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Abstract—The use of deep brain stimulation (DBS) as an
effective clinical therapy for a number of neurological disor-
ders has been greatly hindered by the lack of understanding
of the mechanisms which underlie the observed clinical im-
provement in patients. This problem is confounded by the
difficulty of investigating the neuronal effects of DBS in situ,
and the impossibility of measuring the induced current in
vivo. In our recent computational work using a quasi-static
finite element (FEM) model we have quantitatively shown that
the properties of the depth electrode—brain interface (EBI)
have a significant effect on the electric field induced in the
brain volume surrounding the DBS electrode. In the present
work, we explore the influence of the reactivity of the EBI on
the crossing electric current using the Fourier-FEM approach
to allow the investigation of waveform attenuation in the time
domain. Results showed that the EBI affected the waveform
shaping differently at different post-implantation stages, and
that this in turn had implications on induced current distri-
bution across the EBI. Furthermore, we investigated whether
hypothetical waveforms, which were shown to have potential
usefulness for neural stimulation but are not yet applied
clinically, would have any advantage over the currently used
square pulse. In conclusion, the influence of reactivity of the
EBI on the crossing stimulation current in therapeutic DBS is
significant, and affects the predictive estimation of current
distribution around the implanted DBS electrode in the hu-
man brain. © 2008 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: finite element model, computational simulation,
tissue impedance.

The clinical therapy of deep brain stimulation (DBS) in-
volves electrical stimulation via electrodes chronically im-
planted into selected brain targets in order to alleviate the
symptoms of a number of movement and other neurolog-
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ical disorders (Lozano et al., 2002; Wichmann and De-
Long, 2006; Kringelbach et al., 2007). This treatment
evolved from ablative procedures when it was observed
that such stimulation could provide a reversible alternative
to lesioning the targeted nucleus (Benabid et al., 1987),
and for this reason there was a lack of systematic investi-
gation into how the extracellular stimulation achieves the
therapeutic outcomes. One of the key issues in the DBS
treatment is that once the electrode is surgically implanted
into the deep brain structure, a depth electrode—brain in-
terface (EBI) is created, consisting of three basic structural
elements: the quadripolar electrode, the peri-electrode
space (PES) and the surrounding brain tissue. It was dem-
onstrated by physiological data that at the acute stage
immediately post-implantation, the PES is filled by extra-
cellular fluid, and is modulated by physiological brain pul-
sation (Xie et al., 2006; Priori et al., 2006). Furthermore,
electron microscopy (Moss et al., 2004) of explanted DBS
electrodes revealed that after a few weeks of implantation,
reactive growth of low conductivity giant cells occurs in the
PES and attaches to the surface of the explanted elec-
trode. These changing biophysical properties of the PES
are common features of the depth EBI (van Kuyck et al.,
2007) as they are independent from the brain regions the
electrodes are implanted into, and from the disorders the
electrodes are implanted for.

It has been understood for many years that the elec-
trical properties of neural tissue have both a resistive and
a reactive component (Cole and Curtis, 1936). The nature
of this bio-impedance has been well studied and described
experimentally (Pethig, 1987). This is because it is impor-
tant to understand the impact that such properties have, on
both electrical measurements when currents of interest
travel across the EBI from neural tissues to an electrode,
and on electrical stimulation when a stimulating current
passes across the EBI into the tissue from an electrode. In
both stimulation and recording, we expect that the resistive
and reactive components of the EBI will influence the
current crossing the interface in a frequency-dependent
manner. Such biophysical characteristics of tissue have
previously been modeled by an equivalent electrical circuit
(McAdams and Jossinet, 1995) containing a capacitor and
a resistor in parallel, which allows further understanding of
the dynamic nature of the electrical properties of neural
tissue. Considering the case for DBS specifically, reactive
components may arise due to a number of parts of the
stimulation system. While the implanted hardware such as
the extension cable and the electrode body contribute
constant and small values of resistance, the tissue imped-
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ance and the impedance at the EBI can vary due to the
location of the electrode, the patient, or the duration of
the implantation (Hemm et al., 2004). Furthermore, our
recent results of depth recordings of local field potentials
via the implanted DBS electrode revealed that the phys-
iological modulation of the EBI in the acute stage via
brain pulsation selectively affected the crossing neural
signals in a frequency-dependent manner, as the ampli-
tude of the electrode potential was inversely correlated
with that of the tremor-related oscillation of 4—6 Hz, but
not the 15-20 Hz beta oscillation related to Parkinson’s
disease (Yousif et al., 2008).

Using a computational model of the three-dimensional
interface (Yousif et al., 2007; Yousif and Liu, 2007), we
have shown that the EBI influences the induced electric
field by shunting the current in the acute stage, and shield-
ing the tissue from the stimulus at the chronic stage so that
there is a need to top up the stimulating amplitude (Yousif
et al., 2007, 2008). This change over time of the biophys-
ical properties of the interface should be accounted for in
order to make accurate predictions based on such models.
However, solving the static Laplace equation with fre-
quency independent conductivity parameters means that
the model encompassed simplifying assumptions and did
not account for the time dependence of the stimulus wave-
form in a significantly reactive tissue. A different approach
has been presented for extending such quasi-static finite
element method (FEM) models to account for the complex
(frequency-dependent) conductivity of the tissue and the
electrode, and combining these complex FEM models with
Fourier analysis to obtain an estimate of the effect of time
dependence of the waveform (Butson and Mclntyre, 2005).
This previous work has shown that the tissue and the
electrode capacitance impact on the induced waveform
significantly and differently depending on whether voltage-
controlled or current-controlled stimulation is used. The
understanding of the waveform induced in the tissue is an
important extension for FEM models as the clinical out-
come is known to be critically dependent on the waveform
parameters (Kuncel and Girill, 2004), therefore changes in
amplitude and shape which come about due to the elec-
trical properties of the interface must be accounted for to
reveal the true nature of the impact of the interface on the
current crossing into the human brain.

We hypothesized that the reactivity of the PES varies
from being filled with extracellular fluid immediately post-
implantation to giant cells at the chronic stage a few
months post-implantation, which in turn would affect the volt-
age waveform of the electric pulses differently. The objectives
of the present study focus on the effects of the reactive
properties of the EBI, and its effects on the stimulation-
induced waveform using the Fourier-FEM approach. We
intend to demonstrate that the square pulse is altered in
both amplitude and shape by the EBI at different stages
post-implantation when the PES is filled with either extra-
cellular fluid of low resistance and low reactivity or high
resistance and high reactivity giant cells, to investigate
whether the square pulse shape also changes with dis-
tance from the electrode, and to estimate the effects of

such distortion of the pulse waveform on the spatial distri-
bution of the electric current in the surrounding brain tis-
sue. Furthermore, we analyze these results in terms of the
electrical behavior of the interface using an equivalent
circuit model of the EBI, which assists us to understand the
contribution of each component to the behavior observed.
Finally, we extend the study to some clinically unused
novel waveforms, which were recently proposed in a com-
putational modeling study to be useful stimulation wave-
forms for DBS (Sahin and Tie, 2007) to investigate whether
such waveforms, which have a different frequency profile
to square pulses, are also distorted through the EBI, and
consequently whether they may prove to be more useful
for neuromodulation. This combined approach allows us to
consider the spatial spread of the induced electric field in
the volume of neural tissue surrounding the implanted
electrode, the shape of the potential induced in the tissue
relative to the input waveform, as well as probing this
behavior in terms of the changing biophysical properties of
the EBI. This in turn provides a useful tool for the visual-
ization of stimulation effects, and the possibility to make
more accurate testable predictions about the evolving
electrical behavior of the interface.

EXPERIMENTAL PROCEDURES

In order to study the frequency-dependent reactive properties of
the EBI during DBS, we combine our previous EBI model of a
complex FEM approach with a Fourier-FEM method.

The finite element model of the EBI

A detailed description of the structural EBI model was given
previously (Yousif et al., 2007; Yousif and Liu, 2007), and is
summarized here: We used COMSOL Multiphysics 3.3 (COMSOL
AB, Stockholm, Sweden) to form the EBI model. The geometry of
the EBI is defined by the description of the Medtronic 3389 elec-
trode which has four 1.5 mm long platinum iridium contacts with
three 0.5 mm long separations on a 1.23 mm diameter lead
(Medtronic Inc, Minneapolis, MN, USA). A PES is defined with a
thickness of 0.25 mm separating the electrode from the surround-
ing brain tissue, which extends 10 mm away from the electrode
(Fig. 1). This thickness was selected to be wide enough to allow
the FEM mesh in this layer to contain up to four elements and
ensure the accuracy of the solution, while remaining small com-
pared with the dimensions of the electrode and surrounding tis-
sue. The model was meshed into tetrahedral elements using a
Delaunay meshing algorithm (COMSOL AB).

The potential distribution induced via such an implanted elec-
trode was calculated by solving Laplace’s equation:

V-a*VV=0

where V is the del operator and denotes the derivative of Vin each
of the (x, y, z) directions, V is the scalar potential (measured in
Volts), ‘" denotes a dot product.

In this study, we chose to move to a two-dimensional repre-
sentation in order to significantly reduce the simulation time, after
having ensured that both the three-dimensional and two-dimen-
sional geometries gave the same results.

The complex FEM approach

Unlike previous work, in this study we utilize a complex version of
the EBI model, in order to be able to investigate the frequency-
dependent features of the EBI. In the complex Laplace equation
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Fig. 1. (a) The EBI model consists of three compartments: the DBS
electrode which consist of four contacts (0, 1, 2 and 3); the PES which
changes from fluid-filled in the acute stage to a layer of encapsulation
in the chronic stage; and the surrounding brain tissue. (b) The struc-
ture of the FEM model consists of the DBS electrode (Medtronic model
3389), which is uniformly surrounded by a PES of 0.25 mm thickness,
which in turn is surrounded by the neural tissue extending 10 mm from
the electrode surface.

o*=0—lweye,, o is the conductivity (measured in Siemens per
meter), i is the imaginary unit, or -1, w is the angular fre-

quency or 21 f, f is the frequency, ¢, is a constant known as the
permittivity of free space (8.85x10~ "2 Farads per meter), and ¢, is
the relative permittivity, which is a material specific parameter.

As the potential distribution between different EBI conditions
was our primary focus, the anatomy of the surrounding brain
tissue is simplified to homogenous gray matter with conductivity
as 0=0.2 S/m (Geddes and Baker, 1967), and we used a maxi-
mum and a minimum (measured at low frequencies 10—1000 Hz)
for the relative permittivity (relative to free space): 1x107 and
1Xx108 (http://niremf.ifac.cnr.it/tissprop/). To simulate the EBI at
the acute stage, during which the PES is filled by extracellular
fluid, a value of 0=1.7 S/m (Rabbat, 1990) and £,=109 was used
(http://niremf.ifac.cnr.it/tissprop/). At the chronic stage, pathologi-
cal growth of giant cells covers the electrode surface (Moss et al.,
2004), and this tissue has been shown to be largely fibrous in
nature (Haberler et al., 2000; Henderson et al., 2002; Nielsen et
al., 2007). In order to model this, the conductivity and permittivity
values were set equivalent to white matter such that ¢=0.125
S/m, and &,=1x107 (maximum), 1x10°® (minimum) (http://niremf.
ifac.cnr.it/tissprop/). The conductivity and permittivity of the elec-
trode surface were set as follows: For the platinum/iridium con-
tacts 0=5x10% S/m (www.eddy-current.com/condres.htm), and
&,=1, and for the urethane shaft =1x10""* S/m and ¢,=2 and
were estimated based on measurements of similar urethane poly-
mers (Krol et al., 2006).

In all simulations the amplitude of the stimulating potential via
the active contact was set to a selected value (=1 V), and the
outer boundary of the surrounding tissue (10 mm away from the

surface of the electrode) was set to 0 V, both via Dirichlet bound-
ary conditions. The non-active contacts and the electrode shaft
were bound using Neumann conditions to simulate inactivated
contacts and the insulated shaft.

The Fourier-FEM approach

This approach was previously described (Butson and Mcintyre,
2005) to provide a method to estimate the time-dependent effects
of stimulation on the electric field induced in the surrounding
neural tissue. It involves the following steps: First the stimulus
waveform, here assumed to be a perfect monophasic square
wave (Fig. 2a), is constructed in the time domain (Matlab, Math-
works, Natick, MA, USA). Secondly, this waveform is transformed
into the frequency domain using a 1024 point discrete Fourier
transform (DFT). Next, the complex finite element model is solved
at 513 frequencies. The complex electric potential calculated from
the FEM model at each frequency is then scaled by the amplitude
of the DFT (Fig. 2b) and shifted by the phase of the DFT (Fig. 2c).
Finally the waveform is transformed back into the time domain
using an inverse DFT (Fig. 2d). This process is schematized in
Fig. 2. Specifically, we used a time range of 0—1 ms, and per-
formed the DFT at 1024 steps. Therefore we solved the FEM
model at 513 frequencies from 0 Hz to 512 kHz. We ran our
simulations using this number of time steps and value of dt, and
we also ran simulations using the parameters used by Butson and
Mclintyre (2005) in order to ensure that there were no discrepan-
cies due to different selections of parameters. In this case, the
number of time steps was also 1024, but dt was set at 1xX10° s so
that the waveform in the time domain was defined between 0 and
0.01024 s, and the frequency range was from 0 to 50 kHz. As
expected, we found that this change in parameters made no
qualitative difference to the results presented below.

Novel waveforms

Recently, waveforms other than the ideal square wave which is
currently used for DBS have been proposed as providing a better
alternative for neurostimulation (Sahin and Tie, 2007). Using the
Fourier-FEM model, we investigated three of the waveforms which
were shown to perform as well as or better than a square wave: a
linear decrease; an exponential decrease; and a gaussian wave-
form. The potential induced in the tissue by each of these wave-
forms was simulated in both acute and chronic conditions, and the
waveforms were compared relative to the square pulse in terms of
the maximum induced potential amplitude achieved.

Quantification of the induced potential waveforms
over distance and over time

The potential waveform induced in the surrounding neural tissue
at any time point and at any measuring position may potentially be
quantified. The decay in the waveform amplitude over distance was
measured at distance increments of 0.5 mm from the surface of
the electrode contact 0 to the brain volume boundary of a maxi-
mum distance 10 mm (Fig. 4(c)); and to assess the potential
induced in the neural tissue over time, comparison is made be-
tween measurements obtained at 0.5 mm away from the surface
of the electrode contact 0. We compared these waveforms by
measuring the peak amplitude, and by measuring the area under
the voltage waveform which gives a measure of the energy deliv-
ered to the tissue. We then compared across conditions by cal-
culating a simple percentage as value2/value1x100%. It is impor-
tant to note that we do not claim that our simulation results yield
absolute values for the induced potential distribution in the sur-
rounding tissue by DBS, but use this comparison across simula-
tions to look at the relative differences between time stages and
waveforms. This relative comparison should eliminate concern
over absolute errors in estimation of the effects of DBS.
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Fig. 2. A schematic diagram of the major steps of the Fourier-FEM approach: The original square pulse waveform is illustrated in the time domain
(a), along with the amplitude (b) and phase (c) of its Fourier transform. The resulting waveform after distortion by the EBI is also shown (d) in the time

domain.

Circuit modeling

While the Fourier FEM model allows us to probe the structural
properties of the interface on the distortion in the waveform, in
order to understand the results in more detail, we used PSPICE
(Cadence, San Jose, CA, USA) to model an equivalent electric
circuit of the EBI, therefore allowing us to investigate the specific
contribution of each electrical part of the interface. This circuit is
based upon previous studies of the electrode—electrolyte inter-
face, which represent the interface as an RC circuit (Geddes,
1972). If we assume that the electrode is perfectly polarizable, and
therefore no electrons cross the interface, which is reasonable
assumption for a platinum electrode, then the electrode properties
are dominated by capacitance, and can be modeled as a capacitor
(Butson and Mclntyre, 2005). In addition, each additional compart-
ment of our EBI model, the PES and the surrounding neural tissue
are represented by an RC pair (Neuman, 1997), mimicking the
FEM model in which we have conductivity and permittivity. There-
fore the circuit consisted of a square pulse voltage source in series
with a capacitor representing the electrode—electrolyte interface,

which in turn is in series with an RC pair for the PES, and the
tissue, as shown in Fig. 3. Parameters for each of the components
in this model were calculated based on the following. For a metal
in an aqueous solution, it was previously reported that the elec-
trode capacitance is in the range 10-20 uF/cm? (Merrill et al.,
2005), and therefore for a DBS contact, which has a surface area
of 0.06 cm?, the double layer capacitance is set at 0.6 uF to 1.2
wF. For the PES, we use the following equations to calculate C
and R based on the conductivity and permittivity parameters given
above:

/
C= soj'A and R P

where A is the area of the contact, / represents the thickness of
the PES, and p is the resistivity which is the inverse of conduc-
tivity, and all other symbols are as described above. These
equations lead to values of C,.=2.3X10""" F, R,c.:e=25 Q,
Cenronic=2.1x10"C F, and R_,0nic=334 Q.

RPES Rtissue
| |
11
Celectrode I I I I
11 11
cPES Ctissue

?

Fig. 3. The equivalent circuit model of the EBI was defined as consisting of a capacitor (C,,cciroqe)

to represent the non-polarizable platinum electrode,

and an RC pair for the PES (Rpes and Cpeg), and another RC pair for the surrounding neural tissue (Ryssue @Nd Cyigouo)-
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Fig. 4. This figure shows the effect of the interface on pulse-shaping. (a) The acute case displays slow rise and fall times, which is similar to the
behavior of a low-pass filter. However, in the chronic case the rise time is very fast, with a drop in the amplitude of the potential over the pulse width.
Part (b) shows the same plot zoomed in to the peaks of the waveforms to highlight the difference between the acute and chronic cases more clearly.
(c) This contour plot shows the iso-potential lines in the tissue surrounding the electrode, for an example simulation of the quasi-static (0 Hz) case,

plus the line of measurement for the potential/distance curves in part (d).

Finally for the bulk tissue resistance we used the following
equation (Weinman and Mahler, 1964):

1

= 2moap

where a is the radius of the electrode and p is a shape factor, to
account for the derivation of this equation based on hemi-spher-
ical electrodes. Using P=0.85, we obtain Ry;.,.=1480 (). Based
on the time constant (r=gye,/c=RC we could then calculate
Clissue=2.99%10"" F.

RESULTS

The impact of the EBI on the conventional
square pulses

The initial simulations look at the waveform induced in the
tissue in two conditions, in the acute time stage with fluid
surrounding the newly implanted electrode, and the
chronic time stage when the electrode is surrounded by
encapsulation tissue.

In the acute stage, the waveform is no longer a perfect
square wave (Fig. 4), but has a slowly rising phase, which

plateaus if the pulse width is long enough, and then expo-
nentially falls at the end of the step. This is typical of the
low-pass filter behavior of an RC circuit, and we found that
this effect is more pronounced with the higher tissue per-
mittivity parameters.

In the chronic stage, as in the quasi-static model, the
overall amplitude is smaller than in the acute stage, but the
shaping of the waveform is very different. The potential
peaks quickly as the stimulating square pulse does with an
infinitely small rise time, and then the amplitude decreases
over the pulse width. Finally, the voltage drops with an
infinitely small time step, and drops to —6 mV before rising
slowly to zero. Once more, this effect is more marked at
the higher value of tissue permittivities.

In both cases, the shaping of the waveform remained
constant with increasing distance from the electrode con-
tact. We then looked at the dropoff in the peak amplitude of
the induced waveform with increasing distance from the
electrode contact (line of measurement shown in Fig. 4(c)).
The rate of decrease in the potential is shown by exami-
nation of Fig. 4(d) (solid lines) and is more marked for the
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chronic case, which reflects the overall reduced amplitude
of potential in the chronic case. However this difference
between acute and chronic cases is 10%, which is less than
the difference calculated based on a quasi-static model
(equivalent to the solution of the Fourier-FEM model at 0 Hz),
which is 19% (Fig. 4(d) dashed lines). This indicates that the
differences between potential spread in these two cases
may be less than previously shown. In the acute stage, the
energy delivered to the tissue, as estimated by the area
under the induced waveform, is 93% of the original wave-
form, and in the chronic case this drops to 76%, indicating
a change of 17% as a result of encapsulation.

We also looked at the effect of increasing the pulse
width of the original waveform (Fig. 5) in terms of how this
influences the induced waveform. The shape observed
with the 60 us pulse-width was maintained with all other
pulse-widths examined, with small changes in the maxi-
mum amplitude achieved (1-2%), and no change in the
energy delivered relative to the original waveform.

Comparing the conventional square pulses with
novel waveforms

We also investigated and compared three novel wave-
forms to the conventional square pulses, which were recently
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proposed to be useful to stimulate neural tissue based on
computational modeling. Fig. 6 shows that these waveforms
appear to be less influenced by the interface model than the
square wave in both the acute and the chronic time stages.
In each case, the energy delivered by the induced wave-
forms relative to the original stimulus (dashed lines in Fig.
6) is unchanged across all stimuli, because each result is
based on the FEM solutions at the same component fre-
quencies. However, we compared the energy delivered by
each waveform in acute and chronic stages relative to the
original waveform (Table 1). This clearly shows that the
novel waveforms will deliver much less energy than a
square wave, and therefore prolong battery life. Also, as
listed in the Table, the maximum amplitude attained does
change in the acute case across the different waveforms,
while in the chronic case they remain stable relative to the
input. In the acute case, the square wave and the gaussian
wave achieve the highest amplitude potential in the tissue,
with the two decreasing waveforms attaining less potential
by approximately 10% in the linear decrease case and
20% in the exponential decrease case. Finally, the simu-
lation of the gaussian waveform shows that there is a
phase shift of the waveform in the acute case, which is not
present in the chronic case.
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Fig. 5. Comparison of the effect of pulse-width on the induced wavefor!

ms. The shape of the distorted square pulse is maintained at all pulse width

values in both the acute and chronic simulations. However, the peak amplitude in the acute case increases with increasing pulse width, whereas the

dropoff in potential amplitude increases in the chronic case.
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The waveform shaping in an equivalent circuit model

In order to understand these Fourier-FEM results in rela-
tion to the electrical properties of the interface, we used an
equivalent circuit model of the EBI (Fig. 3). This model
includes a capacitance and resistance in parallel for the

Table 1. Peak amplitude of the waveform induced in the tissue relative
to the original waveform, for the square wave and the novel waveforms
in both acute and chronic time stages

Waveforms Peak amplitude Energy delivered
relative to original relative to original
waveform square pulse
Acute Chronic Acute Chronic

Square 93% 80% 93% 76%

Linear decrease 86% 82% 47% 38%

Exponential decrease 73% 82% 16% 13%

Gaussian 91% 81% 39% 32%

Also shown is the energy delivered to the tissue, relative to the
original square wave, for each waveform.

PES and tissue compartments, while the electrode is mod-
eled as a pure capacitor. We model the change over time
which affects the electrical properties of the EBI from the
acute to the chronic stage, by changing the resistance and
the conductivity of the PES compartment of the circuit as
described above, which is comparable to changing the
conductivity and permittivity in the FEM model. Fig. 7
shows that this model displays the same shaping of the
square wave in the tissue as the FEM model does (Fig.
4(A)), which indicates that the equivalent circuit captures
the relevant electrical features of the EBI which causes a
distortion of the input waveform.

DISCUSSION

The present study extends our previous investigations on
the influence of the resistive component of the EBI using a
quasi-static FEM model. In particular we further investigate
the reactive properties of the EBI, and its effects on the
stimulation-induced waveform in the surrounding brain vol-
ume using the Fourier-FEM approach. The main findings
of the present study are: 1) there are frequency-dependent
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Fig. 7. The waveform shaping in the circuit model. This figure shows
the results of the simulation of the circuit model shown in Fig. 3. The
resulting waveforms in both the acute and chronic time stages show
the same properties as those yielded by the FEM model.

effects of the EBI, which result in dramatic waveform dis-
tortions which depend on the different compositions of the
PES in the acute and chronic time stages post-implanta-
tion; 2) these distorted electric potentials can be quantified
over time at one position or over distance at the same time
point; 3) the use of stimulus waveforms with different fre-
quency content may change the EBI distortion, and con-
sequently may result in better predicted stimulation effects.
The present combined modeling approach provides a use-
ful tool for the visualization of stimulation-induced current,
and the possibility to make more accurate testable predic-
tions about the evolving electrical behavior of the interface.

Our results highlight a number of issues related to the
EBI, which we discuss here. First, we observed that the
structurally homogenous models of the EBI in which the PES
is not defined as an independent structural component
exhibited little frequency-dependent behavior in affecting
the crossing current. This is consistent with the results of a
theoretical model of electric field effects in homogenous
neural tissue (Bedard et al., 2004) which showed that in a
medium with constant conductivity and permittivity, as in
the homogenous EBI model, there is no frequency-depen-
dent influence on the extracellular potential. The use of
homogenous models was also previously shown to be
inadequate for estimating the stimulation effects of DBS
(Butson and Mcintyre, 2005), and it was suggested by
pathological (Moss et al., 2004), neurophysiological (Xie et
al., 2006) and computational modeling (Yousif et al., 2007)
studies that the PES is crucial for determining the electric
current injected via the electrode to the brain tissue across
the EBI. Here we have shown that it is the relative domi-
nance of the tissue capacitance compared with the capac-
itance of the PES, which changes post-implantation from
extracellular fluid of high conductivity and low permittivity
to the reactive giant cells of high impedance and permit-
tivity, which influences the waveform shaping. Second, it is
crucial to be able to accurately estimate the potential in the
surrounding brain volume induced by the injected current
in which both the time dependent and non-time dependent
components are considered. This is important for using

such estimates to understand how the stimulating potential
interacts with neurons or neural fibers to modulate their
activity. In the present work, we have shown that the
quasi-static model overestimates the induced potential
amplitude compared with the Fourier FEM approach by as
much as 9% when comparing the cellular PES at the
chronic stage and the fluid PES of low capacitance. Inter-
estingly, this is lower than another study (Butson and
Mclintyre, 2005), but in that case they compared the effects
of stimulation on neural fibers and found that the quasi-
static models overestimated the volume of tissue activated
by 20% compared with the Fourier-FEM approach. Third,
this matter may be complicated even further when the EBI
in the transient stage of post-implantation is considered,
during which it was shown in previous studies (van Kuyck
et al., 2007) and our recent study (Yousif et al., 2008) that
both the biophysical properties of the medium in the PES
and the pattern of capsulation around the electrode sur-
face vary with infinite possibilities so that the shielding
effect of partial giant cell growth on the injected current
could shape the induced electric potential in an unpredict-
able manner.

Compared with our previous simulations on the ampli-
tude difference between stimulation in the acute stage,
where the induced extracellular potential in the brain vol-
ume surrounding the electrode is stronger than that in-
duced at chronic stages, due to the higher conductivity of
extra-cellular fluid than of encapsulation tissue (Yousif et
al., 2007, 2008), we have demonstrated in the present
study that there is also a change in the characteristics of
the reactive component of the interface, which impacts on
the waveform shaping in the two clinical time stages. In the
acute stage, the shaping is most significant at the start and
at the end of the square pulse, mimicking typical low-pass
filter behavior, whereas, in the chronic stage, the rise and fall
times of the potential passed through the EBI are similar to
the original waveform, while at the DC or plateau stage, the
amplitude of the potential does not remain constant as in
the original stimulus, but decays over time. It should be
noted that in the chronic stage the main effect of the EBI is
an overall decrease in amplitude of the potential waveform,
the distortion in waveform shape being of comparatively
minor consequence. Interestingly, the pulse-width does
not alter these specific features of waveform distortion.
The equivalent circuit model replicated the results of the
Fourier-FEM approach very well (Fig. 4(a) and Fig. 7),
which is because similar electrical properties were repre-
sented in the two models. The circuit model allowed us to
show that this specific difference in behavior of waveform
attenuation at the two post-implantation stages can be
attributed to the relative dominance of the tissue capaci-
tance compared with the capacitance of the PES rather
than the absolute capacitance of the PES alone. In the
acute stage the tissue capacitance is much greater (four
orders of magnitude) than the capacitance of the fluid-filled
layer, and consequently we see the typical capacitive ef-
fect on the rise time of the voltage pulse in the tissue.
However, in the chronic stage when the encapsulation
capacitance is an order of magnitude greater that that of
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the tissue, the change in the voltage waveform is greater at
the interface compared with at the tissue. Therefore the
relative capacitance of the PES and the tissue has a major
effect on determining the stimulation induced waveform
properties in the neural tissue. A similar mechanism may
also apply to the relative dominance of the electrode ca-
pacitance compared with the capacitance of the PES at
different stages (Butson and Mclntyre, 2006).

Such waveform shaping at the different post implanta-
tion stages may be quite significant for both depth stimu-
lation and depth recording. First, it has been previously
observed that the EBI may filter recorded local field poten-
tials in a frequency dependent manner (Yousif et al.,
2008), and this property can also be seen in the low-pass
nature of the acute EBI. This in turn may have an impact on
depth recordings, which are made in the acute stage when
the electrodes are implanted but externalized. Second, in
terms of stimulation these different waveforms may have
different effects on surrounding neurons. We can assess
this effect by looking at the activation function (Rattay,
1989) which shows that during most of the waveform the
acute interface generates higher magnitudes of activation
function. The exceptions are at the start and end of the
pulses when the sharp transients in the chronic waveform
lead to the activation function having a higher magnitude at
these points. This indicates that the timing of neuronal
activation may vary slightly over the duration of a stimulus
pulse in the different stages post-implantation.

One of the objectives of the present study is to utilize
the present complex EBI model to investigate whether
different stimulation waveforms, which have a different
frequency content from the conventional and clinical appli-
cable square pulses and have been proposed to be effec-
tive at stimulating neurons (Sahin and Tie, 2007), so that
the effects of DBS may be optimized by uncovering better
alternatives of stimulation waveform to the conventional
square pulses. Given that we have shown that the biophys-
ical characteristics of the EBI change dramatically over
time post-implantation, the use of waveforms with simpler
frequency spectra than that of the square pulses may be
less distorted over the different time stages post-implanta-
tion. We studied three waveforms: a pulse with a linear
decrease, a pulse with an exponential decrease, and a
gaussian waveform. Qualitatively, the resulting waveforms
appear to be less attenuated by the EBI and the difference
between the shape of the waveform at acute and chronic
stages also seems less marked, though the amplitude
difference between acute and chronic waveforms did not
seem to be improved by using such stimuli (Table), which
is expected, as it is largely a result of the resistive rather
than capacitive property of the interface. Interestingly, the
simulation with the gaussian input revealed a phase shift in
the acute stage, once more suggesting that the capacitive
properties of the tissue may be more significant at the
acute interface.

The work described here attempts to generate testable
hypotheses about the effects of neurostimulation based on
the estimated simulation of current distribution and the
volume of tissue activated (VTA) around the implanted

DBS electrode, which can be verified and ultimately ap-
plied to optimize clinical outcome. However, as with all
modeling studies, this approach encompasses a number
of necessary simplifications and assumptions, therefore it
is crucial to discuses shortcomings and to ensure the
reliability of the simulation results generated by a given
model. With respect to the present FEM model, we set two
parameters per structural compartment of the model, the
conductivity and the permittivity. By doing so, if there are
any discrepancies in the values used, we are able over-
come this by looking at relative differences in the potential
distribution induced in the tissue, and not claiming that our
results provide absolute quantities. Several issues should
be considered in future work: First, the current FEM model
does not contain any information about the electrode itself,
as the electrode surface is taken to be a boundary so
material information is neglected. Future work should en-
deavor to categorize the contact impedance at the EBI
(Cantrell et al., 2008). Second, a recent study (Bossetti
et al., 2008) showed that the Fourier-FEM approach does
not account for the frequency-dependence of the conduc-
tivity and permittivity parameters, nor for the inductive or
propagation properties of neural tissue. This results in an
error compared with the solution of the Helmholtz equa-
tion, which should also be considered in future work. In the
circuit modeling, we assumed that the electrode is per-
fectly polarizable and can be modeled as a capacitor. This
has been shown to be a valid assumption for DBS elec-
trodes (Butson and Mclntyre, 2005; Merrill et al., 2005).
However the inclusion of other electrical components at
the EBI, such as the parallel electrode resistance, may
introduce complexities to the behavior seen here. Third,
the implantable DBS system involves more hardware than
our equivalent circuit model represents, such as the ca-
bling of the DBS electrode lead, which contains additional
resistances and capacitances, as well as capacitances
between contacts. However, in this study we focus on
monopolar stimulation, therefore only one contact need be
represented, and the effects of stimulation local to the
interface, where cabling effects on the waveform, are
ignored.

CONCLUSION

In conclusion, the study has shown that the waveform
induced in the neural tissue by DBS changes relative to the
input waveform, and that this distortion is also dependent
upon the nature of the interface, such that at acute stages
post-implantation, the tissue capacitance dominates induc-
ing a low-pass filter type behavior, and at chronic stages
post-implantation, the capacitance of the encapsulation
itself takes over, attenuating the waveform shape. These
dynamic biophysical properties of the interface may call for
different classes of waveforms to be used because wave-
forms with different frequency content appear to be less
distorted in shape by the EBI. We believe that the present
study provides a deeper understanding of the time-depen-
dent effects of the EBI on the current crossing the inter-
face. This approach may provide better insight into the
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interactions of DBS with pathological activity, by estimating
and visualizing the stimulation current more accurately,
and consequently to assist optimization of the therapeutic
outcomes.
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