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HE INFLUENCE OF REACTIVITY OF THE ELECTRODE– BRAIN
NTERFACE ON THE CROSSING ELECTRIC CURRENT IN

HERAPEUTIC DEEP BRAIN STIMULATION
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bstract—The use of deep brain stimulation (DBS) as an
ffective clinical therapy for a number of neurological disor-
ers has been greatly hindered by the lack of understanding
f the mechanisms which underlie the observed clinical im-
rovement in patients. This problem is confounded by the
ifficulty of investigating the neuronal effects of DBS in situ,
nd the impossibility of measuring the induced current in
ivo. In our recent computational work using a quasi-static
nite element (FEM) model we have quantitatively shown that
he properties of the depth electrode– brain interface (EBI)
ave a significant effect on the electric field induced in the
rain volume surrounding the DBS electrode. In the present
ork, we explore the influence of the reactivity of the EBI on

he crossing electric current using the Fourier-FEM approach
o allow the investigation of waveform attenuation in the time
omain. Results showed that the EBI affected the waveform
haping differently at different post-implantation stages, and
hat this in turn had implications on induced current distri-
ution across the EBI. Furthermore, we investigated whether
ypothetical waveforms, which were shown to have potential
sefulness for neural stimulation but are not yet applied
linically, would have any advantage over the currently used
quare pulse. In conclusion, the influence of reactivity of the
BI on the crossing stimulation current in therapeutic DBS is
ignificant, and affects the predictive estimation of current
istribution around the implanted DBS electrode in the hu-
an brain. © 2008 IBRO. Published by Elsevier Ltd. All rights

eserved.

ey words: finite element model, computational simulation,
issue impedance.

he clinical therapy of deep brain stimulation (DBS) in-
olves electrical stimulation via electrodes chronically im-
lanted into selected brain targets in order to alleviate the
ymptoms of a number of movement and other neurolog-
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c
ransform; EBI, electrode–brain interface; FEM, finite element method;
ES, peri-electrode space.
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cal disorders (Lozano et al., 2002; Wichmann and De-
ong, 2006; Kringelbach et al., 2007). This treatment
volved from ablative procedures when it was observed
hat such stimulation could provide a reversible alternative
o lesioning the targeted nucleus (Benabid et al., 1987),
nd for this reason there was a lack of systematic investi-
ation into how the extracellular stimulation achieves the
herapeutic outcomes. One of the key issues in the DBS
reatment is that once the electrode is surgically implanted
nto the deep brain structure, a depth electrode– brain in-
erface (EBI) is created, consisting of three basic structural
lements: the quadripolar electrode, the peri-electrode
pace (PES) and the surrounding brain tissue. It was dem-
nstrated by physiological data that at the acute stage

mmediately post-implantation, the PES is filled by extra-
ellular fluid, and is modulated by physiological brain pul-
ation (Xie et al., 2006; Priori et al., 2006). Furthermore,
lectron microscopy (Moss et al., 2004) of explanted DBS
lectrodes revealed that after a few weeks of implantation,
eactive growth of low conductivity giant cells occurs in the
ES and attaches to the surface of the explanted elec-

rode. These changing biophysical properties of the PES
re common features of the depth EBI (van Kuyck et al.,
007) as they are independent from the brain regions the
lectrodes are implanted into, and from the disorders the
lectrodes are implanted for.

It has been understood for many years that the elec-
rical properties of neural tissue have both a resistive and
 reactive component (Cole and Curtis, 1936). The nature
f this bio-impedance has been well studied and described
xperimentally (Pethig, 1987). This is because it is impor-
ant to understand the impact that such properties have, on
oth electrical measurements when currents of interest
ravel across the EBI from neural tissues to an electrode,
nd on electrical stimulation when a stimulating current
asses across the EBI into the tissue from an electrode. In
oth stimulation and recording, we expect that the resistive
nd reactive components of the EBI will influence the
urrent crossing the interface in a frequency-dependent
anner. Such biophysical characteristics of tissue have
reviously been modeled by an equivalent electrical circuit
McAdams and Jossinet, 1995) containing a capacitor and
resistor in parallel, which allows further understanding of

he dynamic nature of the electrical properties of neural
issue. Considering the case for DBS specifically, reactive
omponents may arise due to a number of parts of the
timulation system. While the implanted hardware such as
he extension cable and the electrode body contribute

onstant and small values of resistance, the tissue imped-

mailto:x.liu@ic.ac.uk
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nce and the impedance at the EBI can vary due to the
ocation of the electrode, the patient, or the duration of
he implantation (Hemm et al., 2004). Furthermore, our
ecent results of depth recordings of local field potentials
ia the implanted DBS electrode revealed that the phys-
ological modulation of the EBI in the acute stage via
rain pulsation selectively affected the crossing neural
ignals in a frequency-dependent manner, as the ampli-
ude of the electrode potential was inversely correlated
ith that of the tremor-related oscillation of 4 – 6 Hz, but
ot the 15–20 Hz beta oscillation related to Parkinson’s
isease (Yousif et al., 2008).

Using a computational model of the three-dimensional
nterface (Yousif et al., 2007; Yousif and Liu, 2007), we
ave shown that the EBI influences the induced electric
eld by shunting the current in the acute stage, and shield-
ng the tissue from the stimulus at the chronic stage so that
here is a need to top up the stimulating amplitude (Yousif
t al., 2007, 2008). This change over time of the biophys-

cal properties of the interface should be accounted for in
rder to make accurate predictions based on such models.
owever, solving the static Laplace equation with fre-
uency independent conductivity parameters means that
he model encompassed simplifying assumptions and did
ot account for the time dependence of the stimulus wave-
orm in a significantly reactive tissue. A different approach
as been presented for extending such quasi-static finite
lement method (FEM) models to account for the complex
frequency-dependent) conductivity of the tissue and the
lectrode, and combining these complex FEM models with
ourier analysis to obtain an estimate of the effect of time
ependence of the waveform (Butson and McIntyre, 2005).
his previous work has shown that the tissue and the
lectrode capacitance impact on the induced waveform
ignificantly and differently depending on whether voltage-
ontrolled or current-controlled stimulation is used. The
nderstanding of the waveform induced in the tissue is an

mportant extension for FEM models as the clinical out-
ome is known to be critically dependent on the waveform
arameters (Kuncel and Grill, 2004), therefore changes in
mplitude and shape which come about due to the elec-
rical properties of the interface must be accounted for to
eveal the true nature of the impact of the interface on the
urrent crossing into the human brain.

We hypothesized that the reactivity of the PES varies
rom being filled with extracellular fluid immediately post-
mplantation to giant cells at the chronic stage a few

onths post-implantation, which in turn would affect the volt-
ge waveform of the electric pulses differently. The objectives
f the present study focus on the effects of the reactive
roperties of the EBI, and its effects on the stimulation-

nduced waveform using the Fourier-FEM approach. We
ntend to demonstrate that the square pulse is altered in
oth amplitude and shape by the EBI at different stages
ost-implantation when the PES is filled with either extra-
ellular fluid of low resistance and low reactivity or high
esistance and high reactivity giant cells, to investigate
hether the square pulse shape also changes with dis-
ance from the electrode, and to estimate the effects of d
uch distortion of the pulse waveform on the spatial distri-
ution of the electric current in the surrounding brain tis-
ue. Furthermore, we analyze these results in terms of the
lectrical behavior of the interface using an equivalent
ircuit model of the EBI, which assists us to understand the
ontribution of each component to the behavior observed.
inally, we extend the study to some clinically unused
ovel waveforms, which were recently proposed in a com-
utational modeling study to be useful stimulation wave-
orms for DBS (Sahin and Tie, 2007) to investigate whether
uch waveforms, which have a different frequency profile
o square pulses, are also distorted through the EBI, and
onsequently whether they may prove to be more useful
or neuromodulation. This combined approach allows us to
onsider the spatial spread of the induced electric field in
he volume of neural tissue surrounding the implanted
lectrode, the shape of the potential induced in the tissue
elative to the input waveform, as well as probing this
ehavior in terms of the changing biophysical properties of
he EBI. This in turn provides a useful tool for the visual-
zation of stimulation effects, and the possibility to make

ore accurate testable predictions about the evolving
lectrical behavior of the interface.

EXPERIMENTAL PROCEDURES

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

he finite element model of the EBI

detailed description of the structural EBI model was given
reviously (Yousif et al., 2007; Yousif and Liu, 2007), and is
ummarized here: We used COMSOL Multiphysics 3.3 (COMSOL
B, Stockholm, Sweden) to form the EBI model. The geometry of

he EBI is defined by the description of the Medtronic 3389 elec-
rode which has four 1.5 mm long platinum iridium contacts with
hree 0.5 mm long separations on a 1.23 mm diameter lead
Medtronic Inc, Minneapolis, MN, USA). A PES is defined with a
hickness of 0.25 mm separating the electrode from the surround-
ng brain tissue, which extends 10 mm away from the electrode
Fig. 1). This thickness was selected to be wide enough to allow
he FEM mesh in this layer to contain up to four elements and
nsure the accuracy of the solution, while remaining small com-
ared with the dimensions of the electrode and surrounding tis-
ue. The model was meshed into tetrahedral elements using a
elaunay meshing algorithm (COMSOL AB).

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

�·�*�V � 0

here � is the del operator and denotes the derivative of V in each
f the (x, y, z) directions, V is the scalar potential (measured in
olts), ‘.’ denotes a dot product.

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

he complex FEM approach

nlike previous work, in this study we utilize a complex version of
he EBI model, in order to be able to investigate the frequency-

ependent features of the EBI. In the complex Laplace equation



�

m

q
p
t

w
t
a
m
f
1
t
fl
(
c
2
n
a
v
S
i
t
t
�
w
m

t
o

s
a
w
c

T

T
2
o
n
w
w
w
i
t
a
t
o
F
u
F
f
m
s
w
M
c
n
t
0
e
q

N

R
c
a
F
w
l
f
f
w
t

Q
o

T
a
q
m
t
m
i
t
o
m
t
e
c
t
a
r
t
w

F
e
c
i
t
3
w
t

N. Yousif et al. / Neuroscience 156 (2008) 597–606 599
*���i��0�r, � is the conductivity (measured in Siemens per
eter), i is the imaginary unit, or ��1, � is the angular fre-

uency or 2� f, f is the frequency, �0 is a constant known as the
ermittivity of free space (8.85�10�12 Farads per meter), and �r is
he relative permittivity, which is a material specific parameter.

As the potential distribution between different EBI conditions
as our primary focus, the anatomy of the surrounding brain

issue is simplified to homogenous gray matter with conductivity
s ��0.2 S/m (Geddes and Baker, 1967), and we used a maxi-
um and a minimum (measured at low frequencies 10–1000 Hz)

or the relative permittivity (relative to free space): 1�107 and
�106 (http://niremf.ifac.cnr.it/tissprop/). To simulate the EBI at

he acute stage, during which the PES is filled by extracellular
uid, a value of ��1.7 S/m (Rabbat, 1990) and �r�109 was used
http://niremf.ifac.cnr.it/tissprop/). At the chronic stage, pathologi-
al growth of giant cells covers the electrode surface (Moss et al.,
004), and this tissue has been shown to be largely fibrous in
ature (Haberler et al., 2000; Henderson et al., 2002; Nielsen et
l., 2007). In order to model this, the conductivity and permittivity
alues were set equivalent to white matter such that ��0.125
/m, and �r�1�107 (maximum), 1�106 (minimum) (http://niremf.

fac.cnr.it/tissprop/). The conductivity and permittivity of the elec-
rode surface were set as follows: For the platinum/iridium con-
acts ��5�106 S/m (www.eddy-current.com/condres.htm), and
r�1, and for the urethane shaft ��1�10�13 S/m and �r�2 and
ere estimated based on measurements of similar urethane poly-
ers (Krol et al., 2006).

In all simulations the amplitude of the stimulating potential via
he active contact was set to a selected value (�1 V), and the

ig. 1. (a) The EBI model consists of three compartments: the DBS
lectrode which consist of four contacts (0, 1, 2 and 3); the PES which
hanges from fluid-filled in the acute stage to a layer of encapsulation
n the chronic stage; and the surrounding brain tissue. (b) The struc-
ure of the FEM model consists of the DBS electrode (Medtronic model
389), which is uniformly surrounded by a PES of 0.25 mm thickness,
hich in turn is surrounded by the neural tissue extending 10 mm from

he electrode surface.
uter boundary of the surrounding tissue (10 mm away from the o
urface of the electrode) was set to 0 V, both via Dirichlet bound-
ry conditions. The non-active contacts and the electrode shaft
ere bound using Neumann conditions to simulate inactivated
ontacts and the insulated shaft.

he Fourier-FEM approach

his approach was previously described (Butson and McIntyre,
005) to provide a method to estimate the time-dependent effects
f stimulation on the electric field induced in the surrounding
eural tissue. It involves the following steps: First the stimulus
aveform, here assumed to be a perfect monophasic square
ave (Fig. 2a), is constructed in the time domain (Matlab, Math-
orks, Natick, MA, USA). Secondly, this waveform is transformed

nto the frequency domain using a 1024 point discrete Fourier
ransform (DFT). Next, the complex finite element model is solved
t 513 frequencies. The complex electric potential calculated from
he FEM model at each frequency is then scaled by the amplitude
f the DFT (Fig. 2b) and shifted by the phase of the DFT (Fig. 2c).
inally the waveform is transformed back into the time domain
sing an inverse DFT (Fig. 2d). This process is schematized in
ig. 2. Specifically, we used a time range of 0–1 ms, and per-

ormed the DFT at 1024 steps. Therefore we solved the FEM
odel at 513 frequencies from 0 Hz to 512 kHz. We ran our

imulations using this number of time steps and value of dt, and
e also ran simulations using the parameters used by Butson and
cIntyre (2005) in order to ensure that there were no discrepan-

ies due to different selections of parameters. In this case, the
umber of time steps was also 1024, but dt was set at 1�10-5 s so
hat the waveform in the time domain was defined between 0 and
.01024 s, and the frequency range was from 0 to 50 kHz. As
xpected, we found that this change in parameters made no
ualitative difference to the results presented below.

ovel waveforms

ecently, waveforms other than the ideal square wave which is
urrently used for DBS have been proposed as providing a better
lternative for neurostimulation (Sahin and Tie, 2007). Using the
ourier-FEM model, we investigated three of the waveforms which
ere shown to perform as well as or better than a square wave: a

inear decrease; an exponential decrease; and a gaussian wave-
orm. The potential induced in the tissue by each of these wave-
orms was simulated in both acute and chronic conditions, and the
aveforms were compared relative to the square pulse in terms of

he maximum induced potential amplitude achieved.

uantification of the induced potential waveforms
ver distance and over time

he potential waveform induced in the surrounding neural tissue
t any time point and at any measuring position may potentially be
uantified. The decay in the waveform amplitude over distance was
easured at distance increments of 0.5 mm from the surface of

he electrode contact 0 to the brain volume boundary of a maxi-
um distance 10 mm (Fig. 4(c)); and to assess the potential

nduced in the neural tissue over time, comparison is made be-
ween measurements obtained at 0.5 mm away from the surface
f the electrode contact 0. We compared these waveforms by
easuring the peak amplitude, and by measuring the area under

he voltage waveform which gives a measure of the energy deliv-
red to the tissue. We then compared across conditions by cal-
ulating a simple percentage as value2/value1�100%. It is impor-
ant to note that we do not claim that our simulation results yield
bsolute values for the induced potential distribution in the sur-
ounding tissue by DBS, but use this comparison across simula-
ions to look at the relative differences between time stages and
aveforms. This relative comparison should eliminate concern

ver absolute errors in estimation of the effects of DBS.

http://niremf.ifac.cnr.it/tissprop/
http://niremf.ifac.cnr.it/tissprop/
http://niremf.ifac.cnr.it/tissprop/
http://niremf.ifac.cnr.it/tissprop/
http://www.eddy-current.com/condres.htm


C

W
p
o
(
c
c
b
f
1
t
a
a
(
m
a
F
f
w

w
t
i
i
t
2
o
�
a
a

w
t
t
e
C

F
a

F
( The resu
d

N. Yousif et al. / Neuroscience 156 (2008) 597–606600
ircuit modeling

hile the Fourier FEM model allows us to probe the structural
roperties of the interface on the distortion in the waveform, in
rder to understand the results in more detail, we used PSPICE
Cadence, San Jose, CA, USA) to model an equivalent electric
ircuit of the EBI, therefore allowing us to investigate the specific
ontribution of each electrical part of the interface. This circuit is
ased upon previous studies of the electrode–electrolyte inter-
ace, which represent the interface as an RC circuit (Geddes,
972). If we assume that the electrode is perfectly polarizable, and
herefore no electrons cross the interface, which is reasonable
ssumption for a platinum electrode, then the electrode properties
re dominated by capacitance, and can be modeled as a capacitor
Butson and McIntyre, 2005). In addition, each additional compart-
ent of our EBI model, the PES and the surrounding neural tissue
re represented by an RC pair (Neuman, 1997), mimicking the
EM model in which we have conductivity and permittivity. There-

ore the circuit consisted of a square pulse voltage source in series
ith a capacitor representing the electrode–electrolyte interface,

ig. 2. A schematic diagram of the major steps of the Fourier-FEM a
a), along with the amplitude (b) and phase (c) of its Fourier transform.
omain.
ig. 3. The equivalent circuit model of the EBI was defined as consisting of a ca
nd an RC pair for the PES (RPES and CPES), and another RC pair for the sur
hich in turn is in series with an RC pair for the PES, and the
issue, as shown in Fig. 3. Parameters for each of the components
n this model were calculated based on the following. For a metal
n an aqueous solution, it was previously reported that the elec-
rode capacitance is in the range 10–20 �F/cm2 (Merrill et al.,
005), and therefore for a DBS contact, which has a surface area
f 0.06 cm2, the double layer capacitance is set at 0.6 �F to 1.2
F. For the PES, we use the following equations to calculate C
nd R based on the conductivity and permittivity parameters given
bove:

C �
�0�rA

l
and R �

	l
A

here A is the area of the contact, l represents the thickness of
he PES, and 	 is the resistivity which is the inverse of conduc-
ivity, and all other symbols are as described above. These
quations lead to values of Cacute�2.3�10�11 F, Racute�25 �,
chronic�2.1�10�6 F, and Rchronic�334 �.

The original square pulse waveform is illustrated in the time domain
lting waveform after distortion by the EBI is also shown (d) in the time
pproach:
pacitor (Celectrode) to represent the non-polarizable platinum electrode,
rounding neural tissue (Rtissue and Ctissue).
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Finally for the bulk tissue resistance we used the following
quation (Weinman and Mahler, 1964):

R �
1

2��
p

here a is the radius of the electrode and p is a shape factor, to
ccount for the derivation of this equation based on hemi-spher-

cal electrodes. Using P�0.85, we obtain Rtissue�1480 �. Based
n the time constant (���0�r /��RC we could then calculate
tissue�2.99�10�7 F.

RESULTS

he impact of the EBI on the conventional
quare pulses

he initial simulations look at the waveform induced in the
issue in two conditions, in the acute time stage with fluid
urrounding the newly implanted electrode, and the
hronic time stage when the electrode is surrounded by
ncapsulation tissue.

In the acute stage, the waveform is no longer a perfect

ig. 4. This figure shows the effect of the interface on pulse-shaping
ehavior of a low-pass filter. However, in the chronic case the rise time
art (b) shows the same plot zoomed in to the peaks of the waveforms

c) This contour plot shows the iso-potential lines in the tissue surroun
lus the line of measurement for the potential/distance curves in part
quare wave (Fig. 4), but has a slowly rising phase, which n
lateaus if the pulse width is long enough, and then expo-
entially falls at the end of the step. This is typical of the

ow-pass filter behavior of an RC circuit, and we found that
his effect is more pronounced with the higher tissue per-
ittivity parameters.

In the chronic stage, as in the quasi-static model, the
verall amplitude is smaller than in the acute stage, but the
haping of the waveform is very different. The potential
eaks quickly as the stimulating square pulse does with an

nfinitely small rise time, and then the amplitude decreases
ver the pulse width. Finally, the voltage drops with an

nfinitely small time step, and drops to �6 mV before rising
lowly to zero. Once more, this effect is more marked at
he higher value of tissue permittivities.

In both cases, the shaping of the waveform remained
onstant with increasing distance from the electrode con-
act. We then looked at the dropoff in the peak amplitude of
he induced waveform with increasing distance from the
lectrode contact (line of measurement shown in Fig. 4(c)).
he rate of decrease in the potential is shown by exami-

acute case displays slow rise and fall times, which is similar to the
ast, with a drop in the amplitude of the potential over the pulse width.
ght the difference between the acute and chronic cases more clearly.
electrode, for an example simulation of the quasi-static (0 Hz) case,
. (a) The
is very f
to highli
ation of Fig. 4(d) (solid lines) and is more marked for the
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hronic case, which reflects the overall reduced amplitude
f potential in the chronic case. However this difference
etween acute and chronic cases is 10%, which is less than
he difference calculated based on a quasi-static model
equivalent to the solution of the Fourier-FEM model at 0 Hz),
hich is 19% (Fig. 4(d) dashed lines). This indicates that the
ifferences between potential spread in these two cases
ay be less than previously shown. In the acute stage, the
nergy delivered to the tissue, as estimated by the area
nder the induced waveform, is 93% of the original wave-
orm, and in the chronic case this drops to 76%, indicating

change of 17% as a result of encapsulation.
We also looked at the effect of increasing the pulse

idth of the original waveform (Fig. 5) in terms of how this
nfluences the induced waveform. The shape observed
ith the 60 �s pulse-width was maintained with all other
ulse-widths examined, with small changes in the maxi-
um amplitude achieved (1–2%), and no change in the
nergy delivered relative to the original waveform.

omparing the conventional square pulses with
ovel waveforms

e also investigated and compared three novel wave-
orms to the conventional square pulses, which were recently

ig. 5. Comparison of the effect of pulse-width on the induced wavef

alues in both the acute and chronic simulations. However, the peak amplitude
ropoff in potential amplitude increases in the chronic case.
roposed to be useful to stimulate neural tissue based on
omputational modeling. Fig. 6 shows that these waveforms
ppear to be less influenced by the interface model than the
quare wave in both the acute and the chronic time stages.
n each case, the energy delivered by the induced wave-
orms relative to the original stimulus (dashed lines in Fig.
) is unchanged across all stimuli, because each result is
ased on the FEM solutions at the same component fre-
uencies. However, we compared the energy delivered by
ach waveform in acute and chronic stages relative to the
riginal waveform (Table 1). This clearly shows that the
ovel waveforms will deliver much less energy than a
quare wave, and therefore prolong battery life. Also, as

isted in the Table, the maximum amplitude attained does
hange in the acute case across the different waveforms,
hile in the chronic case they remain stable relative to the

nput. In the acute case, the square wave and the gaussian
ave achieve the highest amplitude potential in the tissue,
ith the two decreasing waveforms attaining less potential
y approximately 10% in the linear decrease case and
0% in the exponential decrease case. Finally, the simu-

ation of the gaussian waveform shows that there is a
hase shift of the waveform in the acute case, which is not
resent in the chronic case.

e shape of the distorted square pulse is maintained at all pulse width
orms. Th

in the acute case increases with increasing pulse width, whereas the
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he waveform shaping in an equivalent circuit model

n order to understand these Fourier-FEM results in rela-
ion to the electrical properties of the interface, we used an
quivalent circuit model of the EBI (Fig. 3). This model

ncludes a capacitance and resistance in parallel for the

ig. 6. Comparison of different waveforms of the conventional squa
haping of these types of waveforms manifests compared with the squa
hift of the resulting waveform in the acute case.

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

aveforms Peak amplitude
relative to original
waveform

Energy delivered
relative to original
square pulse

Acute Chronic Acute Chronic

quare 93% 80% 93% 76%
inear decrease 86% 82% 47% 38%
xponential decrease 73% 82% 16% 13%
aussian 91% 81% 39% 32%

Also shown is the energy delivered to the tissue, relative to the

original square wave, for each waveform.
ES and tissue compartments, while the electrode is mod-
led as a pure capacitor. We model the change over time
hich affects the electrical properties of the EBI from the
cute to the chronic stage, by changing the resistance and
he conductivity of the PES compartment of the circuit as
escribed above, which is comparable to changing the
onductivity and permittivity in the FEM model. Fig. 7
hows that this model displays the same shaping of the
quare wave in the tissue as the FEM model does (Fig.
(A)), which indicates that the equivalent circuit captures
he relevant electrical features of the EBI which causes a
istortion of the input waveform.

DISCUSSION

he present study extends our previous investigations on
he influence of the resistive component of the EBI using a
uasi-static FEM model. In particular we further investigate
he reactive properties of the EBI, and its effects on the
timulation-induced waveform in the surrounding brain vol-
me using the Fourier-FEM approach. The main findings

, linear decrease, exponential decrease and gaussian pulses. Less
Note however, that in the gaussian case, there appears to be a phase
re pulse
f the present study are: 1) there are frequency-dependent
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ffects of the EBI, which result in dramatic waveform dis-
ortions which depend on the different compositions of the
ES in the acute and chronic time stages post-implanta-

ion; 2) these distorted electric potentials can be quantified
ver time at one position or over distance at the same time
oint; 3) the use of stimulus waveforms with different fre-
uency content may change the EBI distortion, and con-
equently may result in better predicted stimulation effects.
he present combined modeling approach provides a use-

ul tool for the visualization of stimulation-induced current,
nd the possibility to make more accurate testable predic-
ions about the evolving electrical behavior of the interface.

Our results highlight a number of issues related to the
BI, which we discuss here. First, we observed that the
tructurally homogenous models of the EBI in which the PES
s not defined as an independent structural component
xhibited little frequency-dependent behavior in affecting
he crossing current. This is consistent with the results of a
heoretical model of electric field effects in homogenous
eural tissue (Bedard et al., 2004) which showed that in a
edium with constant conductivity and permittivity, as in

he homogenous EBI model, there is no frequency-depen-
ent influence on the extracellular potential. The use of
omogenous models was also previously shown to be

nadequate for estimating the stimulation effects of DBS
Butson and McIntyre, 2005), and it was suggested by
athological (Moss et al., 2004), neurophysiological (Xie et
l., 2006) and computational modeling (Yousif et al., 2007)
tudies that the PES is crucial for determining the electric
urrent injected via the electrode to the brain tissue across
he EBI. Here we have shown that it is the relative domi-
ance of the tissue capacitance compared with the capac-

tance of the PES, which changes post-implantation from
xtracellular fluid of high conductivity and low permittivity
o the reactive giant cells of high impedance and permit-
ivity, which influences the waveform shaping. Second, it is
rucial to be able to accurately estimate the potential in the
urrounding brain volume induced by the injected current
n which both the time dependent and non-time dependent

ig. 7. The waveform shaping in the circuit model. This figure shows
he results of the simulation of the circuit model shown in Fig. 3. The
esulting waveforms in both the acute and chronic time stages show
he same properties as those yielded by the FEM model.
omponents are considered. This is important for using c
uch estimates to understand how the stimulating potential
nteracts with neurons or neural fibers to modulate their
ctivity. In the present work, we have shown that the
uasi-static model overestimates the induced potential
mplitude compared with the Fourier FEM approach by as
uch as 9% when comparing the cellular PES at the

hronic stage and the fluid PES of low capacitance. Inter-
stingly, this is lower than another study (Butson and
cIntyre, 2005), but in that case they compared the effects
f stimulation on neural fibers and found that the quasi-
tatic models overestimated the volume of tissue activated
y 20% compared with the Fourier-FEM approach. Third,
his matter may be complicated even further when the EBI
n the transient stage of post-implantation is considered,
uring which it was shown in previous studies (van Kuyck
t al., 2007) and our recent study (Yousif et al., 2008) that
oth the biophysical properties of the medium in the PES
nd the pattern of capsulation around the electrode sur-
ace vary with infinite possibilities so that the shielding
ffect of partial giant cell growth on the injected current
ould shape the induced electric potential in an unpredict-
ble manner.

Compared with our previous simulations on the ampli-
ude difference between stimulation in the acute stage,
here the induced extracellular potential in the brain vol-
me surrounding the electrode is stronger than that in-
uced at chronic stages, due to the higher conductivity of
xtra-cellular fluid than of encapsulation tissue (Yousif et
l., 2007, 2008), we have demonstrated in the present
tudy that there is also a change in the characteristics of
he reactive component of the interface, which impacts on
he waveform shaping in the two clinical time stages. In the
cute stage, the shaping is most significant at the start and
t the end of the square pulse, mimicking typical low-pass
lter behavior, whereas, in the chronic stage, the rise and fall
imes of the potential passed through the EBI are similar to
he original waveform, while at the DC or plateau stage, the
mplitude of the potential does not remain constant as in
he original stimulus, but decays over time. It should be
oted that in the chronic stage the main effect of the EBI is
n overall decrease in amplitude of the potential waveform,
he distortion in waveform shape being of comparatively
inor consequence. Interestingly, the pulse-width does
ot alter these specific features of waveform distortion.
he equivalent circuit model replicated the results of the
ourier-FEM approach very well (Fig. 4(a) and Fig. 7),
hich is because similar electrical properties were repre-
ented in the two models. The circuit model allowed us to
how that this specific difference in behavior of waveform
ttenuation at the two post-implantation stages can be
ttributed to the relative dominance of the tissue capaci-
ance compared with the capacitance of the PES rather
han the absolute capacitance of the PES alone. In the
cute stage the tissue capacitance is much greater (four
rders of magnitude) than the capacitance of the fluid-filled

ayer, and consequently we see the typical capacitive ef-
ect on the rise time of the voltage pulse in the tissue.
owever, in the chronic stage when the encapsulation

apacitance is an order of magnitude greater that that of
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he tissue, the change in the voltage waveform is greater at
he interface compared with at the tissue. Therefore the
elative capacitance of the PES and the tissue has a major
ffect on determining the stimulation induced waveform
roperties in the neural tissue. A similar mechanism may
lso apply to the relative dominance of the electrode ca-
acitance compared with the capacitance of the PES at
ifferent stages (Butson and McIntyre, 2006).

Such waveform shaping at the different post implanta-
ion stages may be quite significant for both depth stimu-
ation and depth recording. First, it has been previously
bserved that the EBI may filter recorded local field poten-

ials in a frequency dependent manner (Yousif et al.,
008), and this property can also be seen in the low-pass
ature of the acute EBI. This in turn may have an impact on
epth recordings, which are made in the acute stage when
he electrodes are implanted but externalized. Second, in
erms of stimulation these different waveforms may have
ifferent effects on surrounding neurons. We can assess
his effect by looking at the activation function (Rattay,
989) which shows that during most of the waveform the
cute interface generates higher magnitudes of activation
unction. The exceptions are at the start and end of the
ulses when the sharp transients in the chronic waveform

ead to the activation function having a higher magnitude at
hese points. This indicates that the timing of neuronal
ctivation may vary slightly over the duration of a stimulus
ulse in the different stages post-implantation.

One of the objectives of the present study is to utilize
he present complex EBI model to investigate whether
ifferent stimulation waveforms, which have a different

requency content from the conventional and clinical appli-
able square pulses and have been proposed to be effec-
ive at stimulating neurons (Sahin and Tie, 2007), so that
he effects of DBS may be optimized by uncovering better
lternatives of stimulation waveform to the conventional
quare pulses. Given that we have shown that the biophys-
cal characteristics of the EBI change dramatically over
ime post-implantation, the use of waveforms with simpler
requency spectra than that of the square pulses may be
ess distorted over the different time stages post-implanta-
ion. We studied three waveforms: a pulse with a linear
ecrease, a pulse with an exponential decrease, and a
aussian waveform. Qualitatively, the resulting waveforms
ppear to be less attenuated by the EBI and the difference
etween the shape of the waveform at acute and chronic
tages also seems less marked, though the amplitude
ifference between acute and chronic waveforms did not
eem to be improved by using such stimuli (Table), which
s expected, as it is largely a result of the resistive rather
han capacitive property of the interface. Interestingly, the
imulation with the gaussian input revealed a phase shift in
he acute stage, once more suggesting that the capacitive
roperties of the tissue may be more significant at the
cute interface.

The work described here attempts to generate testable
ypotheses about the effects of neurostimulation based on

he estimated simulation of current distribution and the

olume of tissue activated (VTA) around the implanted f
BS electrode, which can be verified and ultimately ap-
lied to optimize clinical outcome. However, as with all
odeling studies, this approach encompasses a number
f necessary simplifications and assumptions, therefore it

s crucial to discuses shortcomings and to ensure the
eliability of the simulation results generated by a given
odel. With respect to the present FEM model, we set two
arameters per structural compartment of the model, the
onductivity and the permittivity. By doing so, if there are
ny discrepancies in the values used, we are able over-
ome this by looking at relative differences in the potential
istribution induced in the tissue, and not claiming that our
esults provide absolute quantities. Several issues should
e considered in future work: First, the current FEM model
oes not contain any information about the electrode itself,
s the electrode surface is taken to be a boundary so
aterial information is neglected. Future work should en-
eavor to categorize the contact impedance at the EBI
Cantrell et al., 2008). Second, a recent study (Bossetti
t al., 2008) showed that the Fourier-FEM approach does
ot account for the frequency-dependence of the conduc-
ivity and permittivity parameters, nor for the inductive or
ropagation properties of neural tissue. This results in an
rror compared with the solution of the Helmholtz equa-
ion, which should also be considered in future work. In the
ircuit modeling, we assumed that the electrode is per-
ectly polarizable and can be modeled as a capacitor. This
as been shown to be a valid assumption for DBS elec-
rodes (Butson and McIntyre, 2005; Merrill et al., 2005).
owever the inclusion of other electrical components at

he EBI, such as the parallel electrode resistance, may
ntroduce complexities to the behavior seen here. Third,
he implantable DBS system involves more hardware than
ur equivalent circuit model represents, such as the ca-
ling of the DBS electrode lead, which contains additional
esistances and capacitances, as well as capacitances
etween contacts. However, in this study we focus on
onopolar stimulation, therefore only one contact need be

epresented, and the effects of stimulation local to the
nterface, where cabling effects on the waveform, are
gnored.

CONCLUSION

n conclusion, the study has shown that the waveform
nduced in the neural tissue by DBS changes relative to the
nput waveform, and that this distortion is also dependent
pon the nature of the interface, such that at acute stages
ost-implantation, the tissue capacitance dominates induc-

ng a low-pass filter type behavior, and at chronic stages
ost-implantation, the capacitance of the encapsulation

tself takes over, attenuating the waveform shape. These
ynamic biophysical properties of the interface may call for
ifferent classes of waveforms to be used because wave-
orms with different frequency content appear to be less
istorted in shape by the EBI. We believe that the present
tudy provides a deeper understanding of the time-depen-
ent effects of the EBI on the current crossing the inter-

ace. This approach may provide better insight into the
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nteractions of DBS with pathological activity, by estimating
nd visualizing the stimulation current more accurately,
nd consequently to assist optimization of the therapeutic
utcomes.

cknowledgments—Nada Yousif was supported by a research
ellowship (grant ID 78512) from the Medical Research Council of
he UK.

REFERENCES

edard C, Kroger H, Destexhe A (2004) Modeling extracellular field
potentials and the frequency-filtering properties of extracellular
space. Biophys J 86:1829–1842.

enabid AL, Pollak P, Louveau A, Henry S, de Rougemont J (1987)
Combined (thalamotomy and stimulation) stereotactic surgery of
the VIM thalamic nucleus for bilateral Parkinson disease. Appl
Neurophysiol 50:344–346.

ossetti CA, Birdno MJ, Grill WM (2008) Analysis of the quasi-static
approximation for calculating potentials generated by neural stim-
ulation. J Neural Eng 5:44–53.

utson CR, McIntyre CC (2005) Tissue and electrode capacitance
reduce neural activation volumes during deep brain stimulation.
Clin Neurophysiol 116:2490–2500.

utson CR, McIntyre CC (2006) Role of electrode design on the
volume of tissue activated during deep brain stimulation. J Neural
Eng 3:1–8.

antrell DR, Inayat S, Taflove A, Ruoff RS, Troy JB (2008) Incorpo-
ration of the electrode-electrolyte interface into finite-element mod-
els of metal microelectrodes. J Neural Eng 5:54–67.

ole KS, Curtis HJ (1936) Electrical impedance of nerve and muscle.
In: Cold Spring Harbor symposia on quantitative biology. 4:73–89.

eddes LA (1972) Electrodes and the measurement of bioelectric
events. Wiley.

eddes LA, Baker LE (1967) The specific resistance of biological
material: a compendium of data for the biomedical engineer and
physiologist. Med Biol Eng 5:271–293.

aberler C, Alesch F, Mazal PR, Pilz P, Jellinger K, Pinter MM,
Hainfellner JA, Budka H (2000) No tissue damage by chronic deep
brain stimulation in Parkinson’s disease. Ann Neurol 48:372–376.

emm S, Vayssiere N, Mennessier G, Cif L, Zanka M, Ravel P,
Frerebeau P, Coubes P (2004) Evolution of brain impedance in
dystonic patients treated by GPi electrical stimulation. Neuromodu-
lation 7:67–75.

enderson JM, Pell M, O’Sullivan DJ, McCusker EA, Fung VS,
Hedges P, Halliday GM (2002) Postmortem analysis of bilateral
subthalamic electrode implants in Parkinson’s disease. Mov Disord
17:133–137.

ringelbach ML, Jenkinson N, Green AL, Owen SL, Hansen PC, Cornel-
issen PL, Holliday IE, Stein J, Aziz TZ (2007) Deep brain stimulation
for chronic pain investigated with magnetoencephalography. Neuro-
report 18:223–228.

rol P, Krol B, Subocz L, Andruszkiewicz P (2006) Polyurethane
anionomers synthesised with aromatic, aliphatic or cycloaliphatic

diisocyanates, polyoxyethylene glycol and 2,2-bis-(hydroxymethyl)-
propionic acid. Part 3. Electrical properties of polyurethane
coatings. Colloid Polymer Sci 285:177–183.

uncel AM, Grill WM (2004) Selection of stimulus parameters for deep
brain stimulation. Clin Neurophysiol 115:2431–2441.

ozano AM, Dostrovsky J, Chen R, Ashby P (2002) Deep brain stim-
ulation for Parkinson’s disease: disrupting the disruption. Lancet
Neurol 1:225–231.

cAdams ET, Jossinet J (1995) Tissue impedance: a historical over-
view. Physiol Meas 16:A1–A13.

errill DR, Bikson M, Jefferys JG (2005) Electrical stimulation of
excitable tissue: design of efficacious and safe protocols. J Neu-
rosci Methods 141:171–198.

oss J, Ryder T, Aziz TZ, Graeber MB, Bain PG (2004) Electron
microscopy of tissue adherent to explanted electrodes in dystonia
and Parkinson’s disease. Brain 127:2755–2763.

euman MR (1997) Biopotential electrodes. In: Medical instrumenta-
tion: application and design, 3rd edition (Webster JG, ed), pp
183–232. Wiley.

ielsen MS, Bjarkam CR, Sorensen JC, Bojsen-Moller M, Sunde NA,
Ostergaard K (2007) Chronic subthalamic high-frequency deep
brain stimulation in Parkinson’s disease: a histopathological study.
Eur J Neurol 14:132–138.

ethig R (1987) Dielectric properties of body tissues. Clin Phys Physiol
Meas 8 (Suppl A):5–12.

riori A, Ardolino G, Marceglia S, Mrakic-Sposta S, Locatelli M,
Tamma F, Rossi L, Foffani G (2006) Low-frequency subthalamic
oscillations increase after deep brain stimulation in Parkinson’s
disease. Brain Res Bull 71:149–154.

abbat A (1990) Tissue resistivity. In: Electrical impedance tomogra-
phy (Webster JG, ed), pp 8–20. Bristol, London: Gallard Printers
Ltd.

attay F (1989) Analysis of models for extracellular fiber stimulation.
IEEE Trans Biomed Eng 36:676–682.

ahin M, Tie Y (2007) Non-rectangular waveforms for neural stimula-
tion with practical electrodes. J Neural Eng 4:227–233.

an Kuyck K, Welkenhuysen M, Arckens L, Sciot R, Nuttin B (2007)
Histological alterations induced by electrode implantation and elec-
trical stimulation in the human brain: a review. Neuromodulation
10:244–261.

einman J, Mahler J (1964) An analysis of electrical properties of
metal electrodes. Med Electron Biol Eng 33:310.

ichmann T, DeLong MR (2006) Deep brain stimulation for neurologic
and neuropsychiatric disorders. Neuron 52:197–204.

ie K, Wang S, Aziz TZ, Stein JF, Liu X (2006) The physiologically
modulated electrode potentials at the depth electrode-brain inter-
face in humans. Neurosci Lett 402:238–243.

ousif N, Bayford R, Bain PG, Liu X (2007) The peri-electrode space
is a significant element of the electrode-brain interface in deep
brain stimulation: A computational study. Brain Res Bull 74:361–
368.

ousif N, Bayford R, Wang S, Liu X (2008) Quantifying the effects of
the electrode-brain interface on the crossing electric currents in
deep brain recording and stimulation. Neuroscience 152:683–691.

ousif N, Liu X (2007) Modeling the current distribution across the
depth electrode-brain interface in deep brain stimulation. Expert

Rev Med Devices 4:623–631.
(Accepted 23 July 2008)
(Available online 3 August 2008)


	THE INFLUENCE OF REACTIVITY OF THE ELECTRODE–BRAIN INTERFACE ON THE CROSSING ELECTRIC CURRENT IN THERAPEUTIC DEEP BRAIN STIMULATION
	EXPERIMENTAL PROCEDURES
	The finite element model of the EBI
	The complex FEM approach
	The Fourier-FEM approach
	Novel waveforms
	Quantification of the induced potential waveforms over distance and over time
	Circuit modeling

	RESULTS
	The impact of the EBI on the conventional square pulses
	Comparing the conventional square pulses with novel waveforms
	The waveform shaping in an equivalent circuit model

	DISCUSSION
	CONCLUSION
	Acknowledgments
	REFERENCES


