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Abstract

Deep brain stimulation, the electric stimulation of basal ganglia nuclei, is a treatment for movement disorders such as Parkinson’s disease.
The underlying mechanisms are studied in animals, e.g. rodents. Designs and materials of commercially available microelectrodes, as well
as experimentally applied driving signals vary tremendously. We used finite integration modeling to compare the electric field and current
density distributions induced by various electrodes. Current density or field strength “hot spots”, which are located particularly at sites of
high curvature and material interfaces coincided with corrosion and erosion at poles and insulation, respectively, as shown by scanning
electron microscopy of stainless steel electrodes. Cell constants, i.e. geometry factors relating the electrode impedance to the specific medium
conductivity, were calculated to determine the electrode voltage for a given stimulation current. Nevertheless, for electrodes of the same cell
constant but of different geometry, current and field distributions may be very dissimilar. We found geometry-dependent limiting values of the
stimulation current, above which electric tissue damage may occur. These values limit the reach of the stimulation signal for a given electrode
geometry. Also, electrode geometries determine the shape of the stimulated tissue volume. This study provides tools for choosing the most
appropriate geometry for targeting different-sized brain areas.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction cussedVitek, 2002; Mcintyre et al., 20041t is still unclear
which parameter determines whether neurons are artificially
Before deep brain stimulation (DBS) became a therapy stimulated; the induced transmembrane potential, which is
in itself, electric stimulation of basal ganglia had been used proportional to the tissue field strength, or the activating func-
to guide neurosurgeons to the precise position for a surgicaltion (Rattay et al., 2008 Roughly speaking, the activating
lesion, the ultimate therapy of late-stage Parkinson’s diseasefunction considers sites in the vicinity of neurons or axons
(PD). Nowadays, DBS is well established as a symptomatic to be especially vulnerable to artificial stimulation when they
treatment for PD and other movement disorders. The mainare sources or sinks of field, i.e. the sites of charge induction.
advantage of DBS over surgical lesions are its ability to mod- In a homogeneous external field, such sites will be repre-
ulate stimulation parameters and its reversibiliBeabid sented by axon endings or bends. In an inhomogeneous field
etal., 1987. it will be, e.g. the axonal spots exposed to the strongest field
Different hypotheses exist to explain the mechanism of inhomogeneity Rattay et al., 2003 Considering only the
DBS. Both neuronal excitation and inhibition are being dis- field inhomogeneity but not the tissue and cell structures
for the activating function both dependencies will result in
* Corresponding author. Tel.: +49 381 494 2037; fax: +49 381 494 2039. Certain spatial distributions of the efficiency of neural exci-
E-mail addressjan.gimsa@uni-rostock.de (J. Gimsa). tation. For a review of the current knowledge on medical
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DBS, please sedorch and Dhillon (2002)Kuncel and Grill this manuscript. Like FEM, FIT is a volume-oriented method,
(2004) i.e. the whole space considered in the computation is filled

Unlike other therapies, DBS was not preceded by exten- by small finite volumes of tetrahedrons or cuboids. A spe-
sive work in animal models. This might be areason for alack cial feature of FIT is that it consistently transfers Maxwell's
of standardization in stimulation protocols and equipment in equations into linear operator equations on the grid. Here,
animal models such as rodents. In addition, no data has saconsistency means that all vector-analytical and physical
far been published that describes the commercially available properties of the fields still hold on the grid (s&gpendix A).
electrodes for rodent models, their properties and the field Thus, energy conservation and most of the other properties
they induce in the target tissue—the central nervous systemare correctly reflected by the discrete solution. For details,
(CNS). As electrodes of different geometries are available, seeAppendix A
it is difficult for researchers to choose an appropriate elec-  For fully three-dimensional electrode models, FIT allows
trode without having detailed information, e.g. on the size of for describing the spatial potential, current density, field dis-
the maximal applicable current, the stimulated tissue region, tributions, etc. Our calculations have been aimed at describ-

etc. ing commercially available concentric microelectrodes of
While DBS has been continuously applied in patients different geometries which are or can be used in animal DBS
without signs of tissue damage for yeaksaperler et al., experiments, especially the stimulation in rats. Our intentions

2000; Henderson et al., 2002; Moss et al., 200d4sue dam- were:

age has been observed following long-term stimulation in

animals Darbaky et al., 2008 This might be the reason 1. to describe the inhomogeneous current density distribu-
why physiological data based on animal models are usually ~ tions at the electrode surfaces causing a variation in the
restricted to short-term stimulation. However, a recent study  intensity ofthe electrode reactions andto localize probable
showed that tissue damage is also relevant in short-term stim- hot spots of metal corrosion and erosion of the insulating
ulation Harnack et al., 2004 These findings in animals may parts;

have a number of reasons, such as the use of less inert elec2. to calculate field hot spots as the potential sites of electri-
trode materials, e.g. non-noble metals, the smaller electrode cally induced tissue damage by membrane poration;

size and blunt edges (higher curvatures) resulting in higher 3. to calculate the maximally applicable current (or voltage)
local current densities leading to more intense local elec-  still avoiding membrane poration in dependence on the
trode reactions. Electrode reactions produce potentially toxic ~ medium conductivity;

products like denatured proteins, gas, dissolved metal ions4. to calculate cell constants which are the geometry factors
and erosion-products of the insulating materials, etc. These relating the impedance of the electrodes to the specific
reactions are accompanied by so-called “overpotentials” cor-  conductivity of the surrounding medium;

responding to the energy that is dissipated in the electrodeS. to describe the spatial distribution of the efficiency of neu-
reactions and thus lost for the electric stimulation of the tis-  ral excitation by the spatial distributions of the electric
sue. We have discussed the consequences elsev@iarsg field strength and the activating function around the vari-
et al., 200%. Moreover, tissue damage may also be directly ~ ous electrodes.

induced by electric cell membrane poration at sites of high

electric field strength over a very short tim@ugzuki et al., This manuscript is a continuation of our study on micro-
1998. Potential sites are field hot spots near the electrode €lectrodes for animal DBS experiments, demonstrating their
surface. The field strength at these hot spots thus imposeglectrochemical particularitie&(msa et al., 2006 Our cur-

a criterion for the maximum current or voltage that can be rent analysis provides information beyond that disclosed by
applied to an electrode of given geometry. the electrode manufacturers. This information is indispens-

The classical way of describing the field distribution able forresearchers who wantto choose the optimal electrode

induced by electrodes of complex geometries is to directly 9eometry for specific CNS targets.

measure potentials on enlarged electrode models suspended

in a water-filled trough; seG&imsa et al. (1988jor exam-

ple. Today, numerical techniques are state-of-the-art. They2. Materials and methods

allow for a fast and very accurate solution of Maxwell's equa-

tions even for very complex geometries. Maxwell's equations 2.1. Electrode properties

describe the properties of electromagnetic fields by a sys-

tem of coupled partial differential equations for the electric In the following, we consider concentric bipolar mi-
and magnetic field quantities. There are different approachescroelectrodes of different geometries as summarized in
for the numerical solution of electromagnetic field problems, Table 1

e.g. Boundary Element Methods, Finite Elements Methods  An ideal electrode behavior (no potential drop at the
(FEM) or Finite Difference Methods. Each of these methods metal/medium interface by electrochemical electrode pro-
has its pros and cons. The Finite Integration Technique (FIT) cesses) and a constant potential at each site of a metallic
(Weiland, 1977; Schuhmann et al., 19®6used throughout  surface were assumed for calculations.
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Table 1
Electrode characteristics
Electrode type Abbreviation Geometry of the two p8les Company Diameten(m)

Outer pole Inner pole

SNEX-100, bipolar Sx(b) Stacked RMI 250 100
SNEX-100, unipolar Sx(u) - RMI 250 100
CB CSG 75 S75 Stacked FHC 250 75
CB CEG E Elongated FHC 250 75
CB CFG F Flat FHC 250 75
CB ASC 25 S25 Stacked FHC 125 25
CB CPG P Pencil-shaped FHC 125 25
CB CRG R Round FHC 125 25

RMI: Rhodes Medical Instruments Inc., Tujunga, CA, USA. FHC: FHC Inc., Bowdoinham, ME, USA.
a Electrode geometries are depictedrig. 2

2.2. Numerical modeling and image processing In practice, the discretization of the models and the
calculations of electric field and current density distribu-
Calculations were performed on three-dimensional tion have been performed with the MAFIX computer
electrode-medium models using the FIT discretization aided engineering (CAE-) tool (Version 4.106, CST GmbH,
method. The electrodes were described by three-dimensionaDarmstadt, Germany) which is based on FIT. MAFYA
bodies which are surrounded by a homogenous volumewas used on a SUN Enterprise 450 with four 300 MHz
conductor representing the tissue. Three different materialsprocessors and 4 Gbyte RAM. The solution domain was
were introduced, metallic surfaces described by the appliedl mmx 1 mmx 1.3 mm, which gives a boundary-electrode-
potential, and the insulating epoxy of the electrodes and distance of at least three times the outer electrode radius. The
the aqueous electrolyte solution described by their con- step size in and near the electrodes was adjusted until it was
ductivities (1012 and 1.5S/m, respectively) and relative smaller than Zum, since the approximation error grows with
permittivities (4, 80). The number of grid nodes equal- the square of the step size while the rounding error and the
ing the number of equations was varied from 600,000 to influence of the boundaries are negligible. The mesh size has
1,000,000. The surrounding medium was assumed to bebeen optimized by starting with a coarser mesh and refin-
homogeneous and isotropic and to possess aqueous propng it until the result converged. For 800,000 grid points
erties. Nevertheless, an assumption of modified propertiesthe CPU time was about 2 h. Post-processing was performed
could only introduce minor changes in the obtained distri- using MATLAB™ V6.5. This included computation of all
butions. The reason is that the other two materials in the problem-specific constants such as the maximum transmem-
system (metal and insulating plastics) possess contrastingorane potentials, the volumes of stimulated tissue, the cell
properties which both strongly differ from those of the brain constants as well as the preparation of figures.
tissue.
FIT was originally developed for the numeric solution of 2.3. Calculation of field distribution in the tissue
the complete system of Maxwell’s equations in full gen-
erality (Weiland, 1977. It provides a consistent scheme To consider the affected tissue volume and the homogene-
for transferring Maxwell's equations in integral form onto ity of the field distribution, we calculated the distributions of
a pair of grids, e.g. Cartesian grids. The potential, field potential, electric field, current density and activating func-
strength and flux are assigned to the grid nodes, edges andion at the electrode’s metallic and insulating surfaces and
facets, respectively. The primary and dual grids are cou- in the surrounding medium, i.e. the brain tissue. In an initial
pled via the material parameters of conductivity, permittiv- calculation, potentials of 1 and 0V, respectively, have been
ity and permeability. Maxwell’s equations lead to systems assumed at the inner and outer poles of the electrode for each
of linear equations for each single grid cell, the so-called €lectrode geometry. Calculations have been conducted for a
Maxwell's grid equations Schuhmann et al., 19960ne harmonic field of 130 Hz—the repetition rate of a standard
of the advantages of FIT is in keeping the inherent prop- DBS pulse and the basic frequency of the Fourier series (for
erties of Maxwell’'s equations for Maxwell’s grid equations, details, se&imsa et al., 2006
leading to a benign behavior with respect to stability and The electric potential, the electric field strength and the
convergence. For the electrode problems studied here, thecurrent density distributions as well as the overall tissue
complexity of the problem can be reduced applying the current were calculated. Assuming the system to be linear
electro-quasistatic (EQS) approximation for time harmonic and homogeneous, the obtained current was then rescaled to
fields. Please refer to tgpendix Afor a shortintroduction, ~ 500nA. The scaling factor, i.e. the potential difference for
for further details, seelaus and Melcher (198%an Rienen @ current of 50@QLA for each of the investigated electrode
(2001) geometries is presentedTable 3
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3. Results strongest metal curvature. High fields can also be observed
at the so-called (material) triple-points, i.e. sites where the

3.1. Spatial field distribution in the tissue three interfaces of metal, insulation and solution join. In com-

parison to the aqueous medium, the insulation material does

The spatial distribution of the electric field in brain tissue not weaken the field generated by the electrode. The aqueous
is most important for DBS effects. The coaxial electrodes medium has a high permittivity and conductivity compared
used in animal experiments exhibit inhomogeneous distri- to the insulating material and can, therefore, act as a virtual
butions of the fields, the potentials and the current densitieselectrode protruding towards the insulation (see arrows in
(Fig. 1A—C, respectively). In homogeneous media of linear Fig. 1A). This effect leads to additional field maxima near
properties, the field strength (V/m) is proportional to the cur- the solution—insulation interfaces. Because the current den-
rent density (A/m) and the specific resistance, i.e. the inverse sity at the electrode surface is directly related to the rate of
of the specific conductivityy (S/m). The field inside theinsu-  electrochemical reactions, it is also related to increased cor-
lation region is much higher than in the aqueous solution. rosion or erosion at sites of high current density (compare to
In solution, the local field maxima were found at sites of Figs. 7 and 8(Gimsa et al., 2006

3.2. Electrode geometry factor (cell constant)

x 10°V/m

The current induced by a certain (dc-) electrode voltage is
proportional to the electrode conductar@€S). G or elec-
trode resistanc® () =1/G (S) determine the relation of
electrode voltage and current according to Ohm'’s law. Please
note, that in practice the electrode impedad¢e), i.e. the
frequency-dependent resistance has to be taken into account.

As an exampleZ of a chamber made of two coplanar elec-
trodes of the same aref, positioned at distancé, should
be considered. According to Ohm'’s lavjs determined by

(A) the voltagelJ, over the electrodes and the currdnthrough
the medium in between the electrodes (Hq):
U d 1
I o6A oy

The ratioA/d can be summarized by the cell constangn),

that can also be derived for chambers of complex geometries.
For electrodes of given arbitrary shapdinearly increases
with a characteristic dimension. For a given current, the
electrode voltage will depend ghand the medium of con-
ductivity o (S/m).

Obviously,y is an important parameter for adjusting the
stimulation current in DBS. For complex electrode geome-
tries,y can be determined numerically. Mathematicallizas
been calculated from the overall current emanating from the
inner and flowing to the outer electrode at a given potential
difference. The overall current has been obtained by integra-
tion over a closed surface around the inner electrode. In the
geometric FIT model the metallic surface of the center elec-
trode was encapsulated by a box-sized closed surface that had
roughly the dimension of the electrode tip. We found that a
positioning of the borders of the surface a short distance away
. from the center electrode prevented numerical problems and

(€) — n2 led to more reproducible numerical results. The current was
then determined by the surface integral of the current density.
Fig. 1. Magnitudes of electric field strength (A), potential (B) and current Since electrode potential difference and medium conductiv-
density (C) for an S75 electrode shown in gray scales. The inner and outerity were assumecy could immediately be derived from the
poles of the electrode were set to 1 and 0V, respectively, for calculations. ¢\ rrent. The factoy of each microelectrode relates electrode

The field inside the insulation region s orders of magnitude higher than . e and current for any medium conductivity. Results are
in the aqueous solution. Arrows depict additional field maxima near the

solution—insulation interfaces. given in Eq.(1) andTable 2

(B)




DTD 5

U. Gimsa et al. / Journal of Neuroscience Methods xxx (2005) XXX—Xxx 5

Table 2 Analysis of local values clearly shows big differences in the
Numerically calculated impedances and cell constants of different electrode maximum field strength, the field gradient and the distance
geometries assuming a medium conductivity of 1.5 S/m over which the tissue Wiil be affected.

Electrode type _ Diameter of Impedance&Z Cell constany To determine the tissue volume affected by a R®Gstim-
inner pole fum) (k) (mm) ulation pulse, we assumed the neuronal bodies to be spherical

Sx(u) 100 0.686 0.97 with a radius of 5um and immersed in an electrically homo-

g;éb) 132 2:13(1) 8:22 geneous medium. The maximum transmembrane potential

E 75 2210 0.30 AV induced in a cell with negligible membrane conductivity

F 75 2.304 0.29 can be estimated by:

S25 25 2.463 0.27

P 25 5.844 0.11 AY = 1.5Eexr 2)

R 25 10.310 0.065

with Eext and r being the absolute value of the extracel-
lular field strength and the radius, respectively/ is the
absolute value induced at the cell poles oriented in field direc-
3.3. How much tissue is reached by stimulation? tion. Clearly, Eq.(2) may provide only a crude estimate for
tissue cells. Nevertheless, a correct description will mainly

The induced transmembrane potential and the activatingalter the factor of 1.5 and lead to a correction in the scaling
function are commonly discussed as criteria for neuronal but not in the qualitative resulEig. 4 shows a calculation
activation Kuncel and Grill, 2004 The transmembrane of the induced transmembrane potential of neurons in the
potential is proportional to the field strength induced in the vicinity of electrodes of different geometries at a stimula-
tissue. According t&Rattay et al. (2003}he activating func-  tion pulse of 50QuA. The isolines represent the spatial limits
tion is the second derivative of the electric potential along for an induced transmembrane potential of 10 and 1 mV,
a straightened axon. In the following, both criteria will be corresponding to field strengths of 1.33 kV/m and 133 V/m,
considered. respectively.

The field strength distributions, i.e. the ranges and focuses  Please note the additional line close to the electrode sur-
of the electric field, have been found to be strongly influenced face of the electrodes P and R indicated by arrows. This line
by the shape of the electrode tip (d€ig. 1A). For a com- represents afield strength of 133 kV/m, inducing& of 1V,
parison of the various electrode designs, the current relationa potential generally seen as “critical” forinducing membrane
(Eq. (1)) and cell constantd~{g. 2) were used to rescale the poration and possible irreversible cell damage. In order not to
electrode voltages after a first calculation. The rescaling cri- exceed 133 kV/m, stimulation currents have to be limited in
terion was an electrode current of 508, the stimulation dependence on the electrode geometry. Results applying this
current mostly applied in animal models of DBS. Finally, criterion are given infable 3 It shows maximum currents
the field distributions around all the electrode geometries that can be applied while still avoiding tissue damage by
were recalculatedrig. 3illustrates these current-normalized membrane poration. In essence, different electrode geome-
field distributions by representative field strength isolines. tries require and allow for different stimulation parameters.

Ak Tl \
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> \_I:./
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8 \\ / t(!‘/'ﬂ t:I/;
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Fig. 2. Cell constants linking electrode voltage and current calculated for different electrode designs (see inserts above columns).
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Fig. 3. Spatial field distribution and reach for different electrode geometries (see inserts) in aqueous solution (1.5 S/m). Cell constantddiareiben
account to normalize the stimulation current to p@Q Isolines in figures delimit field strengths of 0.125, 0.5, 2, 8 and 32 kV/m towards the electrode surface.
Please note that field strengths of 8 and 32 kV/m do not occur in the graphs of Sx(u) and Sx(b). Scalejar: 200

Fig. 5 demonstrates the extent of the stimulation in the tis- was assumed for simplicity (compare tuncel and Grill,

sue under this limiting condition for the different electrode 2004). The absolute value of the second spatial derivative

geometries. The actual volumes of stimulated tissue are listedof the potential was calculated assuming a stimulating cur-

in Table 4 rent of 500uA (Fig. 6). This means that the stimulation of
The activating function was originally defined along axons with a “correct” orientation is described according to

straightened axon&@ttay et al., 2008 Since the orientation  the model ofRattay et al. (2003)

of the nerve fibers (axons) is not known, a random orientation

3.4. Current density distribution at the electrode surface
Table 3

Stimulation parameters for different electrode types Membrane poration is, however, not the only hazard that

Electrode Electrode voltage\) Maximum Maximum must be con&dereﬁg. 7illustrates the local d|§tr|but|or1 of

type to obtain constant AW (V) applicable the current density at the electrode surface. Sites of high val-
current of 50Q.A current {LA) ues must be expected to undergo increased metallic corrosion

Sx(u) 0.34 0.261 1919 or plastic erosionGimsa et al., 2006 Fig. 7 demonstrates

Sx(b) 0.35 0.139 3600 that the electrode tip and both electrode—insulation interfaces

S75 0.59 0.148 3378 are especially exposed (see below).

E 1.10 0.341 1468

F 1.15 0.386 1296

S25 1.23 0.684 731 3.5. Metal corrosion and plastics erosion

P 2.92 (1.998) 250

R 5.16 (2.611) 191

' ' Different electrode processes may occur when applying
The induced transmembrane potential was calculated using Eq2). electric fields via metal electrodes to electrolyte solutions

The Table shows the maximutn that could be induced by SGOA con- such as interstitial fluid: gas evolution, redox-reactions of
stant current stimulation. A¥ = 1V limits the maximum applicable current -9 !

as membrane poration will be induced above this value. Please note thatth€ organic solution compounds and dissolution of the elec-
AW¥>1V cannot be reached in practice, as membrane poration will result trode metal Agnew and McCreery, 1990; Anderson and

in a down-regulation oA ¥ by an increase in membrane conductance. Weiland, 2002; Gimsa et al., 2003Ve used scanning elec-
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Fig. 4. Different geometries allow for a stimulation of different-sized brain areas. Spatial distribution of induced transmembrane poteatidly eca0@.A
stimulation current applied at different electrode geometries. The solid lines delimiting white and gray filled areas represent the 10 and Fon\thigmits
induced transmembrane potential, respectively. Please note that at the R and P electrodes, an additional line delimits 1V (arrows). Maxinmionanansme
potentials that can be induced by 508 stimulation at the electrode surfaces are showfable 3 Scale bar: 20Q.m.

tron microscopy to check corrosion and erosion of SNEX- tic erosion of the insulation between outer and inner pole
100 electrodes (Sx(b)) driven in a bipolar mode. Comparing which was most severe close to the inner and outer poles.
the results of numerical simulatiofiy. 7) with scanning Looking in more detail Fig. 88), a considerable amount of
electron micrographs taken from neWwiq. 8 left panels) metal had been dissolved from the electrode tip especially
and electrodes that had been continuously used for abouttowards the insulation. Higher resolution revealed that the
8h (Fig. 8, right panels) gave strong evidence for a cur- metal surface of the tip electrod&ig. 8C) had changed
rent density-dependent corrosion. The overvieviFig. 8A from smooth to corrugated. The most dramatic deteriora-
shows strong metal corrosion at the inner pole of the elec- tion of material quality was observed at the epoxy insulation
trode, especially at the base of the electrode tip and plas-(Fig. 8D).

Table 4
Electrode geometry determines the volume of stimulated tissue
Electrode type Tissue volume (n‘?lyrwhere the induced transmembrane potential is

Between 1V and 10 mV Between 1V and 1 mV >1V Between 1V and 10 mVv*
Sx(u) 1.13x 1072 4.11x 101 0 8.19x 1072
Sx(b) 1.04x 102 3.98x 101 0 20.0x 1072
S75 1.36x 102 2.26x 1071 0 6.51x 1072
E 0.57x 1072 1.74x 1071 0 1.45x 1072
F 0.27x 1072 0.24x 101 0 0.41x 1072
S25 1.64x 1072 3.35x 1071 0 1.36x 1072
P 0.86x 102 0.21x 101 9.82x 10°° 0.16x 1072
R 0.38x 1072 0.84x 101 1.14x 1075 0.05x 102

Columns 2—4 show the tissue volume where different transmembrane potenfiadse induced by constant current stimulation of p@Q Please note that
column 2 also includes areas whex@ exceeds 1V. The last column* gives the tissue volumes that can be stimulated by the maximum current that induces
AW <1V at each site of the tissue.
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Fig. 5. Different geometries allow for a stimulation of different-sized brain areas. Spatial distribution of induced transmembrane potemtatsaxtmum

of an induced transmembrane potential of 1V is set as a limit at the electrode surface; maximum stimulation currents for this condition aréaile\@n in
The solid lines delimiting white and gray filled areas represent the 10 and 1 mV limits for the induced transmembrane potential, respectivedje fiease n
the 1 mV lines around Sx(u) and Sx(b) are not fully depicted. Scale bag.200

4. Discussion shape the field distribution would also scale with the elec-
trode size and, though at a larger distance, finally approach
4.1. General remarks that induced by a point charge.

In our first manuscript, we focused on electrochemical

The effects of electric fields on CNS tissue have been electrode properties and the effects of electrode processes
modeled extensivel\Grill and Mortimer, 1996; Grill, 1999; (Gimsa et al., 2006 The electrochemical properties are
Mcintyre and Grill, 1999; Mcintyre and Grill, 2000; determined by electrode material, medium properties and
Richardson et al., 2000The current density and the elec- stimulation parameters, but also (and significantly) by their
tric field around microelectrodes of various geometries have geometries. Electrochemical processes caused a drift in the
also been modeled by finite element methods. In most caseselectrode properties within minutes and up to about 60 h,
idealized field distributions and cell shapes as well as ideal accompanied by the adsorption of organic molecules as well
electrode properties have been assunvantyre and Grill as metal corrosion and erosion of the plastic insulation.
(2001)assumed a constant potential applied to the electrodeGenerally, an electrode current causes a potential difference
metal. However, it has to be mentioned that the electrodesat both sides of the metal-medium interface, a so-called
modeled in that study were much smaller than those used“overpotential’. Overpotentials are caused by electrochem-
for DBS in rats. At distances as little as pfh from the ical reactions (seéAnderson and Weiland, 2002; Gimsa
electrode surface, i.e. at cellular dimensions, the results wereet al., 2005and references cited therein). In the present study,
comparable to those obtained by a point source model like thewe correlate the degradation of electrode metal and plastic
one used in an earlier analysis by that groMeliptyre and insulation to numerical results on the local current density at
Grill, 1999). Our study deals with commercially available the electrode surfaceBifjs. 7 and
microelectrodes of a more complex geometry, some of them In animal experiments, electrodes are usually driven in a
previously used in DBS experimentd/indels et al., 2000,  constant-current mode. This mode is intended to induce a
2003; Meissner et al., 2000, 2001; Paul et al., 2000; Bruet temporal rectangular field behavior, identical to that of the
etal., 2001; Bressand et al., 2002; Chang et al., 2003; Moserapplied current. The rationale is that a linear current—voltage
et al., 2003. Nevertheless, for larger electrodes of the same relation of the stimulated tissue will lead to a compensation of
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Fig. 6. Spatial distribution of the activating function, i.e. the second spatial derivative of the potential. The isolines stand for 1, 3.33&ddBI:310" V/m?2,
respectively, starting from the outermost lines. Scale barp2060

the overpotentials by anincreased electrode voltage, so allow-a role in cellular DBS effectKuncel and Grill, 2004 The
ing a constant current to flow through the tissue. Accordingly, field and current density distributions correspond for an elec-
the temporal tissue field function should be determined by trically homogeneous tissue. Accordingly, field strength and
the current function. Nevertheless, the local overpotentials current density hot spots found at electrode tips and edges
depend on the local current densities at the different sites ofare identical. The most pronounced electric cell stimulation
the electrode surface. Consequently, the temporal field behaveffects as well as the highest intensities of electrochemical
ior in the tissue should vary with site (see below). processes occur here. The latter processes make these sites
Overpotentials have been neglected in our numerical ‘hot spots’ for the generation of toxic products and for the
description of the field induced in the surrounding tissue. corrosion of electrode metal as well as the erosion of the insu-
Under these ideal conditions, a linear current—voltage rela- lation material (comparEigs. 7 and ® One recent study has
tion can be established for every electrode geometry. Theshown oxidative stress effects of iron chloride injection into
proportionality factors are given by the electrode-cell con-
stants (Eq(1), Table 2 and the conductivities of the media.

This allows for a direct calculation of the electrode voltage
corresponding to a specific drive current (e.g. of the elec- /\metal
trode voltage at a constant current of 08, such as is often Nm
applied in animal models—see Secti@?in f:,r‘;' .
4.2. Description of the field distribution e
In DBS the electrode size is roughly 10% of the brain
nucleus that contains the tissue region to be stimulated. epoxy

Unlike the smaller electrodes in Mcintyre and Grill’s analysis
(Mclntyre and Grill, 1999, DBS electrodes are of a similar
size or slightly larger than neurons, including their neurites.
Nonetheless, the neurons in the vicinity of the electrodes rig. 7. spatial distribution of the current density at the surface of a SNEX-
experience a field distribution whose inhomogeneity plays 100 (Sx(b)) electrode in aqueous solution of 1.5S/m at 1 V.

<10 100 1,000 10,000 100,000 A/m?2
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Fig. 8. Scanning electron microscopy images of a stainless steel SNEX-100 (Sx(b)) electrodes before (left panels) and after (right panel§stbulasdrno

in isotonic cell culture medium containing 10% fetal bovine serum. The strongest metal corrosion has been observed at the electrode tip aackthe interf
between inner pole and insulation (comparé-ig. 7). The strongest erosion of the epoxy insulation occurred at the interface between insulation and outer
pole. Images of different resolution; scale bars in A, B, C and D are 300, 70, 5 goua 2@spectively.
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the striatum, which were neurotoxic at the site of injection. A designs Fig. 5. However, the limiting areas in the figures
surprising effect was the induction of immediate early gene should be understood as qualitative estimates. Nevertheless
expression in downstream nuclei of the basal ganglia networkthey are useful, as the exact modeling of all tissue properties
and astrogliosisHironishi et al., 1999 This effect might be ~ would only change the scaling, which would still allow for

of relevance to the gene expression analyses of DBS effectsa semi-quantitative comparison between different electrode
performed with stainless steel electrod8al{n et al., 200R geometries.

The non-uniformity of the field over the surface of the Rattay etal. (2003)ave derived an alternative criterion for
inner pole of the electrode will make positioning the electrode the neuronal stimulation efficiency from phenomenological
a delicate matter in the event of the co-localization of excita- observations. These authors defined an activating function,
tory and inhibitory structures. Such a situation may explain which is the second derivative of the electric potential along
why some researchers come across DBS induced inhibitorya straightened axon. The first derivative of the potential along
effects while others find activation of the same basal ganglia the axon describes the potential difference for a given distance
targets Benazzouz et al., 1995; Hashimoto et al., 2008 along the axon, i.e. the field. A constant field, corresponding
has been hypothesized that these opposing results are due t a vanishing activating function, results in a constant cur-
an inhibition of neurons, while others assume that axons (i.e. rent flowing in the external medium. Under these conditions,

fiber paths) are activatettifek, 2002; Mclintyre et al., 2004 an alternating external field induces a capacitive membrane
charging along the axon that will steadily follow the field
4.3. Geometry of the stimulated area alterations. At each moment the external charges along the

axon will be evenly distributed. Thus the second derivative of

It is not yet known which neuronal elements are stimu- the potential, i.e. the activating function, is non-zero at sites
lated in DBS Mcintyre etal., 2004 As mentioned above, the  at which the field is not constant. Here additional charges are
induced transmembrane potential is discussed as one paraninduced, forming sources or sinks of field. For a straightened
eter that describes neuronal activation. It is proportional to axon these additional charges must be transported perpen-
the field strength induced in the tissue, i.e. to the current dicular to the axonal membrane and thus either through or
density in an assumedly homogeneous external medium. Ittowards the membrane. It can be speculated that these “addi-
further depends on the field frequency, cell geometry and size,tionally injected” charges are very effective in the induction
as well as the electric cell and media propertidsiuszalek of action potentials and thus for neuronal stimulation. Nev-
et al., 1990; Gimsa and Wachner, 20DR1@enerally, a lin- erthelessRattay et al. (2003)erived the activating function
ear relation of the induced transmembrane potential to thefrom a resistor—capacitor ansatz that cannot directly be trans-
field strength is assumed. The maximum transmembraneformed to a three-dimensional discretized model. Since the
potential is given by Eq(2). Nevertheless, neuronal activ- orientation of the nerve fibers (axons) is not known, a random
ity is probably influenced by the induction of comparatively orientation can be assumed for simplicity. Accordingly, we
low transmembrane potentials of a few mW¥grman et al., calculated the second spatial derivative of the potential, i.e.
1992. A rescaling of the transmembrane potential isolines the field inhomogeneity, for a homogeneous mediEig.(6).
in Figs. 4 and 5might be necessary if a different excitation For this assumption, the stimulation of axons with a “correct”
threshold is assumettintyre et al., 2001 A change ofthe  orientation are described according to the modeRaftay
actual size of the brain tissue subject to stimulation would et al. (2003) Other axons are stimulated less effectively or
also occur if one considers experimental and modeling evi- not at all. Qualitatively, the overall picture of the activating
dence for the stimulation in the cylindrical axonofvak and function in the tissue will be correct (compare alsé&toncel
Bullier, 1998; Mclintyre and Grill, 1999 Nevertheless, the  and Grill, 2004.
transmembrane potential isolines can easily be rescaled. For Nevertheless, giving consideration only to the inhomo-
objects of cylindrical shapes, the factor 1.5 in E2). must geneity of the external field in a homogeneous medium but
be replaced by factors of 2 and 1, respectively, when the field not the inhomogeneities of the tissue and cell structures will
is oriented perpendicularly and parallel to the symmetry axis probably result in an underestimation of the activating func-
(Gimsa and Wachner, 2001Lb-or cells of the general ellip-  tion. The reason is that the activation function may also
soidal geometry and complex electric properties, please referdeviate from zero in a homogeneous external field at sites
to Gimsa and Wachner (2001a) of electric inhomogeneities, such as axon endings or bends.

In any case, it is important to keep the transmembrane Another consideration is that a homogeneous external field
potential below 1 V to avoid irreversible cell damage by mem- will induce a transmembrane potential with opposite signs at
brane poration. In view of that, the reach of a given electrode the two sides of the cell or axon. Even though the sum is zero,
design cannot simply be increased by increasing the elec-an action potential can be induced because of the nonlinear
trode voltage. For electrodes P and R, the 1V limitis already membrane properties. Additionally, the two sites with a pos-
exceeded at a current of 50@\ (Fig. 4). An additional 1 V- itive and negative transmembrane potential are separated by
isopotential line (dotted) is plotted close to the surface of a distance that not only depends on the size but also on the
these electrodes. The 1V condition (see B&)) has been orientation of the cell or axon. Whereas the two sites will be
used for calculating the maximum reach for all electrode separated by the axon diameter in an axon with an orientation
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of the symmetry axis perpendicular to the external field, the constants Table 2. Therefore, the obtained constants will
distance will be increased for smaller angles of orientation. only be correct for frequencies at which electrode processes
For these reasons, we hypothesize that the actual distributiorare capacitively bridged. In practice, the overpotentials will
of the neuronal stimulation efficiency in the tissue is a com- alter the current—voltage relation and require corrections for
plex blend of various parameters with contributions of the the constants that will depend on amplitude and frequency

field strength and activating function distributions. content of the stimulation pulse. It should be mentioned that
extrapolation of the experimental impedance semi-circle to
4.4, Stimulation parameters and cell stimulation dc yields a resistance corresponding to that givereible 2

for the S75 electrode. For details, se&nsa et al. (2005)

The complex relations at the electrodes and in the sur-
rounding tissue call for measurable parameters for standard-4.5. Frequency dependence of the field strength
izing the DBS procedure when transferred from humans to distribution
animals or between electrode geometries. Even though the
stimulation effect is only related to the induced tissue field or ~ The current or voltage pulses used in DBS contain an infi-
current, i.e. charges that are actually transferred into the tis-nite number of harmonic frequencies. Therefore, we propose
sue, frequently charge densities and charge per phase are usatkscribing the DBS pulses by Fourier seri€infsa et al.,
to derive limiting stimulation valuesHarnack et al., 2004 2005. All the same, a separate consideration of continuous
However, these parameters, for instance the recommendedinusoidal currents or voltages applied to the electrode will
Medtroni® average charge density limit of aC/cn?, refer only be correct if the strong nonlinearities of the overpoten-
to the well-defined electrodes used in human therapy. Never-tials are neglected. Such a simplified approach will permit
theless, even for these large, smoothly shaped electrodes, tha description of field propagation in the tissue based on the
charge density distribution at the electrode surface isinhomo-frequency-dependent tissue impedance. For every site in the
geneousKuncel and Grill, 2004 Accordingly, the average  tissue, the field amplitude and time dependence can be recon-
charge density is not an appropriate parameter for describingstructed from the sum of the amplitudes of each Fourier
the field induced in the tissue, and it has a limited poten- component. Nevertheless, a correct description of the poten-
tial for transferring stimulation parameters to electrodes of tial drop over the interfacial impedance for each frequency
other geometries. By contrast, numerically calculated current component is difficult for three reasons.
densities take into account geometric aspects of charge dis-
tribution along the surface and reveal critical features related
to size and curvature of electrodes.

However, both the assumption of charge densities and
our present calculations neglect two current contributions.
First, the electrode capacity will be charged. This capacity
cannot simply be derived from the geometry and the permit-
tivity of the surrounding medium but will be dominated by
reversible electrochemical processes similar to those in an
electrolytic capacitor. Second, and even more important for  Furthermore, a rectangular constant current pulse through
a correct description are overpotentials. These are generatethe electrode may induce field pulses of different shapes at
by irreversible electrochemical reactions like redox processesdifferent electrode sites. The reasonis the impedance distribu-
related to the transition of electronic to ionic conductance for tion along the electrode surface, i.e. different overpotentials
acurrent passing from metal to electrolyte medium, i.e. tissue. and different degrees of capacitive bridging of the overpoten-
An overpotential is then defined as the potential difference tials for the frequency components of the signal. Accordingly,
between the electrode and the surrounding medium. How-the tissue near the electrode will experience different current
ever, the related processes are very complicatedGgesa wave forms, i.e. different time functions of the tissue field,
et al., 2005and references cited therein). even though the different local surface current contributions

For a dc or low frequency signal, the local overpotential must add up to the (rectangular) constant current input pulse.
along the electrode surface will depend on the local cur-  The importance of the two effects, i.e. the site-dependent
rent density since it is based on the intensity of the local current density and, even more complicated, the current
electrochemical reactions. On the other hand, ongoing elec-density-dependent frequency dependence of the overpoten-
trochemical reactions will reduce the effective impedance for tials for DBS is not (yet) clear. An analytical description
the local electrode current. Therefore, at sites of high current might require an iterative approach. For this, the calculation
densities, such as electrode tips and edges, the specific potersf the current density distribution at the electrode surface will
tial drop will be lowered according to Ohm’s law, probably be the first iterative step. In a second step, based on the cur-
smoothening the potential and field distributions in the tissue rent density distribution, an overpotential distribution could
with respect to the numerical results. It was not possible to be calculated which could then serve to correct the current
take these processes into account when calculating the celldensity distribution, and so on. However, the result of this

First, the overpotentials of each frequency component
exhibit a nonlinear current—voltage relation, resulting in the
generation of nonlinear distortions—especially for the low
frequency components.

Secondly, the overpotential for each frequency component
depends on the actual overall current through the electrode
surface; and thirdly, the electrode properties depend on the
history of the electrodesiimsa et al., 2006
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approach cannot describe the time or frequency-dependenthe highest current densities and field strengths are located
properties of the overpotentials or the influence of molecu- here, which also limit the maximum current or voltage appli-
lar adsorption, gas bubble formation, metal corrosion, etc. cable without electrical tissue damage. In turn, the maximum
on the electrode properties. Moreover, also the electric brainsize of the tissue stimulated is limited for a given electrode
tissue properties are anisotropic and inhomogene@u, ( geometry. The shape of the stimulated tissue strongly depends
1999. Another unsolved problem is the frequency depen- on the geometry of the poles of the electrode, i.e. their size
dence of the spreading of the stimulation signal in the brain and position relative to each other.

tissue. Cell membranes, cytoplasmic structures and inter- Even though the inclusion of nonlinear electrode behavior
stitial media form frequency filters changing the frequency in the calculations imposes a serious problem, the analysis of
spectrum in the stimulated tissue in dependence on the electhe local current density distribution at the electrode surface
trode distance. To solve all these problems is far beyond theand in the surrounding tissue will help in deciding whether the
scope of this manuscript and would require new experimental electrochemical load at the electrodes is uniform and whether

approaches and complex programming. the tissue is uniformly stimulated.
Inorderto describe the stimulation effect correctly, not just
4.6. Relevance to human electrodes the frequency dependence of the electrode processes but also

the complex electric properties of the brain tissue, its inhomo-
A study on the field around medical DBS electrodes geneity, and anisotropy, as well as the frequency dependence
has recently been publishelduncel and Grill, 2003 Even of the spread of the stimulation signal have to be taken into
though the design and materials as well as the stimulationaccount. Using the tools described here, the optimal electrode
protocols of the medical electrodes differ from those used can be found amongst those available on the market, in order
in animal experiments, the principles presented in our stud- to aim at different-sized brain targets.
ies are also practical for describing the field distribution,
for deriving cell constants and assessing electrode designs.
Although corrosion has not been observed with medical elec- Acknowledgements
trodes, electrochemical processes are unavoidable and need
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trode geometry is the primary variable when targeting brain
areas of different sizes in humans and animals. Our analysis
has shown that next to electrode materials, their geometriesAppendix A. Numerical solution of Maxwell’s
are most important in determining stimulation parameters equations by FIT under the EQS approximation
that are safe for the tissue. Simple down-sizing of the human
electrodes while maintaining stimulation protocols is notan ~ The complete basis of macroscopic electromagnetic the-
option. The basis for comparing different geometries must be ory is formed by three material laws and the four Maxwell
electrode impedances, i.e. current—voltage relations. Thesesquations Maxwell, 1873. With FIT (Weiland, 1977,
relations are reflected in the cell constants. They increase orSchuhmann et al., 1996the continuous quantities arising
decrease with a characteristic dimension for electrodes of thein Maxwell's equations, i.e. electric and magnetic voltages
same shape. and fluxes, are computed on a finite number of grid cells:
At the electrode surface, the field is correlated to the cur- the voltages are computed along the edges and the fluxes
rent density corresponding to the intensity of electrochemical across facets of the grid cells. While employing the mate-
processes. These processes may cause metal corrosion amdhl relations on the grid does require approximations, the
plastics erosion leading to the deposition of putative neu- discretization of voltages and fluxes is exact. FIT ensures
rotoxic compounds in the brain tissue, as shown here with that the interdependent physical relations between electric
a stainless steel electrode. However, even when noble metand magnetic field quantities are transferred to the grid in a
als and inert insulation materials are used, electrochemicalvery natural way. This results in a consistent model with the
processes can occur which may result in gas production, forbasic physical properties still holding on the discrete grid like
example. Therefore, avoid tips and edges; i.e. high curvatures:energy conservation, source-free magnetic fields, etc.
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Furthermore, the topologically regular grids of FIT allow For time harmonic fields the EQS approximation yields
for areliable automatic mesh generation, while 3D mesh gen- the following set of simplified Maxwell’'s equations:
eration often fails in FEM for large problems. At the same

time, the regularity of the grid allows for economical mem- CUrE =0 (A1)

ory requirements. The geqmetric error ?s minim?z_ed even i_n curlH = iwD + o€ + J, (A.2)

rather coarse Cartesian grids by using diagonal fillings of grid B

cells when setting up the grid operators. divD =p (A.3)
Eventually, a system of linear equations, the so-called divB = 0, (A4)

Maxwell's Grid Equations, are obtained (see below).

For slowly varying time harmonic electromagnetic fields, wijth H, E, B=uH, D=¢E, p denoting the magnetic field
the complexity of the problem can be reduced applying the strength, the electric field strength, the magnetic induction,
EQS approximation. An electromagnetic field can be consid- the dielectric displacement and the charge density, respec-
ered as slowly varying if the wavelength is large compared tjvely. The overall current density=J; + oE comprises the
to the characteristic dimensidhof the problem region. The impressed current densitgh and the conduction current
criterion is |kR| « 1, with k standing for the complex wave  density,sE. According to Eq.(A.1) the electric phasoE
number. In a lossy dielectric medium the complex wave num- js curl-free and may thus be described as the gradient of a
ber isk = w/u(e — i(o/w)) with w, 11, e ando standing for  scalar potentialE = —gradd. Please note that the potential
the circular frequency, the magnetic permeability, the elec- ¢ is a complex quantity. It can be obtained from the complex
tric permittivity, and the specific conductivity, respectively. divergence equation summarizing E¢&.1)—(A.4) for the

The permittivity € =¢rep) and permeability g = uruo) are above conditions:

defined by their vacuum (index 0) and their relative mate-

rial (indexr) parameters. For the electrode problRmwan be  div ((iwe + o) gradd) = div (J,). (A.5)

assumed to be apout 1 m'.“.W.'t“ a specific C°’.‘F’“°t"‘"°‘ Eq. (A.5) is the continuity equation that is transformed into

1.5S/m and relative perm|tt|V|ty and permeabilityand ., its discrete form in FIT (Veiland, 1977; van Rienen et al.,

of 80 and 1, respectively. For a frequency of 130 Hz, these 2003:

parameters result itkR ~3.9x 107, rendering the EQS '

problem formulation legitimate. S(ioM, + MG)ST(bE = Si, (A.6)
Nevertheless, the Fourier series of the rectangular DBS :

pulse contains harmonic frequencies of up to 1 MHz, though with the material matrice™ . andM, holding the permit-

with decreasing amplitudes (s&msa et al., 2005 Fur- tivities and electric conductivitievén Rienen et al., 2003

thermore, the material parameters are not constant in theS and ST — are the divergence-operator and the gradient

frequency range from 100Hz to 1 MHz. Whereas the rel- operator, respectively, with the latter being the transposed

ative permittivity and conductivity of gray matter change matrix of S. For isotropic mediaM, andM, are diagonal

from 3.9x 1Cﬁ to 860 and 0.09S/m to 0.16 S/m, these matrices. The notationAg:z S‘MSS‘T and A, = S‘MJS‘T

parameters change from 1.66.0° to 480 and 0.058S/m |ead to the linear system of complex equations used in the

to 0.102S/m for white matter h{tp://niremf.ifac.cnr.it/ computation:

tissprop/htmiclie/htmliclie.htm#atsftagThese changes re- .

sult in complex wave numbers k ranging from 0.0085 to A ¢, = Si. (A7)

1.1 n7 1 for gray matter and from 0.0068 to 0.9hfor white

. Th XA = (Ay+iwA,) i | i
matter. In any casekR is <1. e matrix (A, +iwA,) is a large sparse symmetric

: . matrix with seven bands. To solve Eé..7) we applied state-
Also the other parameters may be found in the literature. of-the-art Krylov subspace methodsag Rienen, 2001

For calculation purposes, we used the above parametersfora'n_.ma”y all physical quantities such as the electric field
aqueous electrolyte such as used in cell culturing. Parameter;strengt’hS or the current densities can be computed from the
changes would only slightly influence the resulting distribu- discrete FIT operators in the post-processing

tions, predominantly in the vicinity of interfaces of aqueous '

solution and insulation material, i.e. at the so-called triple-
points.

When reducing the model to the EQS problem the time-
derivative of the magnetic flux is assumed to be_ negligi- Agnew WF, McCreery DB. Neural Prostheses: Fundamental Studies.
ble (0B/dr ~ O, please note the underscore denoting com- ~ Englewood Cliffs, NJ: Prentice Hall Inc; 1990.
plex quantities). Thus, whereas the magnetic flux variation Anderson DJ, Weiland J. Neural stimulation electrodes: geometric fac-
is neglected, displacement currents are taken into account tors. In: Horch KW, Dhillon GS, editors. Neuroprosthetics: theory
(3D/dt # 0) (Haus and Melcher, 1989; Dirks, 199@ime- anq practice. World Scientific Publishing; 2002.
harmonic EQS modelling reduces the problem size to one Benabid AL, Pollak P, Louveau A, Henry S, de Rougemont J. Com-

. ] - bined (thalamotomy and stimulation) stereotactic surgery of the VIM
third as only potentials (but not vector fields) need to be com-  thajamic nucleus for bilateral Parkinson disease. Appl Neurophysiol
puted. 1987;50:344-6.
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