video is the number of pixels used for the digi-
tization of each image, which defines the quality of the
images and of the video, as shown in Fig. 5.17.

As shown in Fig. 5.17—if the resolution of the image is
too small, there is the “pixelisation” effect where the border
of the original image is no longer visible in the digitized
image. In practice resolution is much better than this, and
typical values are shown in Table 5.4:

Once the video signal has been digitized, it is never stored
in its original form because its size would be too large and
not practical to manage. To solve this problem, a process of
compression of the video signal is performed to obtain more
acceptable file sizes. Compression is a very complex process
that is reviewed in the next paragraph.

3"In some applications, like sleep, it is not always necessary to record at
25 frames/s. As most of the time there’s no need to monitor detailed
movement and a lower number of frames/second is sufficient, typically
12.5 or 5 or 1, reducing the file size proportionally.

5.5.3 Digital Video Compression

Digital video compression is a widely used process that is
performed on all digital video signals currently used.

The first compression used in digital video was called
MJPEG (Motion JPEG?®), in which every single image was
compressed into a JPEG format and the sequence of images
stored. This technique, despite being intuitive, didn’t exploit
the fact that the difference between one image and the next
could be minimal, so that new techniques have been devel-
oped, all of them named MPEG (Motion Picture Experts
Group), that exploit this concept of only storing the differ-
ence between sequential images.

It is simple to understand that several different algorithms
can be developed for this type of compression, so the MPEG
standard has evolved enormously over time taking advantage
of the increasing computational power of digital systems and
optimizing the results. As a result, from the initial MPEG-1
standard, the MPEG-2 was developed (used by DVDs) up to
the most recent MPEG-4. All these standards have their own
peculiar characteristics but, as far as video EEG is concerned,
their differences stand out in the fact that a similar quality
result can be obtained with smaller file sizes, as shown in the
following table:

The calculation in Table 5.5 was performed on a CIF reso-
lution video and using a similar image quality factor. By
changing these parameters, it is possible to get very different
results that make any comparison looking at the file size,
very difficult to identify the compression.

3BJPEG is the acronym of Joint Photographic Experts Group and is the
most used standard for the picture compression, allowing high-com-
pression factor that can be selected according to the desired image
quality.
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Table 5.5 Video file sizes

Codec File size ‘
MIJPEG 28.1 Mb/min 1.65 Gb/h
MPEG-1 8.2 Mb/min 495 Mb/h
MPEG-2 5.2 Mb/min 315 Mb/h
MPEG-4 4.3 Mb/min 260 Mb/h

5.5.4 Digital Video File Display

As discussed in the previous paragraph, digital video files are
always compressed, and there are several different compres-
sion standards. As each compression standard corresponds to
a different compression algorithm, to display the video on a
PC, it is necessary to have the complementary decompressor
algorithm. The union of the two words (COmpressor—
DECompressor) has created the word codec that identifies
the software and algorithm that a computer should use for
the compression of a video and which to use to display a
compressed video. According to the compression type and
the operating system used, it is possible to have different
problems displaying a video, so it’s strongly recommended
to always have the codec software available when moving a
video to a different PC (i.e. for a presentation at a conference
or simply on another PC).

It is worth noting that the file extension does not auto-
matically identify the compression. Files with the same
extension (typically .AVI) can have very different codecs.
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Appendix 1: The Aliasing

Aliasing is the phenomenon that “replicates” signal compo-
nents that exceed half of the sampling rate into the part of the
spectrum below half the sampling rate. The replication hap-
pens specular to the sampling rate. For a better comprehen-
sion of this phenomenon, one can think of taking the
spectrum of the analogue signal and replicating it specular
starting from the selected sampling rate. The resulting spec-
trum after the sampling will be the sum of the two spectrums:
the original one and the replicated one. It is evident that if the
two spectrums don’t overlap, there’s no error in the sam-
pling. Vice versa, if the two spectrums overlap, some
“unwanted” component will be generated on the signal and
called “aliasing.”

As an example, consider the EEG signal spectrum of
Fig. 5.18 that is an EEG contaminated by 50 Hz. The signal
has a main Theta component, a good Alpha peak and another
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Fig.5.19 Overlapped spectrum Fs = 128 Hz

peak at 50 Hz created by the noise. If the signal is sampled at
128 Hz, the original spectrum is replicated (symmetrically)
starting from 128 Hz.

In this case the “replicated” spectrum does not overlap
with the original thus there’s no aliasing effect, as shown in
Fig. 5.19. The maximum frequency that composes the origi-
nal signal is around 50 Hz, which is lower than half the sam-
pling rate used.

However, if the signal is sampled at 64 Hz without a
proper anti-aliasing filter, the replicate of the spectrum (sym-
metrically) starts at 64 Hz as shown in Fig. 5.20 with the
dashed line and in this case, the overlap is clear and their sum
would lead to the spectrum of Fig. 5.21 which does not rep-
resent the original signal.

As shown in Fig. 5.21, the 14 Hz peak is increased by the
replication of the 50 Hz component (that replicates exactly at
64-50 = 14 Hz) and the result on the signal would be a
“pseudo” alpha over all the EEG.

Appendix 2: Source Reference

Source reference is a signal processing technique that aims to
identify where (in terms of which electrode) the signal origi-
nates or finding the “source” of the signal. In practice, the
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potential of an electrode will be higher if the source of the
potential is located close to the electrode.

The fundamental concept of this principle is that the sur-
face electrical fields are the expression of currents originat-
ing in points of the scalp that correspond to perpendicular
field lines and there exists an equation that links the source
current to the measured potentials, known as Laplace’s
equation (an alternative name for this technique is Laplacian).
Such a current multiplied by a constant resistance becomes a
potential, known as the source potential that can be calcu-
lated for every electrode. Using this technique the spatial
dependent information is embedded into a new potential, i.e.
C3sgre, that highlights the topographic origin of the observed
potentials. This results in the higher source potentials being

located where the difference between the nearest potential is
highest, thus localizing the source.

From a purely mathematical standpoint, the analysis is far
too complex for this text, but the result is simple: The source
potential of an electrode is the average of the difference of
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potentials between the electrode and its neighbouring elec-
trodes. Consider, for example, the Cz electrode, recorded as
(Cz-Ref), the source potential of Cz, will be indicated as
Czgrc and can be calculated, under the hypothesis of using
only four neighbouring electrodes, by the following

formula:
(CZ —FZ) +(CZ - PZ) + (CZ - C3) + (CZ - C4)
4

Visually, the impact of calculating the source potentials for
all the electrodes on the scalp is shown in Fig. 5.22:

As can be seen from Fig. 5.22, the potential of the Cz
electrode, that is, the source of the signal, is the only location
that the source potential calculation has increased, which
highlights the source of the signal itself.

It is worth noting that the source reference can be seen as
an average reference where the term to subtract SRC varies
from electrode to electrode instead of being the same for
each electrode. If we write this in formulas, we get

Czgpe =

(Cz-Fz)+(Cz-Pz)+(Cz-C3)+(Cz-C4) 4(Cz-Ref)-[(Fz—Ref)+(Pz—Ref)+(C3-Ref)+(C4-Ref)]

Crgpe = 4

= (Cz—Ref)—[0.25(Fz - Ref)+0.25(Pz —Ref +0.25)(C3 -

It becomes then a problem of calculating the weights that
every neighbouring channel should have for the calculation
of the SRC potential and to define how many neighbouring
electrodes one wants to consider, typically 4 or 8. On a real
EEG signal, the effect of the calculation of the source refer-
ence is shown in Fig. 5.23:

The figure shows clearly that the eye movement becomes
visible only on the Fp1 and Fp2 electrodes (that are close to

4
Ref +0.25))(C4 - Ref]| = (Cz—Ref) - SRC

where they generate) and does not contaminate other elec-
trodes as was the case with the average reference. Similarly
the alpha-rhythm is only seen on the occipital electrodes O1
and O2.

Note that, unlike the average reference, the potential of
the electrodes varies in a non-uniform way so that the source
reference changes the display of the signals in all bipolar
montages, not only in the unipolar montages.
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