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Abstract

Objectives. One pressing problem when recording brain activity signals by electroencephalography (EEG) is the
need to reduce the effect of interference (artifacts). This study presents a method for resolving this problem using the
Laplace differential operator. The aim is to determine the number of electrodes included in the Laplacian montage,
as well as to clarify the requirements for the geometric shape of their placement, in order to ensure the best quality
of EEG signal processing.

Methods. The Laplacian montage method is based on the use of individual electrodes to determine the second
derivative of the signal, proportional to the electric current at the corresponding point on the surface of the head. This
approach allows the potential of neural activity of the source located in a small area limited by the electrode complex
to be evaluated. By using a small number of equidistant electrodes placed around the target electrode, the Laplacian
montage can produce a significantly higher quality signal from the area under the electrode complex.

Results. Among all the methods for constructing the Laplacian montage discussed in the article, a complex
consisting of 16 + 1 electrodes was shown to be preferable. The choice of the 16 + 1 scheme was determined by the
best compromise between the quality of EEG signal processing and the complexity of manufacturing the electrode
complex with given geometric parameters. The quality assessment was carried out by simulating the interference
signal which allowed the correctness of the choice of installation design to be evaluated.

Conclusions. The use of the Laplacian montage method can significantly reduce the effect of artifacts. The proposed
montage scheme ensures a good suppression of interference signals, the sources of which are located far beyond
the projection of the electrode complex. However, not all interference arising from sources deep inside the brain, can
be effectively suppressed using the Laplacian montage scheme alone.
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Pe3iome

Llenu. OgHoi 13 akTyasibHbIX 33424, BO3HUKAIOLLMX NPU PEFUCTPALMN CUTHAN0B MO3roBOWM aKTUBHOCTM C MOMOLLLbIO
anekTpoaHuedanorpadum (33r), ABNAETCS YMEHbLUEHNE BNNAHUSA NoMex (apTedakTtos). B naHHOM mnccnenosa-
HUN paccMaTpuBaeTcs 0uH U3 CnocoO0B pPeLLEeHNs AaHHOM 3a4a4m ¢ NOMOLLbIO AnddepeHUmanbHOro oneparopa
Nannaca. Llenb paboTkl — onpeneneHne KONMYeCcTBa 3/1IEKTPOA0B, BXOAALLMX B larjaCcMaHOBCKUIA MOHTaX, a Takke
BbISICHEHWE TPEOOBaHNI K reoMeTpuieckor Gopme X pacrnosioXeHns ons obecnevyeHns Hannyyllero kayecTea 06-
paboTkm curHanos AT .

MeToabl. MeTon nannacMaHOBCKOrO MOHTaXa OCHOBbLIBAETCS Ha MCMOJIb30BAHUN OTAENbHbIX 3/1IeKTPOA0B AN
onpeneneHns BTOPOM Npon3BOAHON CUrHana, Kotopasi NponopuyoHanbHa 31EKTPUYECKOMY TOKY B COOTBETCTBYIO-
el TOYKe NOBEPXHOCTM rOJIOBbl. OTOT NOAXOL NO3BONAET OLEHUTb NOTEHLMAN HENPOHHOM aKTUBHOCTU UCTOYHU-
Ka, HAXOAALLErocs B Masioin o6nactm, orpaHNY4EeHHOM KOMIMIEKCOM 3n1ekTpoaoB. MNMpn ncnonb3oBaHnUM HEOObLLIOIO
KONMYECTBa pPaBHOYOANIEHHBIX 9IEKTPOAOB BOKPYI LLEeSIEBOro 371eKTPOAa Npu lanjiacnaHoBCKOM MOHTaXe yaaeTcs
NMoyYnTb 3HAYUTENBHO BONee Ka4eCTBEHHbI CUrHan n3 06n1acTu, HaXoAALLENCs MO SNEKTPOLAHLIM KOMMIEKCOM.
PesynbTaTthl. N9 BCEX PACCMOTPEHHBIX B CTaTbe€ CNOCOO0B NOCTPOEHUS NaniacMaHoOBCKOro MOHTaxa, 6b110 no-
Ka3aHO, YTO KOMIEKC, COCTOALLMIA U3 16 + 1 OTAENbHbBIX 3N1EKTPOA0B, ABNSETCS Haubonee NpeanoyYTUTENbHbIM 415
1Mcnonb3oBaHus. Beibop cxembl 16 + 1 06ycnoBneH Hanay4LInMM KOMNPOMUCCOM MeXAy KaieCTBOM 00paboTku cur-
HanoB O3l 1 CNOXHOCTLIO U3rOTOBIEHUS 3NIEKTPOAHOIr0 KOMMJIEKCa NPy 3a4aHHbIX FTEOMETPUYECKNX NapamMeTpax.
OueHKa ka4yecTBa NPOBOAMIACH MOLENMPOBAHMEM CUIHANa NOMEXU, C MOMOLLLbIO Yero yaanocb OLEHUTb NpaBuslb-
HOCTb BbIOOPA CXEMbl MOCTPOEHUS MOHTaxa.

BbiBOAbI. YCTAHOBNEHO, YTO MPUMEHEHNE METOAA NarnjaCMaHOBCKOrO0 MOHTaXa CNOCOOHO 3HAYUTENIbHO YMEHb-
WnTb BAnsaHMe aptedakToB. C NOMOLLBIO MPEASIOKEHHOM CXeMbl MOHTaXa 06ecneynBaeTCs BbICOKUIM YPOBEHb MO-
LaBNEHNSI MOMEXOBbIX CUTHANO0B, UCTOYHMKN KOTOPbIX HAXOAATCA JaNieko 3a npefenamm npoekLmn 3NeKTpoaHOro
komnnekca. OgHako He BCE MOMEXM, UCTOYHUKM KOTOPbIX NexaT B rinybuHe mMo3ra, MoryT 6biTb 3dpdEKTUBHO Mo-
LaBfieHbl C MOMOLLbIO OAHOM NULLIb CXEMbI NTAnIacMaHOBCKOro MoHTaxa. Heo6xoavMmo ncnosnb30BaTh PassivyHble
uMdpoBbie MeETOAbI 06PabOTKM CUTHANOB, YHUTbLIBAKOLLME UX CTAaTUCTUYECKME CBOICTBA.

KnioueBble cnoBa: anektpoaHuedanorpadus, 3l -curHanbl, aptedakt, pedepeHTHbI MOHTaX, laniacuaHoB-
CKN MOHTaX, CXeMa HaJIOXEHWNS 3JIEKTPOO0B, 3N1EKTPOLHbIN KOMIJIEKC
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MpospayHoCTb GUHAHCOBOI AEeATEsNIbHOCTU: ABTOPbI HE NMEIOT GDUHAHCOBOW 3aMHTEPECOBAHHOCTY B NPeACTaB/IeH-

HbIX MaTepunanax nin Mmetogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGOIMKTA MHTEPECOB.

INTRODUCTION

Electroencephalography (EEG) is one of the most
common methods for studying the electrical activity of
the brain which helps to determine the functional state
of the brain. When registering electrical potentials on the
surface of the head, the useful signal is often noisy due
to artifacts of various nature. In order to obtain adequate
information about the functioning of brain structures,
various radiophysical methods are used. These consist
of hardware and are based on approaches known from
signal processing theory and statistical radiophysics.

Hardware methods for improving the quality of
the EEG signal are primarily based on the use of new
types of electrodes, as well as electrode montage and
arrangement schemes. A lead montage is a system of
connections between electrodes, the most common of
which are described in the review [1]. The number of
electrodes included in the montage can vary from 2 to
20 depending on the purpose of recording. The use of
different types of montage in EEG studies allows more
accurate data on the electrical activity of the brain to be
obtained, as well as specific electrical events which may
be important for the diagnosis and treatment of various
diseases [2]. There are variants of montage, some of
which will be described below.

Monopolarmontage in which the potential difference
between one electrode and a reference point (usually
located behind the ear) is recorded. Bipolar montage
records the potential difference between two electrodes
located on neighboring areas of the head. In the case of
monophasic montage, only positive or only negative
half-waves of the EEG signal are recorded. This type of
montage is used to detect specific electrical events such
as misalignment or synchronization between different
areas of the brain.

Reference montage uses an additional electrode
located away from the brain regions of interest. The
total electrical activity recorded with this additional
electrode helps to account for the effects of artifacts
arising, for example, from eye movements or muscle
activity (particularly facial muscles).

The purpose of using the reference montage is to
record the EEG signal without the influence of interfering
sources and noise, i.e., in relation to an electrically

neutral electrode. However, due to the conductivity of
biological tissues, it is impossible to place on the surface
of the head a reference electrode which retains electrical
neutrality. In theory, this condition is met at an infinite
distance from the source. In the 1950s. [3], a method
known as the common average reference montage
was developed. In this method, electrode potentials
are measured relative to a common average reference,
i.e., the potential obtained by averaging the values
recorded from all electrodes. With random signals at all
electrodes, the average potential, i.e., the potential of the
common reference electrode, would be zero. However,
the activity of neuronal ensembles is spatially distributed
quite widely, and the signals at the electrodes are not
independent. In order to address this problem, local
averaged reference montage was developed, in which
a small number of electrodes near the target electrode are
used to compute a complex reference. There are several
types of averaged reference montage—Laplacian,
Lemos, and Hjorth montages [4, 5].

LAPLACIAN REFERENCE MONTAGE

In the present work, the Laplacian local averaged
reference montage will be used. This is based on the
fact that the second spatial derivative of EEG signals is
proportional to the electric current in the corresponding
point of the head surface. This allows the value of
the underlying neural activity source potential to be
estimated.

The potential field gradient at any given electrode
is calculated by measuring the difference between the
voltage at the electrode of interest and the voltage of each
of its nearest neighbors. If the potential field gradient at
an electrode is calculated, there is no need for a common
reference comparison electrode.

The currently used modification of the Laplacian
montage for surface potentials was developed under the
assumption of homogeneous cortical conductivity [2]. In
this method, the second spatial derivative of the potential
field is defined by the electric current perpendicular to
the cortical surface.

There are a number of limitations associated with
the Laplacian montage. The accuracy with which this
montage represents the signal strongly depends on the
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interelectrode distance. In the first Laplacian scheme, no
additional electrodes were used, and only the standard EEG
electrode arrangement scheme was used. In this method,
data from the nearest 8 grid electrodes was used to obtain
the value of the local averaged reference electrode (for
lead C4, for example) (Fig. 1). The general idea of the
montage is based on the fact that the target electrode,
at which the resulting signal is determined, is assigned
a weight of +1. The other electrodes are assigned weights
based on their distances from the target electrode location,
such that each weight is proportional to the inverse of the
distance squared and scaled such that the sum of these
weights equals —1. Thus, the sum of all weights is zero,
which makes the differential operation indifferent to the
choice of the reference electrode location [4].

Fp1 FpZ Fp2

Y

¢ ¢ &

Fig. 1. Display of the EEG 10-20 electrode placement
scheme on the plane

O——X

The following formula [1] is used to obtain the
electrode C4 value using a locally averaged reference
electrode:

C4=(Fz+F4+F8+Cz+T4+Pz+P4+T6)8. (1)

This scheme works relatively well for medial
and central electrodes in standard EEG circuits.
However, the fulfillment of these assumptions is rather
problematic with regard to peripheral electrodes. In this
case, weighting coefficients are introduced for edge
electrodes, for example, the formula [2] is taken for T3:

T3=(2-F7+2-T5+C3)/5. )

This Laplacian scheme, as can be seen, uses data
from electrodes located at different distances from
the center electrode which may require the selection
of weights for them and introduces distortions in the
resulting signal.

Another way of constructing a Laplacian montage
is to use solid electrically conductive concentric rings as
electrodes (Fig. 2), as presented in [6, 7].

(a) (b)

Fig. 2. Conventional electrode (a) and tripolar
electrode (b) consisting of three concentric rings
(photo from [2])

This method has its advantages and disadvantages
in use. For example, with best signal accuracy, it is quite
difficult to ensure a uniform fit of the ring to the scalp.
This ring montage cannot be converted to a different
signal processing scheme, as opposed to a montage
based on individual electrodes.

In addition, an EEG signal whose source is not
a point, but a scalp, scattered (diffuse) electric charge
will also be distorted when processed by Laplacian.
Laplacian is best suited for working with relatively focal
sources, i.e., concentrated in a small area compared
to the size of the electrode complex included in the
montage [8].

Our choice in favor of the ring shape of the
electrode complex consisting of individual electrodes
was determined by consideration of the computational
problems of the Laplacian method associated with
different electrode configurations and interelectrode
distances [9], as well as the problem of ensuring uniform
adherence of electrodes to the scalp. For such a shape,
the finite difference method is the simplest way of
signal processing. As will be shown below, when using
a small number of equidistant electrodes around the
target electrode in the Laplacian montage, a much better
signal from the area under the electrode complex may
be obtained.

(16 + 1)-ELECTRODE LAPLACIAN
MONTAGE SCHEME

In the scheme (Fig. 3) of the (16 + 1)-electrode
Laplacian Montage, as proposed by the authors,
the distance from the circle on which the peripheral
electrodes of the complex are located to the central
electrode was 25 mm. This corresponds approximately
to the average interelectrode distance for the 10-20 EEG
overlay scheme. A diameter of 50 mm was determined
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(a)

Test signal connection
./ positions (9 positions)

Am

X | Ring-forming electrodes

(b)

Fig. 3. Montage scheme of the (16 + 1)-electrode complex: (a) picture of a dummy head with a set of electrodes,
implementing the Laplacian montage; (b) sketch of the electrode complex (top view)

based on the area under the electrode complex required
to analyze the cortical structures of interest. Taking into
account the size of a single electrode, the total number of
electrodes placed on a circle of this diameter was N = 16.

The most convenient location of the (16 + 1)-electrode
complex to study the properties and to illustrate the
operation of the Laplacian assembly is the sensorimotor
area of the cerebral cortex. The location of the electrode
complex is a relatively flat surface in this region of the
head and corresponds to the lead Cz in the standard
scheme of electrode placement 10-20.

For such Laplacian montage, the value of the
resulting Slap signal with respect to the local averaged
reference electrode is calculated using the following
formula:

1 N
Slap :NZ(SO _Si)’ (3)

i=1

where §, is the signal at the central electrode of the
Laplacian; S are the signals at the electrodes included in
the ring complex; N is the number of electrodes included
in the ring complex.

EXPERIMENTAL SCHEME

In order to understand the processes of information
acquisition and processing performed by the brain, the
initial shape of the signal arising in the source of interest
inthe brain’s neural activity needs to be known. However,
the presence of many activity centers in the human brain
does not allow the shape of the signal to be described
with a given accuracy. In order to clarify the result of the
multi-electrode complex, an interfering test signal was
used which was transmitted to different points of the
scalp surface (Fig. 3), after which the potentials of this
signal on all electrodes of the complex was measured.

The source of the test signal in the experiment was
a generator of sinusoidal oscillations with an amplitude
of 50 mV and a frequency of 130 Hz. The Laplacian
method for (4 + 1), (8 + 1), and (16 + 1)-electrode ring
montages was used to process the potentials. In EEG
measurement, this test signal is an interfering signal.
The application of the Laplacian should reduce, and
ideally completely suppress, this interfering signal. We
will evaluate the effectiveness of a particular montage
by comparing the power attenuation coefficients of the
signal source external to the perimeter of the electrode
complex. Thus, we can experimentally determine the
number of N electrodes included in the (N + 1)-electrode
mounting scheme at which the interfering signal is
effectively suppressed, and the mounting is not hindered.

A generator signal was sequentially applied to the
scalp (9 positions) located at a distance of 40 mm from the
central electrode of the complex (Fig. 3). These 9 points
are located at a distance of 1/8 quarter of the circumference
length from each other. In the monopolar withdrawal
mode, the amplitude of the signal recorded at the center
electrode was 40 mV in all cases. The signals obtained
by the Laplacian method for all three types of mounting
considered (4 + 1, 8 + 1, and 16 + 1) are shown in Fig. 4
and have different amplitudes, different from zero.

The ratio of signal powers at the central electrode
to the signal power obtained using the Laplacian was
calculated by the formula:

T
R tho xSO _pos (t)z

m T 5’
Z;:()xlap_m_pos(t)

“)

where R, is the power ratio for the Laplacian of type m;
m is the type of Laplacian (4 + 1, 8 + 1, or 16 + 1);
Xlap_ m_pos is the amplitude of signal samples after
processing by the Laplacian of type m for the electrode
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position of the test signal generator pos; X5, _pos is the

amplitude of signal samples at the center electrode of the
Laplacian for the position of the test signal generator
electrode pos; T is the total signal recording time.

Figure 5 shows that increasing the number
of electrodes in the ring from 4 to 16 contributes
to better attenuation of interference signals.
However, the characteristics obtained with (8 + 1)
and (16 + 1)-electrode montages are already very close.
A further increase in the number of electrodes in the ring
complex to more than 16 can be considered inexpedient,
since it will not lead to a significant improvement of
the signal. However, it will unnecessarily complicate
the montage scheme [10].

APPLICATION OF THE (16 + 1)-ELECTRODE
MONTAGE AND DISCUSSION ON THE RESULTS

The main objective of the proposed Laplacian
montage is to suppress EEG artifacts which may distort
the structure of the electroencephalographic signal. Such
interference includes, for example, oculographic and
myographic artifacts associated with eye movements
and muscle work at the moment of EEG recording.
Figure 6 shows the effect of such interferences on the
signal recorded on the lead (electrode) Cz in the standard
scheme 10-20.

When using a multi-electrode (16 + 1) Laplacian
montage in this case, oculographic interference (from

—— (4 +1)-electrode montage
(8 + 1)-electrode montage
30 | — (16 + 1)-electrode montage

20

10

Voltage, uv
o

-10

24.60 24.61

24.62 24.63

Time, s
Fig. 4. Fragment of the result of test signal processing by Laplacian montages

—— (4 + 1)-electrode montage
- (8 + 1)-electrode montage
2.00 { — (16 + 1)-electrode montage

1.75

1.50

1.25

1.00

Signal power ratio (x106)

0.75

0.50

1 2 3 4

5 6 7 8 9

Electrode montage positions numbers
Fig. 5. Ratios of the power of the original signal to the powers
of the signals obtained by Laplacian montage
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eye blinking) has been almost completely leveled
out (Fig. 7a).

The disadvantages of Laplacian montage of any
configuration include the fact that it processes signals
of neural activity sources located not only on the
surface of the head, but also inside the brain volume.
Consequently, if a source of interference/artifacts
falls within the projection of the electrode complex,
it is difficult to reduce it by Laplacian, as can be seen
in Fig. 7b. In this case, the ring electrode complex is
installed in the temporal region (lead T3). Therefore, the
source of oculographic artifacts/interference (from eye
blinking) falls in the projection of the Laplacian. In this
case, inversion occurs in addition to a slight attenuation
ofthe signal. It is not possible to eliminate interference in
such a case. This is also true for another type of artifacts:
myographic artifacts. They have a diffuse nature, and
in the event of hitting the projection of the electrode
complex, they cannot be completely suppressed either.

In order to counteract this phenomenon, other
processing methods [11, 12] need to be used, including
those not related to the types of electrode mounting [13].
A range of digital signal processing methods need
to be used which take into account their statistical
properties [14—16]. Since the artifact signal and the
signal of interest related to neural activity are of different
nature, they are uncorrelated. This allows statistical
filtering methods to be used, such as Wiener filter and
similar methods in order to separate them.

CONCLUSIONS

The studies confirmed the assumption that the applied
Laplacianassembly provides good suppression of interference
signals whose sources are far beyond the projection of the
electrode complex. However, not all interference signals
from sources deep in the brain, can be effectively suppressed
with the help of the Laplacian montage scheme alone.

1000 ‘ 5
500 .

> ™ T=0=
=3
o 0
(@)
8
3
>

-500

~1000

180 185

175

190 195 200~ 205

Time, s

Fig. 6. Impact of the oculographic artifacts of blinking (7) and myographic artifacts
of jaw muscle movements (2) on the EEG signal

Source signal at the center electrode
Laplacian montage 16 + 1

Voltage, pVv
=
_-‘-ﬁ"—l
=

-100 1
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-200t
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(a)

200 Source signal at the center electrode

Laplacian montage 16 + 1

N
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(b)

Fig. 7. Fragment of the signal noisy with oculographic artifacts and its corresponding fragment
after Laplacian processing (16 + 1): (a) obtained in the parietal region Cz; (b) obtained
in the temporal region (T3)
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For all the methods of construction of the Laplacian
montage considered in the article, in which the 4 + 1,
8 + 1, and 16 + 1 separate electrodes were used, the
complex consisting of 16 + 1 electrodes is preferable.
A further increase in the number of electrodes in the
ring is inexpedient, since it will not lead to a significant
improvement of the obtained signal but will unnecessarily
complicate the mounting scheme. The choice of the
16 + 1 scheme is conditioned by the best compromise
between the quality of EEG signal processing and the
complexity of electrode complex manufacturing at the
given geometrical parameters.

The use of the Laplacian montage method can
significantly improve the quality of EEG signals and,
therefore, increase accuracy when detecting various
pathologies.
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