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Abstract Deep brain stimulation (DBS) of the internal
globus pallidus (GPi) is an established surgical technique
for the treatment of movement disorders. The objective of
this study was to propose a computational stereotactic
model of the electrical distribution around the electrode
within the targeted GPi in order to optimize parameter
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adjustment in clinical practice. The outline of the GPi can
be defined precisely by using stereotactic magnetic reso-
nance imaging (MRI) and from this it is possible to model
its three-dimensional structure. The electrode and the
distribution of the patient-specific parameters can then be
co-registered with the GPi volume. By using this method-
ology, it is possible to visualize and measure the relation-
ship between the electrical distribution of patient-specific
parameters and the morphology of the GPi. The model
could be applied in clinical practice to help determine the
threshold for achieving a therapeutic effect and consequent-
ly may aid in optimizing parameter settings for individual
patients.

Keywords Computational stereotactic model -
Deep brain stimulation - Internal globus pallidus -
Electrical distribution - MRI-based - Movements disorders

1 Introduction

Deep brain stimulation (DBS) of the basal ganglia
represents an effective surgical technique for the treatment
of movement disorders, notably Parkinson’s disease (PD;
Benabid et al. 2005) and dystono-dyskinetic syndromes
(DDS; Coubes et al. 1999; Coubes et al. 2000; Coubes et al.
2004; Krauss et al. 2003). Numerous studies have exam-
ined the use of DBS in treating other neurological disorders
including epilepsy (Hodaie et al. 2002) and multiple
sclerosis (Wishart et al. 2003), as well as psychiatric
disorders including depression (Mayberg et al. 2005) and
obsessive compulsive disorder (Nuttin et al. 2003). Contin-
uous bilateral electrical stimulation of the internal globus
pallidus (GPi) is now a commonly used treatment for DDS.
A wide range of factors can influence outcome including
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clinical, surgical and electrical variables. To date, selection
of stimulation parameters (i.e. contact configurations,
frequency, pulse width and voltage) during follow-up is
time consuming and based on clinical observation and
physician experience. One way to establish optimal
parameters could be to measure and visualize them in the
context of the anatomy of each individual patient.

The surgical protocol developed in our center for
locating the anatomical target includes pre- and postoper-
ative magnetic resonance imaging (MRI) with a Leksell
Frame under general anaesthesia (Coubes et al. 2002). This
procedure have been shown to have a very low complica-
tion rate (Vasques et al. 2008; 0% bleeding) and to be
highly precise (Hariz 2002; Coubes et al. 2002; Vayssiere et
al. 2000). The objective of the present study was to propose a
computational anatomical model based on stereotactic MRI
coupled with an electrical distribution model of DBS [i.e.
isopotential (ISP), isofield (ISF) and current density] that can
be applied both pre- and postoperatively to patients already
implanted, in the most controlled environment possible.
Thus, the model aims to optimize target localization at the
time of surgical planning, allowing electrode localization
after surgery and adjustment of electrical parameters in
clinical practice. The model could also facilitate volumetric
studies of target nuclei in movement disorders.

With this aim in mind, we decided to monitor stercotac-
tic points along the edges of the GPi directly on MRI (Starr
et al. 1999). These coordinates were then used to build up a
3D model of the GPi, allowing calculation of the volume of
the target. The target volume could then be correlated with
the electrical parameters which were recorded from the
internal pulse generator (IPG) during stimulation. This
methodology allowed the individual structural spatial
variations between patients to be taken into account.
Electrical field values were correlated with the GPi
anatomy in one reference patient.

2 Materials and methods
2.1 Electrical distribution: theoretical model

Subsequent to the design of the 2D-electrical field model
(Hemm et al. 2005), a three-dimensional model of the in
vivo stimulation system was developed which included the
lead (four contacts numbered from 0 to 3, radius:
0.635 mm, electrodes height: 1.5 mm, separation:
0.5 mm; ref: 3389, Medtronic, Reuil-Malmaison, France)
and the IPG (Model 7424, 7425, 7426, Medtronic).

Brain tissue in the vicinity of the stimulating lead was
assumed to be isotropic and homogeneous due to the low
density of neurons in the GPi (Yelnik 2002) compared to
other structures including the subthalamic nucleus (STN).
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The brain tissue around the lead was represented by a
cylinder (with a radius of 40 mm and a height of 80 mm).
The size of the cylinder was determined by the electrical
field strength at its boundary. The maximum electrical field
strength on the boundaries for monopolar stimulation is
~0.001 V/mm depending on the voltage used and which
contacts are activated.

The height of the cylinder was calculated from the mean
length of the trajectory from the entry point on the cortical
surface to optic tract (on the inferior surface of the brain).
Calculations demonstrate that this value was necessary and
sufficient because superior values do not modify the final
result. Different stimulation modalities were applied:
monopolar stimulation with single or multiple electrodes
activated to serve as the negative pole (with the IPG serving
as the positive pole); and bipolar, in which the current flows
between two or more electrodes. The borders of the
cylinder were considered to be insulators in the bipolar
mode. In the monopolar mode, the IPG was modelled as an
additional perfect conductor disk with a radius of 20 mm
located at the bottom of the cylinder. The DBS model
displays and calculates the electrical current distribution
from the patient’s electrical parameters recorded by telem-
etry. Furthermore, the software allowed the electrical
distribution within the GPi to be displayed preoperatively
by using theoretical impedance values. The radius of the
modelled IPG was calculated by comparing and adapting
the magnitude of the ratios of impedances in monopolar
and bipolar modes in the model to the mean values
measured in patients using the Medtronic radiofrequency
console programmer. Preoperatively, the model impedance
is representative of the clinical impedance (For example,
contact 1 as negative pole: 1,185 €, contact 1 and 2 as
negative poles: 811.6 (2, contact 1 as negative pole and
contact 2 as positive pole: 1,478.8 Q).

Possible interactions between the two implanted electro-
des in bilateral stimulation were not taken into account.

The distribution of the potential U(r, z) was determined
as the solution of the Laplace equation where r represents
the radius and z is the distance in height from the middle of
the lead. The Laplace equation was reduced in cylindrical
coordinates according to the axial symmetrical model:

10 [ 0oU\ &U

75(’5)*@20 m
Boundary conditions were defined according to given

potentials imposed at the metal contacts (depending on the

specific mode of stimulation) and to zero values of the normal

electrical field component (En=—dU/dr) at the insulating

surfaces of the central electrode and of the external cylinder.

The latter condition is a direct consequence of the requirement
that the component of the current density, normal to the
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surface of an insulator, is zero. The non-stimulated contacts
are electrical conductors that can thus present a non-zero
potential. The initial value for these contacts is an unknown
constant potential to be determined from the fact that the total
current is zero. A finite differences method was used for
numerical analysis. An analytical description near the metallic
edges was incorporated into the finite-difference scheme. The
space step size is variable; it is smallest near the electrode and
largest near the cylinder. For example, the distance between
successive points near the contact is ~0.05 mm (z and ),
whereas it is ~1 mm (z and 7) near the cylinder. The
singularities near the extremities of the contacts were
approached by a Taylor dominant order expansion (order=
0). The electrical field and the current density were deduced
from the potential.

The stimulus waveform generated by the Medtronic IPG
is biphasic, and the technical amplitude of the stimulus
waveform is defined by the peak-to-peak voltage of the
cathodic and anodic phases (Butson and McIntyre 2007).
The true stimulus waveform generated by the Medtronic
IPG was used rather than the amplitude registered on the
clinical programmer in order to improve the accuracy of the
DBS model. The stimulation waveforms of the electrical
settings currently used in our center were recorded from the
Soletra IPG on a digital storage oscilloscope (Tektronix,
France) and the results were integrated on the computer
program. The measurements were comparable with those of
the Butson and Mclntyre study (Butson et al. 2007).

2.2 Stereotactical GPi: theoretical model

The stereotactic protocol used for the localization of the
anatomical target in our centre involves a pre- and
postoperative stereotactic 1.5-T MRI (slice thickness of
1.5 mm for both TIl- and T2-weighted images) under
general anaesthesia (Coubes et al. 2002). The efficacy and
reproducibility of the therapy are based on a precise
delineation of the GPi borders (Vayssiere et al. 2000;
Vayssiere et al. 2002).

In line with our experience in movement disorder
surgery, based on direct MRI targeting of the GPi (478
electrodes implanted in 220 procedures: 426 for dystono-
dyskinetic syndromes and 52 for Parkinson’s disease), we
sought to model the GPi by selecting real points on
structural borders in axial, sagittal and coronal planes. This
was performed by the neurosurgeon who directly identifies
on MRI, the points of highest contrast located exactly at the
limit of the targeted structure. The neurosurgeon decided
where the target finished and pinpointed the pixel consid-
ered as being at the interface between the target and the
surrounding brain with certitude (Fig. 1). The points were
expressed using the Leksell reference system, without
reference to an atlas.

These points, called “points of certainty” or “C-points”,
allowed a 3D model of the GPi (Fig. 1) to be built by using
implicit surface representation (Blinn 1982). The first step
in building the GPi contours was to determine the implicit
equation of the surface formed by scattered points. The GPi
surface was created by using a linear combination of radial
basis functions (Morse et al. 2001). The use of compactly
supported radial basis functions reduces the method execu-
tion time. The implicit equation representing the surface is
defined as a linear combination of these basis functions:

F) =3 d x0Tl = 1 @

where X; is the position of the known values, the weights d,
are coefficient values to be determined and @ is the basis
functions. The goal is to determine the weights d; such that
V. e (1,n),F(x;) = 1.

Solving the equation for the weights d; and denoting
®; = O(||X; — X;||) produces the following system:

Dy Dy ... Dy | | 1
A e (3)
O, Op ... D, d, 1

A basis function was chosen to give a more accurate
model of the grey nuclei, notably the GPi, because of the
low number and the unorganized nature of the stereotactic
points surrounding the GPi (total points ~50) that were
selected by the physician. This function is represented
below:

D;(x,p,2) = (1 —Z)z (4)

where d = \/(X — xi)z—i—(y —yi)z—i—(z — Zi)z, (X,', Vi, Zi) are
the stereotactic coordinates, and R is an adjusted radius
constant. The first step in order to determine the radius is to
calculate the coordinates of the center of gravity of the GPi
(cgx, cgy, cgz). The x coordinate of the stereotactic point
that is at the maximum distance from the center of gravity
of the GPi (X,.x) and the y coordinate of the stereotactic
point at the minimum distance from the center of the gravity
of the GPi (Y,,n) are then determined. The R value was
described by the following expression:

(Ximax — €gx) — (Ymin — cgy)

R =110 x
v/Number of stereotactic points

The system Eq. (3) was solved by using the LU
factorization. Once the weights d; had been determined,
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Fig. 1 Correlation of the anatomical and electrical data in an illustrative
case, a 12 year-old girl with severe primary DYTI dystonia whose
symptoms resolved after bilateral DBS. (a) An illustrative MRI showing
the definition of the C-points. (b) The anatomical GPi model overlaid
on the preoperative MRI. (¢) Stereotactic axial MR imaging slice
passing through the target. (d) Posterior view of the GPi, the lead, the
electric field within the 3D stereotactic frame showing the origin of the

the implicit equation could then define the surface to be
reconstructed.

2.3 Correlation between electrical parameters
and GPi anatomy

The theoretical models were computed by using a C/

OpenGL computer program that applies the Marching Cubes
algorithm of Lorensen and Cline (Lorensen and Cline 1987).
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coordinate system. (e) Isofield lines from 0.025 to 1 V/mm within the
sensory-motor part of the GPi. (f) The blue hatching represents the
volume of intersection between the ISF, o5 line and the left GPi. (g)
Extrapolation of an isofield line value showing the correlation between
the GPi and the electric field value 0.2 V/mm in an illustrative case
(contact 1 negative, 1.3V, 1,185 Q)

Two steps were required for correlating the anatomical
information with the electrical distribution in a given
patient. Firstly, C-points and target coordinates including
the trajectory angles were registered on the software.
Secondly, the electrical parameters of the lead were selected
for each patient and were then recorded from the IPG, in
order to visualize, manipulate and measure the correlation
between the electrical distribution and the GPi anatomy of
the patient. The software displayed an interface where the
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electrical settings of the lead could be changed (voltage,
electrode configuration and impedance). It was possible to
extrapolate the line representing a specific ISF value (or ISP
value or current density value) from a group of lines (from
0 to 1 V/mm) and to calculate its surface area and the
volume enclosed within it. Zoom, translation and rotation
tools were also implemented.

2.4 Clinical application

This method was applied to data recorded from a 12-year-
old female patient, utilizing postoperative MRI data
indicating the anatomical information, the target coordi-
nates and the trajectory angles. The follow-up period was
2 years. The patient presented with severe genetic primary
DYT1 dystonia and underwent surgery for bilateral postero-
ventral GPi lead implantation. Dystonic symptoms were
assessed pre- and postoperatively at pre-determined inter-
vals using the Burke—Marsden—Fahn dystonia rating scales
(BMFDRS; Burke et al. 1985). Continuous bilateral
stimulation was applied with the following settings:
monopolar mode with electrode 1 as negative and, the
IPG as positive, a rate of 130 Hz, a pulse width of 450 ps,
and a voltage of 1.1 volts (V). The settings were then
adapted according to the clinical response (Table 1). Given
the parameters of the model and the electrode configuration
of the patient (contact one as a negative pole), preopera-
tively, the calculated model impedance is 1,185 €.

The volumes stimulated by each ISF line were studied at
3 and 24 months. Thereafter, three ISF values were
compared more specifically: 0.1, 0.2 and 0.4 V/mm.

3 Results

3.1 Clinical practice: electrical parameter distribution
in the GPi anatomy of the patient

Application of this model to the present study has been
possible using standard PCs, with several working systems.
The compilation and execution of the program take 1 min

and 45 s for visualization with a grid of 256x256%256 (6 s
with a 100x100x 100 grid), without taking into account the
time necessary to define the C-points on MRI (which is
operator dependant). The surface was defined with a
mathematical curve representing the GPi which could be
calculated at different levels of detail by increasing the size
of the grid. Preoperatively, the software allowed the display
of the electrical distribution within the GPi of the patient by
using theoretical impedance. The display and calculation of
the surface and volume of both the GPi and the intersection
between the electrical distribution and the GPi were
possible (Fig. 1) i.e. the intersection between the volume
of each electrical field value and the GPi volume. In clinical
practice, taking into account the patient electrical parame-
ters recorded by telemetry, the physician can thus visualize,
manipulate and calculate the electrical distribution around
the DBS lead in the anatomy of patients.

3.2 Influence of the electrical settings
on the stimulated volume

For a given voltage, the shape and volume of the ISF, ISP
and current density line distribution varies greatly between
monopolar and bipolar configuration (Fig. 2). For a voltage
of 1.1 V registered on the clinical programmer, the isofield
lines 0.1 V/mm (ISF, ;) had a volume of 40.9 mm® in the
monopolar mode (electrode 1 negative), and 54.7 mm’ in
the bipolar mode (electrodes 1 and 3 positive, electrode 2
negative). When the voltage was increased to 1.5 V on the
clinical programmer, the volume of the ISF;; was
67.7 mm® in monopolar mode and 72.8 mm’® in bipolar
mode.

3.3 Application to a specific case

Electrical field distribution was correlated with the patient’s
anatomy by using the postoperative stercotactic MRI,
which gave the anatomical information, the target coordi-
nates and the trajectory angles of the leads.

The volumes of the GPi were 629.7 mm® on the right
and 596.3 mm® on the left (Fig. 3). An increase in the

Table 1 Clinical scores, functional scores (BMFDRS) and electrical settings of a patient treated by DBS

Preoperative 3 months postoperative 2 years postoperative
Clinical score (/120) 42 26 4
Functional score (/30) 14 14 2

Parameter settings on the left system -

Electrode 1—, case+, 1.1 V

Electrode 1—, caset+, 1.5 V

(measured amplitude 1 V), 62 A (measured amplitude 1.34 V), 2 pA

1,208 ©2 1,848 2
Parameter settings on the right system - Electrode 1—, caset, 1.1 V, 49 pA Electrode 1—, caset, 1.3V, 45 puA
1,505 1,840 Q

Given the parameters of the model and the electrode configuration of the patient, the theoretical impedance calculated is 1,185 €.
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Fig. 2 Distribution of the
electrical parameters around

the electrode represented by the
isofield (a, b), isopotential (c, d)
and current density (e, f) lines.
The stimulation parameters that
were used included electrode 1
negative, case positive, 1.1 V (a,
¢, e, g, h) and electrode 1 and 3
positive, electrode 2 negative,
1.1 V (b, d, f). The insulator of
the lead is represented in blue
and the electrodes in red. The
isofield lines are visualized
every 50 mV/mm (from 0.025 to
1 V/mm) and the isopotential
lines are visualized every

50 mV. The isofield line of

0.1 V/mm (volume of

55.5 mm®) and 0.4 V/mm
(volume of 6.4 mm3) have been
extrapolated (g and h). By
default the conductivity is

0.1 © m . However, the con-
ductivity is modified when
changing the impedance, influ-
encing the current density

stimulated volume up to a certain level, achieved by
increasing the voltage, induced a clinical improvement in
this patient. From month 3 to month 24, only the ISF o5
and ISF, o5 lines reached the postero-medial border of both
sides of the GPi. With the configuration settings used at
3 months (Table 1), the postero-lateral part of the GPi was
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only reached by the ISF lines from 0.025 to 0.350 V/mm
(from 0.375 to 1 V/mm inside the GPi) on the right side and
from 0.025 to 0.3 V/mm on the left side.

At 2 years of follow-up, with an improvement of more
than 90% in the clinical part of the BMFDRS, the ISF lines
from 0.025 to 0.4 V/mm reached the postero-lateral part of
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Fig. 3 Both GPi of the patient
with a 256x256%256 grid. The
volumes of the GPi were

629.7 mm® on the right side (a)
and 596.3 mm®> on the

left side (b)

the right GPi and from 0.025 to 0.425 V/mm on the left
GPi.

Three electric field values were compared more specif-
ically: ISFq 1, ISFq, and ISFy 4 (Fig. 2).

At 3 months, on the right side, the volume intersections
(and surface intersections) with the GPi were 35.5 mm®
(22.6 mm?), 18.7 mm® (4.4 mm?) and 6.38 mm® (0 mm?)
respectively (Fig. 4). The ISFo4 was completely within
the GPi. The postero-lateral part of the GPi was reached by
the ISFy ; and ISF,, and no electric field value reached the
postero-medial section. Similar results were obtained for
the left GPi.

At 24 months, on the right side, the volume intersection
(and surface intersection) with the GPi was 58.4 mm’
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Fig. 4 Volume (a, b) and surface (¢, d) measurements of the
correlation between the isofield lines and the GPi of the DYT1 patient
with parameters at months 3 and 24. (a) Intersection of the isofield
lines volume and the right GPi volume. (b) Intersection of the isofield

(22.8 mm?), 20.5 mm® (7.29 mm?) and 10.35 mm’
(1.39 mm?) respectively (Fig. 4). In contrast to the electrical
parameters at 3 months, the ISF,,4 reached the postero-
lateral border of the GPi. The lateral part of the GPi was
also reached by the ISF,; and ISF,, and no electrical field
value reached the postero-medial section. There were no
significant changes in the left GPi.

4 Discussion

The objective of this study was to develop a computational
MRI-based stereotactic anatomical model coupled with a
DBS model in order to aid surgical planning, contact
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lines volume and the left GPi volume. (¢) Surface intersection of the
isofield lines and the right GPi surface. (d) Surface intersection of the
isofield lines and the left GPi surface
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localization after surgery and parameter adjustments during
the course of DBS.

4.1 GPi model

It is a commonly used technique in MRI studies to depict
the outlines of structures of interest on brain slices and then
to digitize them to create a stack of contours. Promising
segmentation (automatic or manual) and energy minimiza-
tion methods exist for modelling the basal ganglia.
However, segmentation from MR images remains difficult
because of the low levels of contrast and the absence of
easily visible contours due to unstable anatomical limits
between structures. Segmentation of the ventricular system
can be performed relatively easily because there is a
definite contrast between cerebrospinal fluid and the
surrounding brain (Colliot et al. 2006; Ciofolo and Barillot
2005; Collins et al. 1995). However, up to now, segmen-
tation of grey nuclei including caudate nuclei, thalami and
GPi, the surgical target in DDS, seems to be more difficult.
These difficulties are anatomically determined by the small
size of the structures, and the heterogeneity and irregularity
of their interfaces with the surrounding white matter.
Particularly in the case of a disorder secondary to a lesion
seated in the grey nuclei, their shapes can be irregularly
modified and there is also a lower level of contrast between
structures (similar histological structures). Segmentation
methods commonly use atlases (Bloch et al. 2003; Xue et
al. 2001) and deformable templates (Pitiot et al. 2004)
based on statistical shape training. The drawback of these
techniques is the inter-individual anatomical variation
which has major impact on the final precision. This inter-
individual variation has been studied previously (Vayssiere
et al. 2002). The differences between the target coordinates
obtained with direct visualization by MRI and those based
on atlases prompted the present study. The actual location
of the target might differ significantly from the theoretical
statistical target location due to individual variation. The
advantage of the approach put forward here is that the
individual anatomy of the patient is taken into account for
the surgical planning. Each C-point can be localized within
the stereotactic frame by direct visualization of its coor-
dinates under visual control, which is an important feature
of this model compared to previously published models.
The resulting unorganized collection of scattered data
points allows a semi-automated reconstruction of the GPi
surface under visual control. Field-based implicit surface
methods have become increasingly popular in recent years
with Blobby Molecules (Blinn 1982), R-functions (Pasko et
al. 1995) and convolution surfaces (Bloomenthal and
Shoemake 1991), all with different applications: shape
morphing, natural phenomena simulation and space defor-
mation. The method used in this study for interpolating the
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scattered points was chosen because of its robustness when
scattered points are non-uniform. The interpolation of the
implicit surface using compactly supported radial basis
functions (Morse et al. 2001) was appropriate for generat-
ing the complex organic shapes and has an advantage in
terms of computational expense.

4.2 Electrical field distribution in the GPi anatomy
of the patient: analysis and limitations

One limitation of this study is the use of a homogenous
model. Many groups use anisotropic brain models, which
take into account the grey/white matter distribution and
fibre direction using diffusion tensor imaging (DTI) to try
to understand the mechanisms of action of DBS (Butson et
al. 2007; McIntyre et al. 2004; Miocinovic et al. 2006).
Tissue inhomogeneities such as small lacunar cavities can
modify the shape of the electric field distribution (Astrom
et al. 2006; Butson et al. 2007). Mclntyre et al. (McIntyre et
al. 2004) described a neural model for subthalamic nucleus
(STN) stimulation. They determined the conductivities of
the STN from diffusion tensor magnetic resonance data in
one patient and correlated them with neuron cable models
taking into account axon diameter and internodal spacing.
This model (McIntyre et al. 2004) gives a more faithful
representation of real brain structures by reflecting the
heterogeneity of the STN. Astrom et al. (Astrom et al.
2006) studied the effects of cystic cavities on electrical field
distribution in the GPi by modelling a grey matter nucleus
with and without cerebrospinal fluid filled cystic cavities to
mimic Virchow—Robin perivascular spaces (VRPS). The
GPi and the VRPS were modelled as spheres and not in
their irregular shapes. Butson et al. (Butson et al. 2007)
developed a patient-specific model of STN for Parkinson’s
disease to predict the volume of tissue activated by DBS.
The model showed that the volume of tissue activated by
DBS differs between isotropic and diffusion tensor MRI.
These approaches are promising because they take into
account the heterogeneity of the brain. Their model gives
an important indication of how the surrounding structures
may influence the shape of the electrical field and
subsequent neural response to stimulation.

Up to now, even though highly specific, models using
DTI are difficult to apply to neurosurgical and clinical
practice where individual brain anatomy is the most
important factor. The precision of the surgical procedure
is an issue of major importance given the submillimeter
accuracy of lead insertion needed to hit the target. DTI is
not currently appropriated due to limited image resolution.
An accurate measurement of small structures or interfaces
between structures like GPi/GPe requires high spatial
resolution, but high submillimeter DTI cannot be currently
achieved. To create a model using DTI, it is necessary to
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use multiple image co-registration and atlas representations
which involve spatial variability and increase the time of
surgery. Furthermore, DTI could not be applied to the
entirety of our population already implanted with a DBS
system (Vasques et al. 2008). In this study, the risk of error
due to multiple image co-registration and anatomical
variability has been limited by using the stereotactic
coordinates of targets selected directly on MRI. The model
can also be applied in routine clinical practice in patients
who already have a DBS system implanted by using the
postoperative stereotactic MRI and the electrical parameters
recorded by telemetry. Preoperatively, the model allows the
display and the calculation of the electrical distribution
within the GPi of the patient using theoretical impedance.
Based on the evaluation of the in vivo impedance and
current values measured in patients (Hemm et al. 2004), the
theoretical impedance seems to be an acceptable approxi-
mation for the preoperative surgical planning. Hemm et al.
(Hemm et al. 2004) showed that for patient with a greater
than 80% improvement on the BFMDRS, the mean
impedance with a single contact activated as the negative
pole is 1,283+215 €; close to the calculated impedance in
our model (1,185 2). However, prediction of impedance
preoperatively is difficult because the electrical brain
impedance of each individual patient is unique (Hemm et
al. 2004). Given the model parameters and the electrode
configuration of the patient in the present study at 3 months,
the calculated impedance is 1,185 €2, which is close to the
recorded impedance on the left side (1,208 2) and differs
from the recorded impedance on the right side (1,505 2) by
420 ). Preoperatively, depending on the impedance for a
given patient, the results may represent an overstimulation
of the stimulated volume.

For the purposes of this study, the brain tissue in the
vicinity of the stimulating lead was assumed to be
homogeneous and to have an isotropic resistance due to
the low density of neurons in the GPi compared with the
STN (Yelnik 2002). This would seem to be acceptable
especially if it is assumed that only the ISF lines within the
GPi have a therapeutic effect. It has been reported that the
most effective position for the lead is in the posterior,
medial and ventral part of the GPi (Coubes et al. 2002;
Tisch et al. 2007); This has been shown to be the sensori-
motor area (Laitinen et al. 1992) and close to the output
pathway i.e. the ansa lenticularis. If these fibres must be
stimulated to obtain optimum therapeutic effect, it can be
concluded that these fibers must be within the volume to
be stimulated. The GPi somatotopic organization (Vayssiere
et al. 2004) favours the hypothesis that different neuron
populations within the GPi are responsible for the control of
different body parts. These populations would be organized
in several fascicules rather than a single one containing all
output fibres. The actual target is a network-specific target

probably influencing remote structures and representing
only a subsection of the stimulated volume. The application
of the model to one clinical case indicates how this
combination of electrical and anatomical information could
be used to quantify the electric field necessary to produce
the physiological effect. The activation of neurons is
triggered by membrane depolarisation. This is due to a
variation in the potential difference influenced by several
factors including electrical and anatomical properties of
neurons, distance and orientation relative to the electrode,
tissue resistivities, stimulation waveform and configuration
mode. The electrical field (voltage gradient parallel to the
fiber) is probably the most important factor responsible for
triggering the action potential because it varies with fiber
orientation relative to the electrode. The visualization and
quantification of specific isofield lines facilitates the
determination of the stimulated region around the electrode.
Depending on the position within the target, the trajectory
angles of the lead, the patient electrical parameters, and the
volume of the target and its morphology, an electric field
value could emerge as the threshold value of the stimulated
volume necessary to produce a therapeutic effect when
applying this methodology to our entire population of
patient with dystonia. For example, the electric field value
of 1 V/mm can probably be considered to be insufficient as
the resulting target (~1 mm width around the stimulated
contact) seems too limited to be responsible for the clinical
effect. In contrast, the value of 0.1 V/mm covers a large
part of the GPi, even extending beyond the postero-lateral
part of the GPi. We propose a method of modelling the
electric field lines with the aim of identifying a threshold
value and, consequently, the critical volume to be stimulat-
ed within the target to produce the optimum therapeutic
effect. Its application to our dystono-dyskinetic patients in
clinical practice could help to determine the threshold of the
electrical field necessary to obtain a therapeutic effect, and
possibly define the target as specifically as possible.
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