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potential field, activating functions and
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Abstract—This computer modelling study on motor cortex stimulation (MCS) intro-
duced a motor cortex model, developed to calculate the imposed electrical potential
field characteristics and the initial response of simple fibre models to stimulation of
the precentral gyrus by an epidural electrode, as applied in the treatment of chronic,
intractable pain. The model consisted of two parts: a three-dimensional volume conduc-
tor based on tissue conductivities and human anatomical data, in which the stimulation-
induced potential field was computed, and myelinated nerve fibre models allowing
the calculation of their response to this field. A simple afferent fibre branch and three
simple efferent fibres leaving the cortex at different positions in the precentral gyrus
were implemented. It was shown that the thickness of the cerebrospinal fluid (CSF)
layer between the dura mater and the cortex below the stimulating electrode substan-
tially affected the distribution of the electrical potential field in the precentral gyrus
and thus the threshold stimulus for motor responses and the therapeutic stimulation
amplitude. When the CSF thickness was increased from 0 to 2.5 mm, the load impe-
dance decreased by 28%, and the stimulation amplitude increased by 6.6 V for each
millimetre of CSF. Owing to the large anode—cathode distance (10 mm centre-to-centre)
in MCS, the cathodal fields in mono- and bipolar stimulation were almost identical.
Calculation of activating functions and fibre responses showed that only nerve fibres
with a directional component parallel to the electrode surface were excitable by a cathode,
whereas fibres perpendicular to the electrode surface were excitable under an anode.

Keywords—NMotor cortex stimulation, Chronic pain, Volume conductor model, Nerve
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1 Introduction
1.1 General introduction

MOTOR CORTEX stimulation (MCS) has been applied in the
last 12 years as a treatment for several types of chronic,
intractable pain. Nearly 300 cases of MCS have been pub-
lished. Although the clinical results are variable, the number
of published cases in which MCS was applied successfully
in the treatment of central post stroke pain (CPSP) and tri-
geminal neuralgia (TGN) allows the conclusion that these
indications are validated for MCS treatment (BROWN and
BARBARO, 2003).

In MCS, an electrode is placed epidurally over the location
on the precentral gyrus where the contralateral painful body
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area is represented. The surgical procedure has been described
by for example, GARCIA-LARREA et al. (1999) and NGUYEN
et al. (2000). Neurophysiological stimulus-response methods
and advanced neuro-navigation techniques support the
precise placement of the stimulating electrode, reported to be
critical for successful MCS (NGUYEN et al., 1999; PIROTTE
et al., 2001).

As a first step to unravelling the analgesic mechanism of
MCS, PET scans have been performed after implantation
(GARCIA-LARREA et al., 1999). The most significant increase
in regional cerebral blood flow, which corresponds to an
increase in metabolism as a result of increased neuronal
activity, has been observed in the ventro-anterior (VA) and
the ventro-lateral (VL) nuclei of the thalamus.

The aim of this study was to predict the immediate bio-
electrical effects of MCS by computer modelling. Apart from
analysis of the stimulation-induced field, this study also aims
to explore the resulting response of simple fibre models in
the precentral gyrus. More sophisticated fibre models are still
being developed.
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1.2 Anatomical aspects

The brain surface is covered by membranes that enclose the
cerebrospinal fluid. The inner membrane, or pia mater, covers
the cortical surface completely, including the various sulci and
fissures. It is connected by thin filaments to the arachnoid,
forming the middle membrane. The outer and thickest mem-
brane, the dura mater, is covered by a thin layer of epidural
fat and follows the bony structure of the skull.

At the pial surface, the precentral gyrus is situated between the
central sulcus and the precentral sulcus, on its posterior and
anterior sides, respectively. The lateral fissure and, at the inter-
hemispheric side, the sulcus cinguli form its inferior and superior
anatomical borders, respectively (NIEUWENHUYS e al., 1988).

The primary motor cortex comprises of a thin layer of grey
matter and its afferent and efferent fibres in the white matter
beneath. The primary motor cortex (Brodmann’s area 4),
which is characterised by the presence of the giant cells of
Betz, partly covers the precentral gyrus. Near the lateral
fissure, it is practically limited to the anterior wall of the
central sulcus. Superiorly, the primary motor cortex increas-
ingly widens and covers the whole convexity of the precentral
gyrus at its border with the interhemispheric fissure. The comp-
lementary part of the precentral gyrus is covered by the
premotor cortex or Brodmann’s area 6 (see ZILLES (1990)).
Both the primary and the premotor cortices have a somatotopic
organisation. The face is represented most inferiorly, and the
lower extremities project to the superior area of the precentral
gyrus, which extends into the wall of the interhemispheric
fissure (TRUEX and CARPENTER, 1964; ZEFFIRO, 1990).

The motor cortex has a laminated structure of six layers, as
shown in Fig. la. In this Figure cell bodies, dendrites and
axons are made visible by different staining methods. The
main inputs of the motor cortex originate from the cerebellum
and the pallidum by the VA and VL nuclei of the thalamus.
The ramifications of these thalamocortical fibres constitute
parts of the ‘horizontal’ sheets of myelinated fibres, primarily
in layer IV of the motor cortex (ZILLES, 1990). Corticothalamic
neurons in layers V and VI project to the VA—VL complex, thus
closing the corticothalamic loop (NA et al., 1997; OHYE, 1990).
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Fig. 1

No data were found in the literature on the distribution of
nerve fibre diameters in the various layers of the motor
cortex. In particular, the largest fibres in each afferent and
efferent pathway are of interest, because these fibres need the
lowest stimulus for their excitation. The largest fibre diameter
measured in a study on human brain white matter (not includ-
ing the axons of Betz cells) is 4 um (TANG and NYENGAARD,
1997). Some Betz cell efferents are among the largest fibres
in the pyramidal tract and can have diameters up to 13 um
(GRAF vON KEYSERLINGK and SCHRAM, 1984; TRUEX and
CARPENTER, 1964). As the mean size of Betz cells (in layer
V) is larger in the superior part (limbs) than in the inferior
part (face) of the precentral gyrus, it is likely that the mean
calibre of their efferents is also larger in the superior part.

All pyramidal cells have a long apical dendritic tree perpen-
dicular to the cortical layers and extending into layer I. Their
efferents have the same orientation with respect to the cortical
layers, thus creating a ‘fountain’ of nerve fibres emerging from
the white matter into the grey matter of the precentral gyrus, as
shown in Fig. 1b (see also VILLIGER (1940)).

2 Methods
2.1 Volume conductor model

2.1.1 Geometry

A 3D, inhomogeneous and partly anisotropic volume con-
ductor model, representing the grey and white matter of the
precentral gyrus, as well as the surrounding anatomical struc-
tures, has been constructed. Fig. 2 shows a transverse cross-
section of this 3D model that represents part of the gyrus,
with the precentral and central sulci on the left and right
sides, respectively. The 80 layers that compose the model
from inferior to superior (z-direction) have the same geometry,
except for the outer ones, which are used as boundary layers.
Each layer consists of 6300 cubic elements, each defined by
an (an)isotropic conductivity. The length of the rib of a cube
was chosen to be smallest (0.3 mm) in the vicinity of the epi-
dural electrode, where the voltage gradient is largest.
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(a) Layered structure of motor cortex (laminae I-VI); cortical afferents from various parts of brain ascend and bifurcate into specific

layer parallel to cortical surface; giant cells of Betz are located in layer V; (b) efferents of pyramidal neurons leave cortex into white

matter below, creating ‘fountain’ of fibres in gyrus
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Fig. 2 Transverse section (xy-plane) of 3D volume conductor model
through centre of epidural electrode; Dm-dura mater; CSF-
cerebrospinal fluid; EF-epidural fat, GM I: cortical layer I;
GM II-VI: layers 1I-VI

The implanted stimulating device was modelled according
to the dimensions of the paddle of a Resume II lead* generally
used in MCS: a 2 mm thick, 8 mm wide and 44 mm long insu-
lator. This paddle model was placed between the skull and the
dura mater from inferior to superior above the precentral gyrus.
Each metal electrode was a disc with a diameter of 4 mm on the
lower side of the paddle, directly above the dura mater. To
model monopolar or bipolar stimulation, one electrode, or
two electrodes at a centre-to-centre distance of 10 mm on the
paddle, were defined.

The dimensions of the model in the x-, y- and z-directions
were 60.8 x 42.6 x 57.4 mm, respectively. Table 1 presents
an overview of the geometries of the modelled anatomical
compartments. The arachnoid and the pia mater were not incor-
porated in the model as separate compartments.

2.1.2 Conductivities

The electrical conductivities of the anatomical model
compartments are presented in Table 2. The conductivities
of most compartments were taken from the spinal cord stimu-
lation model developed in our group. The conductivity of the
grey matter, however, was inhomogeneous, with layer I
having a ~60% lower value than layers II-VI. This value
was estimated from empirical data by HABERLY and SHEPHERD
(1973) and HOELTZELL and DYKES (1979). In both studies, a
large gradient in conductivity was reported from layer I to
layer II. The conductivity of the white matter was anisotropic,
having the higher value in the direction of the myelinated fibres.

The conductivity of the boundary layer, representing distant
tissues, was chosen such that the model impedance matched the
mean empirical value for monopolar stimulation (~750 Q).
The conductivity of the dura mater was given a value at
which the model impedance matched the mean empirical
value in bipolar stimulation (~1000 (2).

2.1.3 Computation of 3D potential field

A finite difference method was implemented in the simu-
lation software to solve the potentials at the grid-points of
the model resulting from the voltage(s) allocated to the electro-
de(s). These grid-points were the vertices of the cubic elements
forming the volume conductor model. For each volume
element, conservation of charge applies, as expressed by

V'JMMIZO (1)

*Medtronic Inc., Minneapolis, MN, USA
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The total current density J”“ includes a conduction current
density and an impressed current density. The latter arises
from bioelectric sources within the tissue. In the MCS model,
the assumption is made that bioelectrical sources have a negli-
gible influence on the stimulation induced electrical field.
Therefore only the conduction current density is left, which
can be written as the product of the conductivity vector o
and the electrical field vector E

Jtolal — oFE (2)
with E expressed as the negative gradient of the potential field

Jf()lal — _(TVCI) (3)

Substitution of (3) into (1) yields the Laplace equation of the
potential field

V.-oVD =0 “4)

The boundary conditions applied are of the Dirichlet type:
at the electrode surface: @ = constant; at the model surface:
D =0.

Taylor’s theorem was utilised to provide the finite difference
representation of (4) in which the potentials at the individual
grid-points appear. Thus a second-order approximation of the
equation for the potential at grid-point (x,y,z) with a homo-
geneous medium and a uniform grid becomes

CDx—l,y,z - 2(I))c,y,z + q)x-H,y,z

i (Ax)?
+ oy (Dx,y—],z - 2(I)x,_viz + (I)x,_\r+1,z
(Ay)
cDx p,z—1 — Zq)xw + (vaH-l
S 2L W — 0 5
o; (AZ)Z 5

Each of the three terms of (5) belongs to an orthogonal direc-
tion. The square of the local resolution is the denominator of
each term. Each nominator contains the appropriate conduc-
tivity vector component and the potentials at three successive
grid-points along an axis. The equations for all grid-points in
the model constitute the linear system

AD =b (6)

in which matrix A contains the grid spacing and vertex con-
ductivity information, ® contains the potentials at the non-
boundary grid-points, and b contains the information about
the Dirichlet conditions.

The matrix equation (6) was solved for the potentials at the
grid-points according to the red—black Gauss—Seidel algorithm
with variable over-relaxation. To obtain a reliable solution, the
procedure was implemented in such a way that two independent
iterations with different initial guesses of ® converge to the final
solution. The stopping criterion was defined as

AT
Lic 1% =Pl _ 001y 7)

n

where ®; and ®} are the potentials on grid-point i calculated by
each iteration procedure, and » is the number of grid-points of
the model.
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Table 1 Human anatomical data implemented in MCS model

Parameter Mean, mm SD, mm n Reference(s)
Skull thickness 5 93 VAN VEENENDAAL (1982) (unpublished)
(over motor cortex)
Dura mater thickness 0.36 >100 McCOMB et al. (1981), JIANG (1990)
CSF layer thickness 3.1 0.8 6 ROELOFSEN, (2003) (unpublished) (T2 weighted
(over precentral cortex) MRI density profiles)
Motor cortex thickness layer I 0.2 ZILLES (1990) (Brodmann area 4)
layers II-1V 1.4
layers V-VI 2.1
Precentral gyrus width 11.7 49 ROELOFSEN (2003) (unpublished) (all parameters
measured at 5 positions along precentral gyrus of 6
fixated hemispheres; corrected for 15% shrinkage)
Central sulcus width 2.7 0.73
Precentral sulcus width 2.3 1.1
Central sulcus depth 16.4 4.0
Precentral sulcus depth 15.6 4.0

2.2 Nerve fibre model

A McNeal-type cable model (MCNEAL, 1976) with sealed
ends (infinite termination impedance) was incorporated in the
simulation software to predict the response of myelinated
nerve fibres to the external potential field. All nodes of
Ranvier of the fibre were made excitable, having modified
Frankenhaeuser—Huxley membrane kinetics adjusted to exper-
imental data of human sensory fibres at 37°C. The internodal
portion of the fibre membrane was assumed to be an ideal
insulator. For a detailed description of the fibre model, see
WESSELINK et al. (1999).

Four fibre types were modelled, as shown in Fig. 3. All fibre
models were placed in the transverse cross-section (xy-plane)
through the centre of the electrode (Fig. 2). The course of
fibre model A, is parallel to the cortical surface at a depth of
1.4 mm and represents a thalamocortical (afferent) fibre
branch in layer IV. Fibre models E; —E; represent cortical effer-
ents arising in layer V, with orientations based on their course in
the cortex and the white matter below, as depicted in Fig. 1b.

According to the inverse recruitment principle, the threshold
stimulus of a fibre group is related to the excitation of the
largest fibres in this group. To obtain the threshold stimuli of
the efferent fibre groups represented by fibre models E;—Es,
these fibre models should be considered as efferents of the
giant cells of Betz in layer V that project into the corticofugal
motor system. Based on neuro-anatomical studies (see Section
1.2), it is assumed that these axons have a diameter exceeding
the size of the efferents projecting from laminae V and VI to
the VA-VL complex of the thalamus.

Each efferent fibre model E,—E; originates in layer V
and leaves the cortex at a different location, thus resulting in

Table 2 Conductivities in MCS model

Compartment Conductivity, S(m)~!
Skull 0.02

Epidural fat (EF) 0.04

Lead material 0.0001

Dura mater (DM) 0.065

Cerebrospinal fluid (CSF) 1.7
Grey matter

layer I (GM I)

layer II-VI (GM II-VI)
White matter

parallel to fibres 0.6

perpendicular to fibres 0.083
Boundary layer 0.0009

0.14
0.36
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different orientations of the initial parts of these fibre models.
Fibre model E; originates in the convexity of the precentral
gyrus, and its course is perpendicular to the electrode surface.
Fibre model E, originates at a location where the cortex bends
from a horizontal to a vertical orientation, forming the anterior
wall of the central sulcus. The initial part of this fibre model is
at an angle of 45° to the electrode surface. Fibre model E;
leaves the cortex deeper in the anterior wall of the central
sulcus, and the orientation of its initial part is parallel to the
electrode surface. Note that fibre type E; is only present in the
superior region of the precentral gyrus, where Brodmann area
4 extends over the convexity of the gyrus (see Section 1.2).

3 Results

3.1 Influence of the grid on the calculated electrical
potential field

The total grid size (number of grid-points) and the grid
spacing in each orthogonal direction of the model were
chosen such that all anatomical structures could be represented

0 | _ i H
L.,

Fig. 3 Cortical fibre models: A;: ‘horizontal’ branch of cortical
afferent at depth of 1.4 mm in cortex; E;j—Ej3: cortical
efferents of Betz cells in layer V, leaving cortex at different
locations in gyrus
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with a satisfactory resolution, while the computational
load, which is a power function of the total number of grid-
points, was limited. To test how sensitive the calculated electri-
cal potential field was to the chosen grid, the grid was refined
twice in all three directions. For calculation with the finer grid,
the iterative Gauss—Seidel procedure was stopped when the
average final residuals of the discrete equation were four
times less than those obtained with the coarser grid, which
took ~16 times longer to accomplish.

The two field solutions resulted in a small mean difference
(<2.5%) and a maximum of about 10% only around the
edge of the electrode. However, this was not considered to
be relevant, as the neural structures to be stimulated were far
more distant from the electrode. Indeed, model output
parameters, such as fibre model thresholds and the lumped
tissue impedance, differed by less than 3% (and all had a
deflection of the same sign).

Based on these sensitivity tests, we concluded that the original
model with 91 x 71 x 81 grid-points provided a sufficiently
accurate solution obtained within a reasonable computation
time (~4000 iterations and 60—90 min, depending on the PC).
All results presented were calculated with this model.

3.2 Cathodal field at monopolar and bipolar stimulation

As MCS is applied both monopolarly and bipolarly, we
compared the corresponding fields in the precentral gyrus. To
eliminate the effect of different load impedances in mono-
and bipolar stimulation, a 1 mA current was applied in both
cases, and each stimulation-induced field was represented by
an identical set of ten iso—current density lines in a plane
parallel to the surface of the electrode(s) and at a depth of
1.4 mm in the cortex.

As shown in Fig. 4, the current density field is circular for
monopolar stimulation. For bipolar stimulation, the symmetry
in the x-direction is maintained, but the current density field
is slightly more confined towards the axis of the bipole. In
the z-direction, the outtermost iso-lines of the bipolar field
(representing the lowest current densities) extend more
towards the other pole, whereas the iso-lines representing
higher current densities are still circular, virtually creating a
monopolar current-density field.

3.3 Sensitivity of the current density field to the width of
the sulci

The widths of the precentral and central sulci had a standard
deviation of 41% and 30% of the corresponding mean values
(see Table 1). To investigate the influence of this variability
on the current-density field in the cortex below an electrode,
models were made in which the average width of each sulcus
was increased by the standard deviation. The current density
field was quantified by calculation of the average of the
normal current-density component in two yz-planes in the
cortex, situated on the edges of the electrode (see Fig. 2).
Stimulation was applied monopolarly (—1 V).

On the side of the precentral sulcus, the average normal
current-density component in the cortical yz-plane was 1.3%
higher as a result of a 41% wider precentral sulcus. Similarly,
a 30% wider central sulcus resulted in a 1.0% increase of the
average normal current density component in the cortical
yz-plane on the side of the central sulcus.

3.4 Influence of the CSF layer below the electrode on the
current-density field

In Figs S5a and b, iso-current density lines are depicted in
a transverse (xy) and a longitudinal (yz) plane through the
centre of the electrode in monopolar (cathodal) stimulation.
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Fig. 4 Iso-current density lines in xz-plane of model parallel to
electrode surface(s) at depth of 1.4 mm in cortex; ten
equidistant lines (4.5-7.5 pA mm™2); mono- and bipolar

stimulation (1 mA)

Owing to the inhomogeneous medium, the iso-lines are not cir-
cular around the electrode (as would be expected in a homo-
geneous medium). The highest current densities are in the
well-conducting CSF layer covering the cortex, as shown by
the iso-current density lines in this layer and their orientation
perpendicular to this layer. (The direction of the current is

cathode

et

white matter

—<.
I
grey matter

Fig. 5 Iso-current density lines in (a) xy-plane and (b) yz-plane
through the centre of cathode; 55 equidistant lines
(5-60 nA mm”2); monopolar cathodal stimulation (1 V)
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normal to the direction of the iso-current density lines.) Note
that little current flows into the sulci. Efficacy calculations at
both monopolar and bipolar stimulation in models with a
3.1 mm CSF layer thickness yielded that about 60% of the
total cathodal current does not enter the cortex, but flows par-
allel to the electrode surface in the CSF layer. Below the elec-
trode, the current also spreads approximately radially into the
cortex, as shown in Figs Sa and b. The current densities in
the cortex are, however, substantially lower than in the over-
lying CSF layer, as shown by the low values of the iso-
current density lines (5—14 wA mm ™ ?).

Owing to its thickness (2 mm), the implantation of a lead for
MCS will most probably reduce the thickness of the (highly con-
ductive) CSF layer under the paddle. Because it is unknown how
much the thickness of this layer will be reduced, we modelled
several thicknesses to predict the effects on the current-density
distribution and the load impedance in monopolar stimulation.
If no CSF is present between the dura mater and the cortex
under the lead paddle (Fig. 6, upper left plot), current penetrates
deep into the cortex and the underlying white matter and enters
the CSF on both sides of the paddle via the dura mater and the
cortex. In this condition, the load impedance is high (975 ().

If a small CSF layer of 0.5 mm is present between the dura
mater under the lead paddle and the cortex (Fig. 6, upper-right
plot), the iso-current density lines penetrate less deeply into the
white matter, indicating a reduced current density in the cortex
and the underlying white matter. Moreover, the current density
in the CSF on both sides of the paddle becomes higher, and the
load impedance is reduced by ~20% compared with the model
without CSF below the paddle. A further increase in the CSF
layer thickness up to 2.5 mm results in a continued reduction
in the current density in the cortex and white matter below
the cathode and a further reduction in the load impedance, as
shown in Fig. 6.

Fig. 6 Iso-current density lines in the xy-plane through centre of
cathode in six models having different thicknesses of CSF
layer between electrode and cortex; 55 equidistant lines
(5—60;LAmm72); monopolar cathodal stimulation (1V);
thickness of CSF layer and load impedance are indicated
in each plot
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3.5 Activating functions

A first-order approximation of the effect of the stimulation-
induced potential field on the membrane voltage of a nerve
fibre is given by the activating function (AF), defined as the
second-order difference of the nodal field potentials of a mye-
linated fibre (RATTAY, 1986). A positive AF indicates mem-
brane depolarisation and possibly excitation, whereas a
negative value indicates hyperpolarisation. The change in
membrane potential increases with increasing value of AF.

AFs were calculated parallel to and perpendicular to the
electrode surface, as shown in Fig. 7. The AFs were calculated
along lines in the plotted model sections that coincide with the
horizontal axes of the graphs. Fig. 7a shows the AF along a line
in the xy-plane parallel to the cathodal surface at a depth of
1.4 mm in the cortex, for monopolar stimulation. The region
in which the AF has a positive value is confined to a circular
area under the cathode of about 6 mm (2 mm wider than the
diameter of the cathode), and its maximum is located under
the centre of the cathode.

0.8

0.6

0.4 cathode

0.2
0

-0.2

—0.4- T T T T T T T T T T T 1
-6 5 4 3 -2 -1 0 1 2 3 4 5 6

distance from centre of cathode, mm
a

activating function, mV

activating function, mV
I
o
|

cathode

2 -1 0 1 2 3 4 5 6 7 8 9 10
distance from centre of cathode, mm
b

m

o o

A~ O
1 ]

enode

0.2

activating function,
o
1

| |
o o
AN
1 1

|
o
)

T T T T T T T T T T T T 1
-7 6 5 4 -3 -2-11 2 3 4 5 6 7
distance from centre of longitudinal axis, mm
c

2.0+

>

€ 15-

C

i<l

5 1.0

c

3

2 051

2 o4 3

5 o)

© ]

*05 T T T T T T T T T T T 1
2 10 1 2 3 4 5 6 7 8 9 10

distance from centre of anode, mm
d

Fig. 7 Activating functions along line in plotted model sections
coinciding with the horizontal axis of each graph; (a), (b)
monopolar cathodal stimulation (1V); (c), (d) bipolar
stimulation (1'V)
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Further from the cathode, the AF becomes slightly negative.
Fig. 7b presents the AF along a line normal to the cathodal
surface and crossing the centre of the cathode, for monopolar
stimulation. Its value is most negative in layer I of the cortex
and becomes almost zero in the underlying white matter. The
sharp negative peak arises from the sudden change in electrical
conductivity at the border of the cortex and the white matter.

At bipolar stimulation, the two cathodal AFs are identical to
those at monopolar stimulation (shown in Figs 7a, and b),
except for their slightly lower absolute values. Fig. 7c shows
the AF along a line at a depth of 1.4 mm in the cortex and par-
allel to the line connecting the centres of the two electrodes. Its
maximum and minimum are located under the centre of the
cathode and the anode, respectively. In a region of ~3 mm
centred between the electrodes, the AF value is almost zero.
This means that the anodal and cathodal fields hardly
overlap, and that the anode and cathode can be considered as
virtual monopoles (see also Section 3.2). The two anodal
AFs are mirror images of the cathodal ones: being positive
and negative along a line normal and parallel to the anodal
surface, respectively (see Figs 7¢ and d).

The AF curves in Figs 7c and d were calculated in a bipolar
stimulation model that was calibrated at a ~200 () higher load
impedance than the monopolar model (see Section 2.1.2).
Because the same voltage was applied between cathode and
anode in both models (the model boundary being the anode
in monopolar stimulation), the current density near the
cathode was higher in the monopolar case. Consequently,
monopolar voltage-controlled stimulation results in somewhat
higher potential gradients and higher absolute AF values than
bipolar stimulation.

3.6 Threshold stimuli for fibre excitation

The threshold stimuli of the fibre types shown in Fig. 3 were
calculated for monopolar (cathodal), voltage-controlled stimu-
lation with monophasic pulses of 0.21 ms duration. Under
these stimulation conditions, efferent fibres of type E; were
hyperpolarised, which is in accordance with the negative AF
values calculated in the preceding Section (only fibres with a
direction component parallel to the electrode surface are excit-
able by a cathode).

Fig. 8 shows the normalised threshold stimuli of the fibre
types E,, E3 and A; as a function of their diameter
(5—15 pm). As shown by the shape of the curves, the threshold
amplitudes of the three fibre types have a similar dependence
on their diameter. Efferent fibre type E, (with an initial angle
of 45° to the electrode surface) has the highest threshold.
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Fig. 8 Normalised threshold voltages of cathodally excitable fibre
types ((-a-) A;, (-¢-) E,, (-m-) E3) as function of their

diameter (5—15 pm) in monopolar stimulation
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Although further away from the electrode, efferent fibre type
E; has a lower threshold, which should be attributed to its
initial orientation parallel to the cathodal surface. Fibre type
A has the lowest threshold, probably because it is nearest to
the cathode and oriented parallel to the electrode surface.
Note that the thresholds were calculated for simple fibre
models (see Section 4) and that they will probably be different
when more realistic fibre models are applied.

The excitation threshold of a 5 wm type A; fibre was
calculated in models with each of the six CSF layer thicknesses
depicted in Fig. 6. A linear fit of the data points (R* = 0.97)
yielded a sensitivity of 6.6 Vi eshola mm~ ' CSF. The excita-
tion threshold of the type A; fibre varied also linearly with
its depth in the cortex (R*= 1), yielding a sensitivity of
33 Vthreshold mmil depth'

In bipolar voltage-controlled stimulation at a pulsewidth of
0.21 ms, the threshold curves have the same shape as in mono-
polar stimulation. Owing to a 33% higher load impedance of
the bipolar model, the threshold voltages are proportionately
higher. When fibre type E; was placed below the centre of
the anode, it could be excited, in contrast to the situation
when it was placed under the cathode. Moreover, its threshold
stimulus was lower than for fibre types E, and E; with the same
diameter placed under the cathode.

4 Discussion
4.1 Volume conductor model

As the compartments filled with CSF have a much higher
electrical conductivity than the other anatomical compartments
of the model (see Table 2), their geometry may be a critical
factor. In contrast to the width of the sulci, which hardly
affects the current-density field in the cortex below an elec-
trode, this field is affected substantially by variation in the
thickness of the CSF layer between the cortex and the dura
mater under the electrode. In our standard model, the thickness
of the resume lead paddle (2 mm) was subtracted from the
(mean) CSF layer thickness (3.1 mm). As no imaging data
are yet available on the thickness of the CSF layer and the
shape of the cortex below the implanted lead paddle, improve-
ments in modelling MCS should be focused primarily on these
anatomical aspects.

4.2 Nerve fibre models

4.2.1 Efferent fibres:

All fibre types modelled in this study were represented by a
simple, straight or curved, myelinated nerve fibre model. In
reality, a nerve fibre originates from a neuronal cell body
having dendritic extensions as well. A complete neuron
model would be most appropriate to simulate the electrical
behaviour of pyramidal cells in the precentral cortex. Never-
theless, even with our simple efferent fibre models E;, E,
and Ej, an initial comparative guess of threshold stimuli can
be obtained.

Because in neocortical cells the time constant of the soma-
dendritic membrane (15 + 7 ms) is generally more than 160-
fold the time constant of the nodal membrane (NOWAK
and BULLIER, 1998), a short stimulation pulse (0.1-0.2 ms)
just exciting a myelinated fibre will hardly affect the soma-
dendritic membrane potential of the same neuron.

Empirical studies have confirmed that axons are the targets
of external stimulation of brain tissue (PORTER, 1963;
NOwWAK and BULLIER, 1998). Computer modelling of a
complete neuron has shown that action potentials were initiated
neither at the soma nor in dendritic tree branches, but always at
(the initial segment of) the axon, irrespective of the stimulus
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polarity and the orientation of the neuron in the extracellular
field (RATTAY, 1999). To yield a proper estimate of the
threshold stimulus when using a simple efferent fibre model,
the termination impedance at its proximal end should
equal the input impedance of the missing soma-dendritic part
of the neuron.

4.2.2 Afferent fibres

The type A, afferent fibre has been modelled as a simple
‘horizontal’ fibre at a depth of 1.4 mm in the cortex. In
reality, on leaving the white matter, afferents ascend normal
to the laminated structure of the cortex up to a layer where
they bifurcate. The fibre branches extend within this layer
and make en-passage synaptic contacts with local cortical
neurons. In a modelling study on the recruitment of dorsal
column fibres in the spinal cord, it has been shown that the pre-
sence of collaterals normal to the dorsal column fibre (radial to
the cathode) reduce the threshold stimulus by up to 50% com-
pared with an unbranched fibre (STRUUK et al., 1992). As a
similar geometrical situation would exist when a cortical affer-
ent was modelled as a branched fibre, its threshold stimulus
would be reduced substantially compared with the value of
the simple A; fibre model we used.

4.2.3 Fibre diameters

Another crucial aspect in the comparison of threshold
stimuli of different fibre types in the motor cortex is the
maximum of their diameter distributions, which determines
the threshold stimulus of each fibre type. However, data
about fibre calibres of afferents and efferents in the various
layers of the human primary motor cortex are still missing.

The goal of this initial modelling study was to develop an
MCS model and test the influence of certain model parameters
on the imposed electrical potential field. The further develop-
ment of this model will primarily be focused on more sophis-
ticated fibre models with realistic diameters, to allow
improved prediction of their recruitment.

4.3 Empirical and modelled stimulation amplitude data

MCS is generally applied bipolarly, with the cathode over
the cortical region corresponding to the painful body area
(NGUYEN et al., 1999; TSUBOKAWA ef al., 1993) at an ampli-
tude ranging from 2 to 8 V (SMITH et al., 2001). Taking into
account the high sensitivity of the stimulation threshold of
cortical fibres to the thickness of the overlying CSF layer
(6.6 Vmm~' CSF for fibre type A;), such a wide range is
likely to occur, particularly when the effects of other variables,
such as the pulsewidth (0.06—0.5 ms (SMITH ef al., 2001)) and
the percentage of the motor threshold voltage chosen as the
chronic stimulation level (20-50%) are considered as well.
These variables prevent a meaningful comparison of empirical
and calculated stimulation voltages.

The low threshold for excitation of the efferent type E; fibre
under the anode, as predicted by modelling, is consistent with
empirical studies reporting that anodal stimulation on the con-
vexity of the precentral gyrus directly activates cortical effer-
ents at a lower stimulus amplitude than cathodal stimulation
does (GORMAN, 1966; HERN et al., 1962; PHILLIPS and
PORTER, 1962).

The diameter of Betz cells varies from ~60 to ~120 pwm,
with the smallest cells located in the inferior part of the precen-
tral gyrus, and the largest ones located in the superior
part (TRUEX and CARPENTER, 1964). Under the assumption
that the axon diameter is correlated with the size of the cell
body, the motor threshold would be higher for stimulation of
the facial area than, for example, a limb area. However, no
empirical data are yet available to test this hypothesis.
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4.4 Cortical fibres most likely to mediate the analgesic effect
of MCS

As it has been shown by brain imaging that the thalamic
VA-VL complex is activated by MCS (GARCIA-LARREA
et al. (1999)), cortical nerve fibres most probably mediating
the analgesic effect are either cortico-thalamic fibres or
thalamo-cortical fibres, the latter by antidromic propagation
of the stimulation-induced action potentials towards the collat-
eral fibre terminals in these thalamic nuclei.

In clinical practice, MCS is applied cathodally at 20—50% of
the motor threshold. This motor threshold is most probably
related to the stimulation of large type E, or type Ej cortico-
spinal fibres arising from Betz cells in layer V. Because these
fibres have a larger diameter than cortico-thalamic fibres
arising in layers V and VI, it is unlikely that the latter are directly
activated and induce the analgesic effect at a stimulation ampli-
tude 50—80% below the threshold of motor responses. Future
modelling work should provide an answer to this question.

5 Conclusions

The thickness of the CSF layer between the dura mater and
the cortex below the cathode affects the threshold amplitude for
motor responses and the therapeutic stimulation amplitude in
MCS substantially.

Owing to the large centre-to-centre distance of the electrodes
currently applied in MCS, the anodal and cathodal fields hardly
interfere in bipolar stimulation. Accordingly, there will be
virtually no difference between the responses to monopolar
(cathodal) and bipolar stimulation, except for a higher
voltage (and energy) needed in bipolar stimulation.

Bipolar stimulation with the anode placed over the superior
region of the precentral gyrus should be avoided, as cortical
efferents in the convexity of the gyrus have a low threshold
when stimulated by an anode. The anode should thus not be
considered an indifferent (inactive) electrode contact. Both
cathode and anode position can be relevant to the clinical
effects of MCS.
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