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Abstract—This paper studies the effect of bipolar subdermal
EEG lead placement on measurement sensitivity distributions,
and compares them with the sensitivity distributions obtained
using surface EEG leads. A five-layered isotropic head model
was constructed based on magnetic resonance data. The surface
electrodes were placed on the scalp of the model according to
the traditional 10-20 EEG system. The subdermal electrodes
were arranged in 5 × 5 grids and placed on the skull in
seven reference locations: FZ , CZ , OZ , T3, T4, P3, and P4.
The effects on the measurement sensitivity were studied by
means of the half-sensitivity volume (HSV). For the surface
measurements, the size of the HSV varies around 1 cm3, while the
subdermal leads can concentrate the measurement in regions ten
times smaller. The results indicate that the EEG measurement
may benefit from subdermal implantation since the subdermal
measurements are more accurate and specific than the surface
measurements. Nevertheless, the improvement was registered only
for the subdermal grids centred on CZ , T3 and T4 locations.
This suggests that the electrode performance is highly dependent
on thicknesses of the underlying matter, such as the skull and
cerebrospinal fluid (CSF). Therefore, further studies are required
to understand how much the measurement sensitivity is improved
and influenced by placement of the subdermal electrodes.

Keywords—Electroencephalography (EEG), half sensitivity vol-
ume (HSV), lead field, subdermal electrodes

I. INTRODUCTION

IN 1929 the German psychiatrist Hans Berger recorded the
first human electroencephalogram (EEG) [1] which has

been used by neuroscientists to study the brain rhythms, to
investigate neurological diseases and to learn how the mental
activities affect the brain activity. The work on EEG rapidly
expanded: microelectrodes with diameters shorter than 3 µm
were invented, and the first depth electroencephalography of a
human was obtained using intracerebral electrodes by Mayer
and Hayne in 1948 [2], [3]. The electrocorticogram (ECoG)
became a reality due to the development of very delicate
needle-type electrodes that measure the brain activity directly
from the cerebral cortex.

Nowadays, EEGs are recorded invasively and noninvasively
but the knowledge regarding the measurement sensitivity is
limited. Researchers have used volume conductor head models
and the electric dipole model to simulate the sensitivity dis-
tributions of the EEG electrode configurations [4]–[11]. They
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have shown the importance of multilayered realistic models,
the benefits of subdermal electrode implantation, and they also
described the impact of modelling the EEG in diagnostic and
management of neurological disorders like epilepsy. Neverthe-
less, these studies barely compare the measurement sensitivity
among the existing electrode configurations.

In this study we apply the concept of Half Sensitivity
Volume (HSV) to evaluate the sensitivity measurement of
subdermal EEG electrodes. Seven subdermal electrode grids,
placed on the skull surface of a five-layered realistic head
model, are studied and compared to the traditional electrodes
located on the scalp surface. Additionally, we aim to identify
the model characteristics, such as the thickness and electrical
conductivity of the underlying tissues, that explain the varia-
tions between the performance of the two types of electrodes.

II. METHODS

A. Head Model Construction

The segmentation of high resolution magnetic resonance
images was performed using BrainSuite1 [12] to create the
realistic head model. The MRI database used, the BrainWeb2

[13], was provided by the McConnell Brain Imaging Center
from the Montreal Neurological Institute, Canada. Before the
segmentation, Debabeler3 was used to convert the MRI data
from the minc (∗.mnc) file format to nifti (∗.nii), and
ImageJ4 was used to remove an artefact from the original MRI
data and, therefore, to avoid and incorrect segmentation of
the scalp surface. The segmentation resulted in five surfaces:
inner cortex, the brain, the inner and outer skull and the scalp.
The space between the inner skull and the brain surface was
considered filled in with CSF, since there is no CSF surface
that results from the segmentation. The five surfaces were im-
ported into MATLAB where the finite element method (FEM)
model as created using the iso2mesh5 toolbox developed by
Qianqian Fang and David Boas [14] of the Martinos Center for
Biomedical Imaging from the Massachusetts General Hospital.
The number of nodes of the FEM model was downsampled to
10 % of the initial value and the final model (Fig. 1) con-
tained 149792 nodes, 206472 faces and 883430 elements, and
realistically represents the five head layers. The mesh of the
model was then imported into COMSOL Multiphysics which
is a FEM modelling platform used to simulate neuroelectric
problems [15], [16]. The isotropic conductivity values assigned
to the five tissues modelled compartments, and respective
bibliographic references, are listed in Table I.
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Fig. 1: The five-layered finite element model created using the
iso2mesh toolbox. The realistic model contains white matter (white),
gray matter (green), cerebrospinal fluid (blue), skull (red) and scalp
(yellow).

TABLE I: Electrical properties of the tissues included in the head
model.

Tissue Conductivity [S/m] Reference
White matter 0.14 [17]
Grey matter 0.33 [17]

CSF 1.82 [7]
Skull 0.058 [18]
Scalp 0.43 [7]

All the electrodes added to the model were half spherical and
considered made of platinum6 with an electrical conductivity
of 9.44 × 106 S/m. To study the surface measurements, 21
electrodes, with 12 mm contact diameter, were placed on the
scalp following the 10-20 traditional system (Fig. 2). However,
the electrodes A1 and A2 were not included due to the model
geometry, but two extra electrodes in the C5 and C6 locations
were added. To keep the electrode distribution uniform, the
C3 and C4 were slightly moved towards the CZ electrode. The
subdermal electrodes were arranged in grids with 25 electrodes
each. The seven 5 × 5 electrode matrices were displayed on
the exterior surface of the skull with the center electrode in the
anatomic positions CZ , FZ , OZ , T3, T4, P3 and P4 (Fig. 3).
The subdermal electrodes were shaped with a contact diameter
of 4 mm.

1http://brainsuite.org
2http://www.bic.mni.mcgill.ca
3http://www.loni.usc.edu/Software/Debabeler
4http://imagej.nih.gov/ij/
5http://iso2mesh.sourceforge.net/cgi-bin/index.cgi
6http://www.engineeringtoolbox.com

Fig. 2: COMSOL Multiphysics head model with 21 surface electrodes.

(a) Grid FZ .

(b) Grid CZ . (c) Grid OZ .

(d) Grid T3. (e) Grid T4.

(f) Grid P3. (g) Grid P4.

Fig. 3: Subdermal electrode grids.
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B. Sensitivity Distributions

This study simulated the sensitivity distributions of twenty
bipolar surface EEG leads, and seven sets of twenty-four
bipolar subdermal leads. The lead field maps the direction and
sensitivity of each measurement lead [4], [19]. It is an electric
current field in the volume conductor generated by feeding
an unit current to the measurement lead. According to the
reciprocity theorem of Helmholtz [20], [21], the current field
produced by the reciprocal current in the volume conductor is
identical to the distribution of the sensitivity of the lead. The
lead voltage VLE relates the measured signal to the current
sources in the volume conductor υ (Eq. 1), and corresponds to
the voltage measured on the EEG electrode pair. The reciprocal
current field JLE is the lead field, Ji [A/m2] is the impressed
current density field in the volume conductor, and σ is the
conductivity tensor [S/m].

VLE =

∫
υ

1

σ
JLE · Ji dυ (1)

The potential distribution is computed by solving the Pois-
son’s equation (Eq. 2), where σ is the electrical conductivity
tensor, Φ is the electrical potential, Ji is the current source
distribution and Ω is the volume of the head [22]. The source
distribution Ji raises a gradient potential distribution ∇Φ,
which is the measurement sensitivity.

∇ · (σ∇Φ) = ∇ · Ji (in Ω) (2)

Neumann boundary conditions are set zero (Eq. 3) on the
outer layer of the model, the scalp surface ΓΩ, where n is the
vector normal to this surface [22].

σ (∇Φ) · n = 0 (on ΓΩ) (3)

C. The Half Sensitivity Volume

The sensitivity distributions were obtained based on the half-
sensitivity volume (HSV) which quantifies the detectors ability
to concentrate its measurement sensitivity. The HSV is the
volume of the source region of the volume conductor where
the magnitude of the detector’s sensitivity is more than one half
of its maximum value in the source region [4]. If a source is
homogeneously distributed, the smaller the HSV is, the smaller
is the region from which the detector’s signal arises. The gray
matter was considered the source region since the neuroelectric
activity is mainly generated in this domain [7]. For the surface
measurements, the reference electrode was the electrode on
the CZ location, and for the subdermal measurements the
reference was the electrode in the center of each grid.

III. RESULTS

A. Surface 10-20 EEG System

The Table II shows the gray matter HSV values of the 20
surface bipolar leads. The mean value is 1014 mm3 and it
excludes the values obtained for C5, C6 and PZ leads. The
electrodes C5 and C6 are sensitive to gray matter volume 45%
and 62% larger than this value, respectively. The highest value
obtained for the surface electrodes was registered on the PZ
location where the HSV exceeds 1.3 times the mean value. The
sensitivity distributions simulated focus the measurement in the
brain lobe near the source electrode. However, the distributions
obtained for the FZ , PZ , C5 and C6 leads differ from the other
because the measurement is not focused in one single brain
lobe. The measurement sensitivity of FZ and PZ electrodes
is equally spread on both hemispheres The C5 and C6 leads
concentrate the measurement in the brain where the central
sulcus finds the lateral cerebral sulci, covering part of parietal,
frontal and temporal lobes.

TABLE II: HSV [mm3] results of the gray matter of the head model
bipolar lead pairs. The table is spatially organized according to the
10-20 traditional locations used on the surface EEG.

Sinister Center Dexter

Anterior

Fp1

1007

Fp2

1012
F7

998

F3

1011

FZ

1043

F4

1048

F8

1007

Center
T3

1061

C5

1470

C3

971

CZ

REF

C4

957

C6

1641

T4

1037

Posterior

T5

1019

P3

1039

PZ

2374

P4

1044

T6

990
O1

992

O2

994

B. Subdermal Electrode Grids

The HSVs registered for the seven subdermal grids are
shown in Tables III to IX. The grids centred on CZ , T3 and
T4 locations concentrate the sensitivity measurement in gray
matter regions at least one third smaller than the surface leads.
On the other side, the other grids do not support the fact
that subdermal leads are capable to focus the measurement
in smaller volumes than the surface leads. Figures 4 to 7
show the sensitivity distributions on the cortex for the leads
of the subdermal grids and the corresponding cross sections.
The distributions concentrate the measurement sensitivity to
the target region between the subdermal lead pairs. Depending
on the grid location, the measurement sensitivity may be more
or less spread on the region of the cortex beneath the grid.
In general, the subdermal leads measure neuroelectric activity
on or near the gyral cortical surface rather than sulcal or deep
sources, and the extension of sensitivity distributions increases
when the electrode spacing increases from 10 mm to 20 mm.
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The HSVs of the leads in the FZ grid (Table III) are
much larger than the values of the surface leads, reaching the
maximum volume of 3095 mm3. This value was registered for
the source electrode located in the center of the most inferior
row. The gray matter HSV indicate an increase in the volume
from 54% to 272% from which the neuroelectric activity
is measured when the source electrode is laterally moved
from 10 mm to 20 mm far from the reference electrode.
The same variation of the electrode spacing in the inferior
direction results in an increase of the HSV by 79%, but there
is almost no effect when the spacing is superiorly increased.
The four diagonal measurements increased in the HSV from
36% to 228% when the electrode spacing duplicated. The
measurement sensitivity of the subdermal leads of the FZ grid
extends along the two cerebral hemispheres (Fig. 4a & b).
These leads are sensitive neuroelectric sources located deep in
the longitudinal fissure when the lead field is aligned with it
(Fig. 4c).

TABLE III: HSV [mm3] results of the gray matter of the head model
bipolar lead pairs of the subdermal grid centered on FZ location.

Locations Dexter Dexter Center Sinister Sinister
−20mm −10mm 0 mm 10mm 20mm

Superior 20mm 2345 1475 1550 1643 2181
Superior 10mm 2049 1071 1580 1271 2111
Center 0 mm 1642 1069 REF 523 1943
Inferior −10mm 1263 696 1726 1413 1078
Inferior −20mm 2285 1010 3095 561 1919

(a) Sinister 20 mm. (b) Sinister 20 mm. (c) Inferior 20 mm.

Minimum to maximum sensitivity

Fig. 4: Gray matter sensitivity distributions (a), transverse cross
section (b) and midsagittal cross section (c) for the subdermal leads
of the FZ grid.

The HSV results of the subdermal grid centered on CZ
(Table IV) show that subdermal electrodes can focus and
concentrate the HSV within gray matter regions as small as
44 mm3. When the electrode spacing doubles laterally, the
HSV increases from 4% to 16%. Increasing the spacing along
the anterior direction also results in an increase of the HSV
(51%), but along the posterior direction the value decreases
7%. Contrarily, the diagonal measurements increase posteriorly
and decrease anteriorly when the electrode spacing doubles.
The sensitivity distributions of the leads of the CZ grid (Fig.
5) concentrate the measurement in small and superficial areas
of the gray matter located in the midsagittal plane.

TABLE IV: HSV [mm3] results of the gray matter of the head model
bipolar lead pairs of the subdermal grid centered on CZ location.

Locations Sinister Sinister Center Dexter Dexter
−20mm −10mm 0 mm 10mm 20mm

Anterior 20mm 61 66 139 126 72
Anterior 10mm 55 66 92 78 70
Center 0 mm 50 48 REF 55 64
Posterior −10mm 49 44 55 52 58
Posterior −20mm 53 50 51 54 57

(a) Sinister 20 mm. (b) Sinister 20 mm. (c) Posterior 20 mm.

Minimum to maximum sensitivity

Fig. 5: Gray matter sensitivity distributions (a), coronal cross section
(b) and midsagittal cross section (c) for the subdermal leads of the
CZ grid.

In the OZ grid (Table V), the HSVs obtained increase when
the electrode spacing is either laterally increased or increased
along the vertical axis. The diagonal measurements also
show positive variations with the HSV increasing from 21%
to 393% when the electrode spacing duplicates. However,

TABLE V: HSV [mm3] results of the gray matter of the head model
bipolar lead pairs of the subdermal grid centered on OZ location.

Locations Sinister Sinister Center Dexter Dexter
−20mm −10mm 0 mm 10mm 20mm

Superior 20mm 755 1042 931 1188 1587
Superior 10mm 111 512 230 322 913
Center 0 mm 616 342 REF 271 752
Inferior −10mm 529 421 268 282 594
Inferior −20mm 513 480 429 439 476

(a) Inferior 20 mm. (b) Sinister 20 mm. (c) Inferior 20 mm.

Minimum to maximum sensitivity

Fig. 6: Gray matter sensitivity distributions (a), transverse cross
section (b) and midsagittal cross section (c) for the subdermal leads
of the OZ grid.
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comparing electrodes with non parallel lead fields, it is
possible to verify that the HSV not always increases when the
source electrode is further from the reference. On the superior
and sinister part of the grid, the HSVs first increase when the
lateral spacing is increased from 0 mm to 10 mm, but then
they decrease with the 20 mm spacing. The measurement
sensitivity is predominant on the right side of the cortex
(Fig. 6a & b), because the OZ grid is slightly displaced
towards the dexter side of the skull (Fig. 3c). The leads of
the OZ grid detect the neuroelectric activity originated in a
wide and deep area of the occipital gray matter (Figs. 6b & c).

Similarly to CZ grid, both T3 and T4 grids show that
subdermal electrodes can concentrate the lead field in small
regions of the gray matter. The maximum HSV value registered
for the T3 grid was 159 mm3 (Table VI) while the maximum
value of th T4 grid was 304 mm3 (Table VII). Tables VI
and VII indicate a decrease in the volume of 13% and
33%, respectively, when the electrode spacing is posteriorly
increased from 10 mm to 20 mm. The inferior and posterior
leads of both grids also show a decrease of the volume when
the electrode spacing is posteriorly increased. The diagonal
measurement in this part of the grids decreases 34% in the
T4 grid, but increases 5% in the T3 grid. The distributions of
the leads in T3 and T4 grids (Figs. 7 & 8) concentrate the
measurement sensitivity in a restricted volume of the temporal
gray matter between the measurement pair. The orientation and
the distance between the measurement sites highly influence
the portion of the temporal lobe being measured.

TABLE VI: HSV [mm3] results of the gray matter of the head model
bipolar lead pairs of the subdermal grid centered on T3 location.

Locations Anterior Anterior Center Posterior Posterior
−20mm −10mm 0 mm 10mm 20mm

Superior 20mm 86 89 133 89 147
Superior 10mm 88 83 66 84 159
Center 0 mm 93 103 REF 117 102
Inferior −10mm 120 138 130 81 78
Inferior −20mm 126 143 102 88 85

(a) Posterior 20 mm. (b) Inferior 20 mm. (c) Posterior 20 mm.

Minimum to maximum sensitivity

Fig. 7: Gray matter sensitivity distributions (a), coronal cross section
(b) and transverse cross section (c) for the subdermal leads of the T3

grid.

TABLE VII: HSV [mm3] results of the gray matter of the head
model bipolar lead pairs of the subdermal grid centered on T4

location.

Locations Posterior Posterior Center Anterior Anterior
−20mm −10mm 0 mm 10mm 20mm

Superior 20mm 217 304 198 175 163
Superior 10mm 172 199 203 272 175
Center 0 mm 163 244 REF 121 158
Inferior −10mm 179 213 180 192 225
Inferior −20mm 141 142 205 199 204

(a) Inferior 20 mm. (b) Inferior 20 mm. (c) Anterior 20 mm.

Minimum to maximum sensitivity

Fig. 8: Gray matter sensitivity distributions (a), coronal cross section
(b) and transverse cross section (c) for the subdermal leads of the T4

grid.

The results obtained for P3 and P4 grids show that the HSV
measurement is spread along a large volume of gray matter
that varies between 451 mm3 to 2553 mm3 (Table VIII). The
values of the P3 grid (Table VIII) indicate an increase of the
HSV from 156% to 229% when the electrodes increase their
spacing from 10 mm to 20 mm from the reference electrode.
The same variation of the electrode spacing on the P4 grid
(Table IX) results in an increase of the HSV from 88% to
235%. The measurement sensitivity distributions of the P3 and
P4 grids uniformly spread along a wide region of the gray
matter covered by the parietal bones.

(a) P3 Lateral 20 mm. (b) P4 Lateral 20 mm.

Minimum to maximum sensitivity

Fig. 9: Gray matter sensitivity distributions for the P3 (a) and P4 (b)
grids when the source electrode distances 20 mm from the reference.
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TABLE VIII: HSV [mm3] results of the gray matter of the head
model bipolar lead pairs of the subdermal grid centered on P3

location.

Locations Lateral Lateral Center Medial Medial
−20mm −10mm 0 mm 10mm 20mm

Superior 20mm 2427 1814 1746 1526 1590
Superior 10mm 2056 922 598 1001 857
Center 0 mm 1518 593 REF 451 1315
Inferior −10mm 1897 874 531 926 1718
Inferior −20mm 2553 1820 1747 1499 808

TABLE IX: HSV [mm3] results of the gray matter of the head model
bipolar lead pairs of the subdermal grid centered on P4 location.

Locations Medial Medial Center Lateral Lateral
−20mm −10mm 0 mm 10mm 20mm

Superior 20mm 1736 1870 1540 1880 2520
Superior 10mm 1045 887 819 1038 2045
Center 0 mm 1767 528 REF 557 1299
Inferior −10mm 2372 925 565 831 1499
Inferior −20mm 1154 1576 1073 1578 1966

Figure 10 shows the differences in the measurement sensi-
tivity distributions that result from the varying thicknesses of
the underlying tissues. The FZ grid covers an area where the
bone and CSF layers are very thick, while the CZ grid covers
a skull region with thin bone and CSF layers underneath. In
the FZ grid, the electric current is first shunted by the thick
skull and then concentrates within the high conductive CSF
between the lead pair (Fig. 10 a). In the CZ grid, the shunting
effect of the skull is reduced and the thin CSF layer channels a
small part of the electric current (Fig. 10 b). The results show
that the current density in the gray matter under the FZ grid
spreads uniformly along a wide area (Fig. 10 a), while in the
CZ grid the current is concentrated in the gray matter between
the lead sites (Fig. 10 b).

(a) FZ lead. (b) CZ lead.

Minimum to maximum sensitivity

Fig. 10: Sagittal cross section (with skull, CSF and gray matter layers)
of the sensitivity distribution for FZ and CZ subdermal leads.

IV. DISCUSSION

The HSV measurement reflects the lead capability of
focusing the lead field within the neuroelectric source volume.
Thus, a lead field concentrated in a small region results in
a small HSV, while a lead field that is spread along a large
volume of gray matter results in a high HSV. The results show
that the surface bipolar leads are sensitive to neuroelectric
sources located in 1 cm3 volumes. The results also reveal that
the electrode sensitivity may be improved when subdermal
electrodes are used. The realistic head model was analysed to
identify the phenomena responsible for the variations of the
HSV among the electrode configurations and measurement
sensitivity distributions.

The mean HSV of the surface leads is close to one fourth
of the value reported by Vaisanen et al. [6], 4002 mm3.
Vaisanen et al. considered the whole brain (gray and white
matter included) the neuroelectric source region, while we
defined the gray matter the only source region, which results
in smaller HSVs.

The volume of gray matter that lies bellow C5 and C6

locations explains the large values registered. Both electrodes
measure the gray matter volume from gyri that belong to three
distinct brain lobes: parietal, frontal and temporal. There, the
gray matter is more predominant than the white matter which
results in larger HSVs. Consequently the measurement can
hardly distinguish one active source located in the parietal lobe
from another located in the temporal or frontal lobes. The large
volumes detected are also due to the segmentation performed
that did not create a brain surface where the sulci between
the brain lobes are evidenced. Therefore, the lateral cerebral
sulcus and the central sulcus are overfilled with gray matter
that belongs to the HSV detected by C5 and C6 electrodes.

The highest HSV registered for the surface montage
corresponds to the PZ location, which is aligned along the
longitudinal fissure. However, this physical division between
the cerebral hemispheres is not evidenced in the posterior
part of the brain surface segmented. Therefore, this electrode
detects sources from the non realistic gray matter portion
located in the posterior brain. Contrarily, the brain surface
shows a slight division between hemispheres in the frontal
area, which is detected by the FZ electrode and explains
why it has a smaller HSV. The measurements sensitivity
distributions of FZ and PZ leads spread in the two cerebral
hemispheres. The FZ and the PZ distributions focus the
lead field within the parietal and frontal lobes, respectively.
Thus, their measurements can hardly distinguish between
neuroelectric sources located near the longitudinal fissure but
in different hemispheres.

The subdermal leads of the CZ , T3 and T4 grids concentrate
the HSV in a gray matter region smaller than the surface
leads. The maximum HSV registered for these grids, 304 mm3

(Table VII), differs 14% from the maximum gray matter HSV
registered by Subramaniyam et al. [7], 266 mm3, and it is
almost half of the subdermal HSV obtained by Vaisanen et al.
[6], 516 mm3. The slight variation from the value reported by
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Subramaniyam et al. [7] might be due to the different geometry
of the brain surface, while the difference from Vaisanen’s
results is due to the differences regarding the neuroelectric
source considered.

The HSVs of the leads of the FZ grid (Table III) are
much larger than the values of the surface leads, which is
not expected. The subdermal HSVs should be inferior that the
surface values since the smearing effect of the scalp should
be reduced [6]. These large values are explained by the thick
CSF layer that lies under the frontal bone where the grid
was placed. Since the CSF is the biological tissue modelled
with the highest electrical conductivity, the electric current
that does pass through the skull preferentially spreads along
the CSF layer and concentrates between electrodes before
entering the less conductive brain tissues (Fig. 10 a) [5], [23].
Consequently, the detectors sensitivity to sources located in
the gray matter is very poor and the HSVs become larger [4],
[23]. The electrodes detect a source located in a volume of 1
to 3 cm3 of the gray matter near the lead (Fig. 4).

The results of the subdermal grid centered on CZ (Table
IV) show that the sensitivity of subdermal electrodes might
be improved when the grid is placed in specific regions
of the skull. Around the CZ location, the CSF that lies
between the skull and the cortex is very thin. The small
HSVs result from the fact that the measurement sensitivity
concentrates within the gray matter between the measurement
leads (Fig. 10 b). However, the center column of the grid shows
high values which is not accordingly to the results obtained
by Subramaniyam et al. [7]. These values are high due to
extra gray matter inaccurately placed in the location of the
longitudinal fissure, which is a consequence of the wrong
gray matter segmentation. Nevertheless, the data show that
subdermal electrodes eliminate much of the scalp and skull
smearing, which affect the surface measurements, since the
HSV are clearly much smaller than the results of the scalp
measurements.

The HSV fluctuations on the superior and sinister part
of the OZ grid (Table V) are the consequence of the grid
misplacement. The grid is not aligned with the longitudinal
fissure; it slightly covers more the dexter brain than the sinister.
Thus, the longitudinal fissure lies between the 0 mm center
column and the 10 mm sinister column, instead of being
exactly under the center column. The leads on the superior
10 mm sinister column are then sensitive to the gray matter
located in the longitudinal fissure reaching high HSV values;
the leads on the superior 20 mm sinister column are distant
enough from the fissure which results in smaller HSVs. In the
inferior part of the grid, this phenomenon is silenced due to the
proximity to the thicker bone and CSF layers. The lead field
of the inferior electrodes is firstly shunted by the thick skull
and then spread along the brain due to the high conductive
CSF that becomes thicker in this zone [4], [5], [23].

The HSVs of the leads of both T3 and T4 grids (Tables VI
and VII) show that the EEG detectors sensitivity benefit from
subdermal implantation. The temporal squama is a thin and flat
part of the temporal bone [24], and it is the exact region where
the temporal grids were placed. Consequently, the smearing
effect caused by the low conductive skull is reduced and the

lead field is focused on a small volume of gray matter which
results in small HSVs. Furthermore, the skull smearing effect
is minimized on both grids when the source electrode gets
closer to the squamous suture where the bone layer is thinner
[24]. This explains why the HSVs decrease when the source
electrode is posteriorly moved on the inferior part of the grids.

The P3 and P4 grids studied (Fig. 3f & g) cover the thicker
portion of the parietal bones. Therefore, in these locations,
the skull shunting effect is amplified as well as the smearing
effect cause by its low conductivity [25], [26]. It results in
small current density values uniformly distributed in the gray
matter which is reflected by the large HSV values.

V. CONCLUSION

The surface EEG electrodes provide information regarding
the brain lobe where the neuroelectric source lies, but sub-
dermal implantation is needed to get more spatially precise
data. The surface detectors can measure brain activity from
regions of 1 cm3, while subdermal electrodes can focus the
measurement on volumes smaller than 0.1 cm3. This means
that sensitivity of electroencephalography electrodes can be
improved by a factor of 10 when the electrodes are subder-
mally implanted instead of placed on the scalp. However, the
improved accuracy is only reachable when the subdermal grids
are implanted in specific regions of the skull surface. From the
seven subdermal locations analysed, the temporal bones and
the skull near CZ reference have shown to be good locations to
implant subdermal electrodes. These regions benefit from the
thin underlying bone and CSF layers. On the other side, the
frontal and parietal bones have shown to be bad implantation
places due to the thick bone or CSF layer. Further investigation
on the influence of the thickness of head tissues on the HSVs
is required. Future studies should also include ECoG grids to
compare subdermal and subdural leads and further investigate
the influence of the low conductive skull layer.
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INSTITUTO SUPERIOR TÉCNICO, LISBON, PORTUGAL, OCTOBER 2014 8

REFERENCES

[1] S. Smith, “EEG in the diagnosis, classification, and management of pa-
tients with epilepsy,” Journal of Neurology, Neurosurgery & Psychiatry,
vol. 76, no. suppl 2, pp. ii2–ii7, 2005.

[2] S. Sanei and J. A. Chambers, EEG signal processing. John Wiley &
Sons, 2008.

[3] E.-J. Speckmann, C. E. Elger, and A. Gorji, “Neurophysiologic basis
of EEG and DC potential,” in Niedermeyer’s Electroencephalography,
D. L. Schomer and F. Lopes da Silva, Eds. Lippincott Williams &
Wilkins, 2011.

[4] J. Malmivuo, V. Suihko, and H. Eskola, “Sensitivity distributions of
EEG and MEG measurements,” Biomedical Engineering, IEEE Trans-
actions on, vol. 44, no. 3, pp. 196–208, 1997.

[5] K. Wendel, N. G. Narra, M. Hannula, P. Kauppinen, and J. Malmivuo,
“The influence of CSF on EEG sensitivity distributions of multilayered
head models,” Biomedical Engineering, IEEE Transactions on, vol. 55,
no. 4, pp. 1454–1456, 2008.
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ströme in körperlichen leitern mit anwendung auf die thierisch-
elektrischen versuche,” Annalen der Physik, vol. 165, no. 6, pp. 211–
233, 1853.

[21] S. Rush and D. A. Driscoll, “EEG electrode sensitivity-an application
of reciprocity,” Biomedical Engineering, IEEE Transactions on, no. 1,
pp. 15–22, 1969.
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[25] K. Wendel, J. Väisänen, J. Hyttinen, and J. Malmivuo, “The influence
of age and skull conductivity on surface and subcutaneous bipolar
eeg leads,” in 7th International Symposium on Noninvasive Functional
Source Imaging of the Brain and Heart & 7th International Conference
on Bioelectromagnetism NFSI & ICBEM 2009, 29.-31.5. 2009, Rome,
Italy, 2009.
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