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Abstract
A depth electrode-brain interface (EBI) is formed once electrodes are implanted into the brain. We
investigated the impact of the EBI on the crossing electric currents during both deep brain
recording (DBR) and deep brain stimulation (DBS) over the acute, chronic and transitional stages
post-implantation, in order to investigate and quantify the effect which changes at the EBI have on
both DBR and DBS. We combined two complementary methods: (1) physiological recording of
local field potentials via the implanted electrode in patients; and (2) computational simulations of
an EBI model. Our depth recordings revealed that the physiological modulation of the EBI in the
acute stage via brain pulsation selectively affected the crossing neural signals in a frequency-
dependent manner, as the amplitude of the electrode potential was inversely correlated with that of
the tremor-related oscillation, but not the beta oscillation. Computational simulations of DBS
during the transitional period showed that the shielding effect of partial giant cell growth on the
injected current could shape the field in an unpredictable manner. These results quantitatively
demonstrated that physiological modulation of the EBI significantly affected the crossing currents
in both DBR and DBS. Studying the microenvironment of the EBI may be a key step in
investigating the mechanisms of DBR and DBS, as well as brain-computer interactions in general.
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Introduction
Since the early 1990s, there has been a revival of therapeutic deep brain stimulation (DBS)
to treat movement disorders (Benabid et al., 1987; Benabid et al., 1994; Benabid et al., 2002;
Vitek, 2002; Vidailhet et al., 2005; Deuschl et al., 2006; Kupsch et al., 2006), neuropathic
pain (Young and Chambi, 1987; Kumar et al., 1997; Bittar et al., 2005), epilepsy (Hodaie et
al., 2002; Kerrigan et al., 2004) and psychiatric disorders (Nuttin et al., 2003; Mayberg et
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al., 2005). This treatment involves the unilateral or bilateral implantation of metal
electrode(s) into selected brain areas, through which electrical pulses are delivered to
modulate neuronal activity and alleviate abnormal symptoms. Implanted electrodes also
provide an invaluable opportunity to obtain high quality signals about the synchronised
population activity from the depth structures of the brain (deep brain recording, DBR), in the
form of local field potentials (LFPs). This can reveal the pathological mechanisms at the
population level (Engel et al., 2005; Liu et al., 2006; Wang et al., 2006; Brown et al., 2006),
as well as the modulation of this pathophysiology by either medication (Brown et al., 2001;
Priori et al., 2004; Doyle et al., 2005; Brown and Williams, 2005; Kuhn et al., 2006;
Marceglia et al., 2006), or electrical stimulation (Brown et al., 2004; Priori et al., 2006;
Foffani et al., 2006; Wingeier et al., 2006).

It is well established that an exchange of ions and electrons occurs between a metal
electrode and the natural or artificial fluid at the electrode-tissue interface, thereby forming
an electrical double layer (Rockwood, 1986). However, only recently has the depth
electrode-brain interface (EBI) been studied in the case of DBS (Butson and McIntyre,
2005; Xie et al., 2006; Yousif et al., 2007). The functional compartments of a broad depth
EBI can be defined as consisting of (1) the implanted depth electrode; (2) the surrounding
brain tissue; and (3) a peri-electrode space, which is filled with extracellular fluid (ECF) at
the acute stage a few days post-implantation (Thoma et al., 1987), and is replaced by giant
cell growth (Moss et al., 2004) or the formation of microglia (Griffith and Humphrey, 2006)
at the chronic stage. This encapsulation process is stabilised over a period of 6-8 weeks post-
implantation. These observations indicate that the EBI evolves over time.

The clear significance of studying the biophysical properties of the EBI is that the changes
in such properties will affect the electric current crossing the interface during both recording
and stimulation procedures. This can be a key step in improving the signal to noise ratio of
depth recording, investigating the mechanisms of therapeutic DBS, and optimising the
stimulation parameter settings. We previously demonstrated (Xie et al., 2006) using local
field potential recordings, that in the acute stage post-implantation an electrode potential
reflecting the electrical charge established following the exchange of ions and electrons, was
modulated by physiological brain pulsation. We postulated that this is due to two factors: 1)
the relative motion between the pulsating brain and the implanted electrode; 2) the pressure
on the electrode which is varying with the heart rate. The physiologically modulated
electrode potentials could be identified as a specific component in the recorded compound
LFP signals that was time-locked with blood pressure signals (Xie et al., 2006). Further
supporting evidence that the electrode potential is modulated by brain pulsation came from
another study of the acute after-stimulation effects of subthalamic nucleus stimulation for
the treatment of Parkinson’s disease (Priori et al., 2006). This study showed that the
magnitude of such electrical charges could be dramatically enhanced during DBS, possibly
as the extracellular fluid is further polarised by the injected electrical current, and gradually
declined following the stimulation being turned off.

Recently, a number of computational modelling studies (McIntyre et al., 2004; Hemm et al.,
2005a; Hemm et al., 2005b; Gimsa et al., 2006; Butson et al., 2007; Sotiropoulos and
Steinmetz, 2007) have been carried out using the finite element method (FEM, for a general
reference see (Zienkiewicz et al., 2005)) to compensate for the present impossibility of
measuring the spread of current directly in the depth structures of the human brain (Yousif
and Liu, 2007a). However, future advances, for example in voltage sensitive dye techniques,
may advance our understanding of the effects of stimulation on cortical activity (Hillman,
2007). Using a model of the generic depth EBI which is independent of the cellular structure
of the surrounding brain tissue, the neurological disorder treated, and the instrumentation
used (Moss et al., 2004; Xie et al., 2006), our quantitative simulations (Yousif et al., 2007)

Yousif et al. Page 2

Neuroscience. Author manuscript; available in PMC 2009 August 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



revealed that the peri-electrode space was a significant element of the EBI and was
modulated by physiological factors including brain pulsation in the acute stage, and the
growth of giant cells in the chronic stage.

A number of questions remain about the EBI. Firstly, no quantitative evidence has been
reported on the effect of physiological modulation of the EBI on LFP recordings; and
secondly, there is a transitional period within the initial 2 - 8 weeks post-implantation,
during which the peri-electrode space gradually changes from being filled with ECF, to
partial encapsulation which occurs as early as 2 weeks, and is followed by the stabilisation
of the growth of reactive giant cells after 6 - 8 weeks (Moss et al., 2004). The changes
occurring during this transitional period are crucial for adjusting stimulation parameters in
DBS, and yet have not been investigated extensively as neurophysiological examination
after the initial acute stage is not possible. This is because LFP recordings can only be made
while the implanted electrodes are “externalised” in the first few days post implantation
(Liu, 2003), and MRI imaging of the DBS has limited resolution on the peri-electrode space
due to significant artefact of the metal electrode contacts (Figure 1; Pollo et al., 2004). In the
current study, we hypothesise that the changes in the peri-electrode space occurring over the
acute, transitional, and stabilised chronic stages will have an impact on the electric currents
crossing the peri-electrode space in two directions, from the brain to the electrode in DBR
procedures, and from the electrode to the brain in DBS procedures. Quantification of these
effects would significantly enhance the capacity of investigating the biophysical
mechanisms of DBR and DBS, of interpreting the recorded neural signals, of assisting the
clinical adjustment of stimulation parameters, and of providing understanding of brain-
computer interactions in general. In order to investigate the EBI at each of these stages it is
necessary to take two complimentary approaches: for DBR during the acute stage, we
recorded LFPs and correlated the amplitude changes of the modulated electrode potential
with those of other physiological components in the compound LFP signals. For DBS we
quantitatively compared the strength and distribution of the electric field generated by the
stimulating current using computational simulations at the acute, transitional and chronic
post-implantation stages, particularly as DBR is not common in the latter two stages post-
implantation. Such a multi-disciplinary approach to investigating DBS has been shown to be
valuable in past studies (Miocinovic et al., 2007).

Experimental procedures
Patients and physiological recordings

Approval of the local research ethics committee for recording, and written consent from
patients was obtained. LFP signals were recorded from a total of 18 electrodes implanted in
4 subcortical regions including the subthalamic nucleus (2 electrodes), the medial globus
pallidum (6), the motor (2) or sensory thalamus (3), and the periventricular gray (5) in total
11 patients with either movement disorders including Parkinson’s disease (1 case), multiple
sclerosis (1), essential tremor (1), myoclonus dystonia (1), generalised dystonia (2), or
pathogenic central pain (5), who underwent therapy of chronic DBS. Detailed recording
techniques have been previously reported (Xie et al., 2006; Wang et al., 2006) and are
summarised here: LFPs were recorded via the implanted electrodes (model 3389/3387™;
Medtronic, MN, USA) a few days after the initial electrode implantation. Simultaneous
recordings of LFPs were made with three adjacent pairs of electrode contacts in a bipolar
configuration. Signals were filtered between 0 - 1 kHz, amplified with a gain of ×10,000
(CED1902, Cambridge Electronic Design, Cambridge, UK). BP signals in all patients were
simultaneously recorded using the non-invasive continuous finger arterial pressure monitor
BP (Ohmeda Finapres2300, BOC Healthcare, NJ, USA). In 5 patients, simultaneous
recording of LFP and BP signals was carried out while the patients performed short periods
of exercise consisting of riding an exercise bicycle. The intensity of the exercise was
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controlled in order to increase the heart rate from a mean of 60 beats/minute at rest, to just
under 90 beats/minute. All signals were digitised (CED1401mark II, Cambridge Electronic
Design, Cambridge, UK) at a sampling rate of 4000 Hz. As the main frequency range of
interest in the present study is < 10 Hz, all signals were filtered using a low-pass filter
setting at 10 Hz. The time-frequency profile of the filtered LFP signals were obtained using
short-time Fourier transform (STFT), time-window of 4 s with 2 s overlap; coherence and
phase estimation was carried out using the same set parameters (Wang et al., 2005). The
statistical significance of the coherence estimates was tested using the independent threshold
and the exact confidence interval (Wang et al., 2004). Linear regression was performed on
the mean STFT power values over every 20 s between the LFP and BP signals in frequency,
and significance of the correlation was statistically tested on the squared correlation
coefficients value (r2) at the level of probability 0.05. Cross-correlation was performed
between the LFP and BP signals and the LFP and tidal volume signals. The 95% confidence
interval of independence was calculated as 1.96 times of the standard error of the cross-
correlogram. The chi-square test was used to statistically test the differences on electrode
number of positive detection across the four brain regions. Computation and statistical
analysis was carried out using MATLAB (v6.1, The MathWorks, Inc., MA, USA) and SPSS
(v11, SPSS® Inc., Chicago, IL, USA).

The electrode-brain interface and its structural FEM model
A detailed description of the structural EBI model was previously given (Yousif et al.,
2007), and is summarised here: We used COMSOL Multiphysics 3.3 (COMSOL AB, 2005)
to form the EBI model. The EBI is defined by the description of the Medtronic 3389
electrode and the post-operative image of implanted electrode (Fig. 1A). A peri-electrode
space is defined with an arbitrary thickness of 0.25mm, which separates the implanted
quadripolar electrode from the surrounding brain tissue of 10mm radius (Fig. 1B). The
model was meshed into 119,512 tetrahedral elements using a Delaunay meshing algorithm
(COMSOL AB, 2005).

The potential distribution of the current injected via such an implanted electrode was
obtained by solving Laplace’s equation:

where ▽ is the del operator and denotes the derivative of V in each of the (x, y, z)
directions, V is the scalar potential (measured in Volts), σ is the conductivity (measured in
Siemens per metre), and ‘.’ denotes a dot product. Therefore the model is quasi-static and
does not account for time-varying currents, or the reactive component of the interface. As
we focus on the properties of the EBI which are constant for all targets and disorders (Moss
et al., 2004; Xie et al., 2006), we did not represent the detailed anatomy of a single DBS
target, and hence the surrounding brain tissue was modelled as a homogenous cylinder of
grey matter, with conductivity set at σ tissue = 0.2 S/m (Geddes and Baker, 1967). To
simulate monopolar stimulation, the active contact was set to -1V, and the outer boundary of
the surrounding tissue (which is 10mm away from the surface of the electrode) was set to
0V, both via Dirichlet boundary conditions (V = V0, where V0 is the specified value). The
non-active contacts were bound using Neumann conditions (n̂.▽V = 0, which fixes the
normal derivative of the potential at the boundary).

Acute stage post-implantation—To simulate the EBI at the acute stage, during which
the peri-electrode space is filled by extracellular fluid (ECF), we used the value of σ ECF =
1.7 S/m (Rabbat, 1990) for this layer. All conductivity values used were robust, as doubling
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or halving only creates an average difference of <2% between percentage changes across
conditions.

Chronic stage post-implantation—We also simulated the pathological growth of giant
cells at the EBI, which has been shown previously to occur as early as two weeks post-
implantation (Moss et al., 2004). This encapsulation tissue has been shown to be fibrous
(Haberler et al., 2000; Henderson et al., 2002; Nielsen et al., 2007) and therefore we set the
conductivity of the peri-electrode space at 0.125S/m, which is equivalent that of white
matter. This value is within the range measured for electrodes implanted in cats (Grill and
Mortimer, 1994), and is consistent with values used in previous DBS modelling studies
(Butson et al., 2006)

Transition stage post-implantation—A third time stage (relative to post-implantation)
was simulated, which represents the transition between the acute stage when the peri-
electrode space is filled with ECF, and the chronic stage when the peri-electrode space is
filled with giant cells. We simulated two possible spatial patterns of transition in 3D, one
where giant cell growth occurs transversely over all but the tip of the electrode (Fig. 1B(iii)).
The second involves giant cells growing longitudinally over half of the entire length of the
electrode (Fig. 1B(iv)). These are two of the infinite number of possible spatial patterns of
giant cell growth, and are used to simplify the more complex real situation.

Quantification—In order to quantify the effect of the changes at the EBI on the
stimulation induced potential distribution, we measured the potential difference within the
tissue, radially outwards at the level of contact zero, and approximated the distance at which
neurons can be activated using a threshold of 0.5V. This stimulation intensity value was
determined based on our clinical practice of intraoperative monitoring during electrode
implantation (Liu et al., 2005), during which we use this value for thresholding any induced
therapeutic effect, such as tremor suppression following acute thalamic stimulation, and
unwanted side effects, such as the capsular responses induced by direct activation of the
pyramidal fibres.

Results
Neurophysiological study of the physiological modulation of the EBI and the effect EBI on
recorded neural signals via the implanted electrode

The general findings among a total of 18 electrodes implanted in four brain regions for
treating different neurological conditions have been previously reported (Xie et al., 2006)
and are summarised here: the modulated electrode potentials were clearly detected in 14
electrodes (77.5%) with a mean (±S.D.) peak-peak amplitude of 6.9±1.7μV. No significant
differences in detection rate (the globus pallidum (GP) 66%; the subthalamic nucleus (STN)
100%; the thalamus 60%; the periventricular gray (PVG) 100%) and peak-peak amplitude
(GP 4.6 ± 1.6 μV; STN 7.0 ± 2.9 μV; thalamus 9.4 ± 5.2μV; PVG 6.5 ± 3.5μV) were
measured among the four brain regions.

In the present study, our results confirmed our previous finding that the electrode potential is
modulated by brain pulsation in situ and is specifically related to the EBI. Significant linear
correlation was found between the exercise-induced changes in heart rate and the frequency
changes in the electrode potential over time (r = 0.93, n = 76, p <0.0001, Fig. 2).
Furthermore, in all four brain regions tested, the changes in heart rate were correlated with
the changes in the power value of the BP signal (r = 0.64, n = 76, p < 0.0001), whereas the
changes in the frequency were reversely correlated with the power value of the modulated
electrode potential (r = -0.26, n = 76, p < 0.05). This suggests that exercise induces increases
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in blood perfusion to the brain in both rate and volume, and consequently increases the brain
pulsation rate and the intracranial pressure. The former may be responsible for the
simultaneous increase in frequency of the modulated electrode potential, and the latter
reduces the magnitude of the modulated electrode potential, possibly resulting from the
increase in tissue pressure on the electrode surface.

The effect of the modulation of the peri-electrode space by brain pulsation was directly
investigated by correlating the amplitude of the modulated electrode potential with the
amplitude of the oscillatory activity in the tremor (4-8Hz) and beta (15-20Hz) frequency
bands in LFPs recorded from the subthalamic nuclei of a patient with Parkinson’s disease
(Fig. 3). Intriguingly, the increase in the amplitude of the modulated electrode potential is
reversely correlated with the tremor oscillation (r = -0.507, n = 29, p < 0.005), but not the
beta oscillation (r = -0.01, n = 29, p > 0.5). This may be the first direct evidence showing
that the changes in the biophysical properties of the EBI under physiological conditions have
selective effects on the neural signals crossing the EBI from the surrounding brain volume to
the electrode contacts.

Computational study of the effect of the EBI on stimulation at different stages
In addition to the physiological study in the acute post-implantation stage, simulations were
carried out with a focus on the transitional and chronic stages. The ‘shielding effect’ of giant
cells on the potential distribution was visualised by comparing the potential distribution
around the activated electrode contact during monopolar settings when the peri-electrode
space is filled with ECF (left, Fig. 4A), and when filled with giant cells (centre, Fig. 4A).
The spread of current was restricted by the low conductivity giant cell and consequently the
magnitude of the potential at a given distance was consistently less than in the acute (ECF)
case. To maintain the potential magnitude and compensate for giant cell growth, the
stimulating intensity needed to be increased (right, Fig. 4A) from -1.0V to -1.7V (70%). To
further illustrate the effect on field distribution of the ‘shielding effect’, activation distance/
stimulation intensity curves for both the acute and chronic cases were plotted (Fig. 4B). As
one may expect, with the same stimulation intensity, the effective activation falls short by a
distance ranging from 1.2mm to 2.0mm over the stimulation range of 0 - 10V, suggesting
that giant cell growth in chronic stages post-implantation significantly reduces the
stimulation efficacy.

Simulating the changes during the transitional stage is more difficult, as there may be an
infinite number of patterns of changes in the bio-physical properties of the peri-electrode
space, as the giant cells may unevenly cover the electrode, e.g. top to bottom (left, Fig. 5A)
or side to side (right, Fig. 5A). In comparison with the approximately spherical field
distribution in the acute and chronic stages, during these transitional periods the field is
distorted in shape and reduced in size depending on which part of and to what extent the
ECF is replaced by the low-conductivity cells. We further quantified this change in the
shape of the induced field, by plotting the 2-dimensional region around the electrode within
which the induced potential distribution reaches the threshold of 0.5V (Fig. 5B). These plots
further indicate that during the transitional period, there will be a deviation away from a
symmetric region of activated neural tissue, as induced in the acute stage.

Discussion
By taking an approach which combines neurophysiological recording with computational
modelling, the present study quantitatively demonstrated the impact of the peri-electrode
space on the electric currents crossing the EBI in both DBR and DBS procedures over
different stages post-implantation.

Yousif et al. Page 6

Neuroscience. Author manuscript; available in PMC 2009 August 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



The results show that the electrode potential was modulated in amplitude by brain pulsation
at the heart rate, as the recorded electrode potential was significantly correlated in frequency
with the BP signal over a short period of gentle exercise, during which the heart rate
increased physiologically (Xie et al., 2006). The modulation of the electrode potential in the
acute stage may represent changes in the biophysical properties of the EBI in two possible
ways: (1) during electrode implantation through craniotomy, the peri-electrode space may
change its thickness due to increased pressure as CSF flows away from the electrode tip
along the electrode track; and (2) after implantation when the cranium is closed, brain
pulsation may change the pressure of the tissue on the electrode surface. The most
interesting physiological finding of the present study is that, perhaps for the first time, the
effect of EBI modulation on the neural signals recorded via the implanted electrode have
been quantitatively demonstrated by correlating the amplitude of the EBI-specific modulated
electrode potential to the physiological signals in the tremor and beta frequency bands. As
the physiological nature of the oscillatory STN LFPs in PD patients at the tremor and beta
bands has been well established previously e.g. (Brown and Williams, 2005; Wang et al.,
2006), the differential correlations in the amplitude of the modulated electrode potential with
the tremor and beta oscillations revealed in the present study provides direct evidence that
the changes in the biophysical properties of the EBI may have significant effects on the
physiological signals crossing the depth EBI. The results show that the amplitude of the
electrode potential was reversely correlated with the amplitude of the tremor oscillation
(4-6Hz) but not with the beta oscillation (15-20Hz), suggesting that the effects of the EBI on
the crossing physiological signals during recording may differentially relate to the frequency
profile of the oscillations, as the low frequency tremor oscillation of a compound LFP signal
is more susceptible to being ‘blocked’. These results have two direct practical implications
in DBR. Our previous study has shown that the amplitude of the electrode potential
modulated by brain pulsation contributes to 30% of the overall peak to peak amplitude of the
compound LFPs (Xie et al., 2006), and that the origin of this component could be simply
ignored or misinterpreted if the biophysical structure of the EBI were not well understood.
Furthermore, in contrast to the electrode-tissue interface of large surface, high impedance
electrodes, as used for recording scalp EEG, the present evidence suggests that the EBI of
small surface, low impedance electrodes has a reactive in addition to a resistive component.
One could reduce this reactive component by using better materials or improving the
electrode design so that the effect of EBI on recording, particularly the low frequency
component, can be reduced. For example, a recent modelling study suggested that such
mechanical forces at the EBI could be reduced by the use of a hypothetical ‘soft’ material,
which is more flexible and has a larger elastic modulus (E=6MPa) than traditionally used
‘stiff’ materials such as silicon which has a relatively low elastic modulus (E=200GPa)
(Subbaroyan et al., 2005).

When it comes to investigating the effects of the EBI in situ on the injected current crossing
the interface, neurophysiological investigation becomes almost impossible. Consequently, a
physiologically plausible structural model of the EBI is a powerful tool, where in vivo
measurement of the electric current in the surrounding brain volume cannot be measured
directly. Based on our previously reported finite element EBI model (Yousif et al., 2007),
we quantified the effect of the EBI on the injected current at the chronic stage, when the
depth EBI is infiltrated by giant cells. Our simulations showed that the decline in potential
intensity over space became more rapid than when ECF was present, suggesting a ‘shielding
effect’ on the stimulating current. Subsequently the range of the effective activation is
reduced. In practice, an increase in DBS current intensity of between 70% and 100% was
needed in order to fully compensate for the shortfall and maintain the same level of
activation. A similar effect has been shown to occur for cochlear implants, as reviewed
recently (Micco and Richter, 2006). One of the key results of the current study, is to point
out that there is a transitional period over the initial 2-8 weeks following implantation (Moss
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et al., 2004; Griffith and Humphrey, 2006), during which the ECF filled peri-electrode space
is gradually replaced by the growth of the reactive giant cells. Partial ‘encapsulation’ around
the electrode contacts will change the shape and size of the stimulation induced electric field
in an unpredictable pattern. These results may contribute to explaining the following clinical
observations: (1) there is a gradual build-up of patient tolerance to stimulation during the
initial a couple of weeks; (2) some stimulation side-effects due to over-activation are
transient; and (3) there is a necessity for gradually increasing stimulation intensity during the
initial a few weeks following electrode implantation (Kuncel et al., 2006), although the
micro-lesioning effect of the electrode implantation may also play a role. Usually the need
for the adjustment of stimulation parameters to achieve clinical improvement is reduced
after 6-8 weeks, which may partially relate to the stabilisation of the depth EBI. In this
regard, the clinical significance of giant cell formation is limited. However, although the
shortfall in the electric field distribution caused by giant cell growth or gliosis can be
compensated for, and the therapeutic effect can be maintained by increasing the stimulation
intensity, the energy consumption of the implantable pulse generator will also be increased
so that the life expectancy of the stimulator battery is reduced and battery replacement
becomes more frequent. Thus, there may be a need to minimise the reactive cell growth and
the subsequent ‘shielding effect’ by designing and manufacturing new electrodes.

There are some shortcomings in the simulations using the FEM model presented here. These
shortcomings have been discussed in detail in a recent review (Yousif and Liu, 2007b), and
are also considered briefly here. The most obvious limitation is that the model derives the
DBS induced potential distribution by solving Laplace’s equation within a 3-dimensional
domain. Laplace’s equation delivers an electrostatic solution which contains no temporal
component. Therefore, this model is sub-optimal for simulating the dynamic nature of the
stimulation pulses of various waveforms and frequencies. Our present results showed that
the effects of EBI modulation on the passing neural signal were frequency dependent, such
that the low frequency component is blocked more than the high frequency component in
compound signals, suggesting that the EBI has a significant reactive in addition to resistive
component. This reactive component is not accounted for in this static model, and therefore
these shortcomings need to be overcome in future studies. However, the model used in the
current study is robust and easy to achieve in term of computing power, and it gives direct
visualisation of the distribution of the electric current, which is otherwise difficult to
quantify. Furthermore, we tackled the limitation of a quasi-static approximation by
quantifying the relative difference between the potential distributions induced at different
time stages post-implantation. Consequently, as we have not explicitly commented on the
absolute range of the field the use of quasi-static approximation is unlikely to have affected
our conclusions. However, an attempt has been made to introduce time dependence into
FEM models by using a Fourier-FEM approach (Butson and McIntyre, 2005), and a 20%
more accurate estimation of the volume of tissue activated was claimed.

In conclusion, using a combination of LFP recordings from implanted electrodes and
computational simulations, the present study quantified the effects of the depth EBI on both
recorded LFPs, and injected stimulation currents over three different post-implantation
stages. Our results indicate that in acute conditions, the modulation of the fluid filled peri-
electrode space affects currents crossing the EBI. This may not be significant for the
stimulating current of a few Volts in magnitude, but is clearly affecting the recorded LFP
signal of a smaller magnitude of the order of tens of mV. In the transitional stage, until the
EBI becomes stable, the combination of the reduction of the implantation-induced traumatic
effect and the gradual growth of reactive giant cells, shields the surrounding tissue from the
stimulating current with uncontrollable and transient changes in the shape and size of the
electric field, which may contribute to the necessity of parameter adjustment in the initial
few weeks post-implantation.
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List of abbreviations

BP Blood pressure

CSF Cerebrospinal fluid

DBR Deep brain recording

DBS Deep brain stimulation

EBI Electrode-brain interface

ECF Extracellular fluid

FEM Finite element method

GP Globus pallidum

LFP Local field potential

MRI Magnetic resonance imaging

PD Parkinson’s disease

PVG Periventricular gray

STFT Short-time Fourier transform

STN Subthalamic nucleus
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Figure 1.
Structural definition of the electrode-brain interface (EBI): (A) an MRI of the implanted
quadripolar DBS electrode in situ, with an enlarged photo of the electrode model 3387 (the
left upper corner) and an enlargement of the electrode-brain interface (the right lower
corner), and (B) schematic representation of the EBI consisting of three essential elements
of the implanted quadripolar electrode (contact 0 to 3, with contact 0 activated), the
surrounding neural tissue, and the “peri-electrode space” in between, which is filled with
ECF in the acute stage (i), with giant cells in the chronic stage (ii), and a mixture of ECF and
giant cells in the transitional stages post-implantation. The giant cells grow transversely over
all but the tip of the electrode (iii), or the giant cells grow longitudinally over the lower half
of the electrode (iv).
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Figure 2.
A representative example of simultaneously recorded BP (A) and LFP (B) signals and their
spectrograms over a period of mild exercise. The frequency change in BP signal induced by
exercise significantly correlated with the changes in the frequency change in the electrode
potential (C) over time. The onset and offset of the exercise are indicated by the vertical
lines.
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Figure 3.
A representative bipolar (contact 0-1) LFP recording from the subthalamic nucleus (STN) of
a patient with Parkinsonian tremor. A: Three frequency components of the modulated
electrode potential (1.0 - 1.5Hz), tremor oscillation (4 to 6Hz) and the beta oscillation (15 to
20Hz) in the time-frequency spectrograms of compound LFPs; and significant reverse
correlations in power density between the electrode potential and the tremor oscillation (B)
but not the beta oscillation.

Yousif et al. Page 15

Neuroscience. Author manuscript; available in PMC 2009 August 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 4.
(A) Induced potential distribution when the peri-electrode space is filled with ECF (left,
-1.0V) and giant cells (centre, -1.0V), and compensatory increase in stimulating intensity of
-1.7V in the giant cell case (right, -1.7V) to maintain the same level of stimulation as the
ECF case. (B) Comparison of the estimated intensity-distance curves with an assumed
activation threshold of 0.5V between ECF and the giant cell cases.
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Figure 5.
(A) Induced potential distribution at two possible transitional periods, when giant cells have
grown transversely over all but the tip of the electrode (left), and longitudinally over half of
the length of the electrode (right). (B) Comparison of the estimated area of neuronal tissue
being activated by a threshold of 0.5V between the acute and two putative transition cases.
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