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Simulations and visualizations for interpretation of brain
microdialysis data during deep brain stimulation
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Abstract—Microdialysis of the basal ganglia was used in
parallel to deep brain stimulation (DBS) for patients with
Parkinson’s disease. The aim of this study was to patient-
specifically simulate and visualize the maximum tissue volume
of influence (TVI,,,,) for each microdialysis catheter and the
electric field generated around each DBS electrode. The finite
element method (FEM) was used for the simulations. The
method allowed mapping of the anatomical origin of the
microdialysis data and the electric stimulation for each patient.
It was seen that the sampling and stimulation targets differed
among the patients, and the results will therefore be used in the
future interpretation of the biochemical data.

I. INTRODUCTION

Deep brain stimulation (DBS) is a technique commonly
used for relief of movement disorders by electrical
stimulation of deep brain structures [1]. The
mechanisms behind DBS are still partly unknown [2], [3],
and mathematical models have been widely used in order to
predict how different electrical parameters influence the
electric potential distribution around the DBS electrodes [4]
- [10]. To further increase the understanding of the clinical
outcome of DBS, brain microdialysis [11] can be used for
biochemical sampling of neurotransmitters in the basal
ganglia in parallel to the electric stimulation [12], [13].
At Linkoping University Hospital, microdialysis has been
used post-operatively in parallel to DBS for four patients
with Parkinson’s disease, to monitor the behaviour of
neuroactive substances such as dopamine (to be published).
In order to compare the obtained data between the patients, it
is suitable to map the sampling volume of each microdialysis
catheter as well as the spread of the electric stimulation.
Therefore, the aim of this study was to patient-specifically
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simulate and visualize the electric field around each DBS
electrode [8] and the maximum tissue volume of influence
(TVI,.x) for each microdialysis catheter [14], using the finite
element method (FEM). In this way, the biochemical data to
be evaluated can be patient-specifically interpreted in
relation to anatomical targets as well as to the spatial
distribution of the electric fields generated during DBS.

II. MATERIALS AND METHODS

A. Patient data

Four patients (aged 56 + 8) referred for bilateral
implantation of DBS electrodes in the subthalamic nucleus
(STN), were included in the study. In addition to the DBS
electrodes (Model 3389 DBS™ Lead, Medtronics Inc.
USA), three microdialysis catheters (10 mm length, 0.4 mm
diameter; CMA65, CMA Microdialysis AB, Sweden) were
stereotactically implanted in the putamen (right side) and the
globus pallidus interna (GPi, left and right side). The patients
gave informed written consent for participation in the study
(Ethically approved by the Regional Ethics Committee at
Linkoping University, No. 51-04). Stereotactic imaging
(1.5 T MRI-scanner, Philips Intera, The Netherlands) was
performed after placement of the Leksell® Stereotactic
System (model G, Elekta Instrument AB, Sweden). A
stereotactic CT (GE Lightspeed Ultra, GE Healthcare, UK)
was done directly after the implantations. Each patient was
then referred to the neuro-intensive care unit where
collection of biochemical samples was initiated. The
microdialysis monitoring is a part of an ongoing study, and
the results will be presented in a separate paper.

B. Patient-specific FEM simulations

1) Model setup: A three-dimensional patient-specific FEM
model was set up for each patient. First, a brain tissue model
was created, based on the patient’s preoperative MRI
images. Each tissue model included the basal ganglia and
part of the midbrain. Intensity-based segmentation of the
preoperative MRI was used for identification and electric
conductivity classification of each voxel in the tissue model,
since electrical properties differ between tissue types [15].
Next, two DBS electrode models and three microdialysis
catheter models were created, based on the real dimensions,
and positioned in each brain tissue model. The postoperative
CT images acted as base for the positioning. A software tool
(ELMAL1.0) developed in MatLab 7.6 (The MathWorks,
USA) was used for the classification of electric conductivity
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and for positioning of the electrode and catheter models in
the brain tissue model. An overview of the process is seen in
Fig 1. For further details on how the models were set up, see
[8], [14] and [16].

2) Governing equations: The equation for steady currents
[17] was used for calculation of the distribution of the
electric potential in the vicinity of the DBS electrodes:

V-I=-V.[cVV]=0 (1)

J is the current density (A m?), o is the electrical

conductivity (S m™), and V the electric potential (V).

For calculation of the TVI,,,,, a modified version of Fick’s
diffusion law [14], [18], [19] was used:

oC D

- X—ZVZC—kC

ot @
C = C(x,y,z,t) (nmol/litre) is the volume averaged analyte
concentration, D is the analyte-specific diffusion coefficient
in solution (m* s™), A represents tissue tortuosity and k
represents the analyte loss from the extracellular space (s™).
3) Simulations: The simulations were performed in a
three-dimensional Cartesian co-ordinate system, using a
FEM software (COMSOL Multiphysics 3.5, COMSOL AB,

Postoperative images

Stereotactic fiducial markers

TABLE I
CLINICALLY EFFECTIVE DBS PARAMETERS

Patient Active DBS stimulation Mean radius of
contacts parameters simulated electric
field isosurface
1 1-,2-;5-, 6- 1.5V, 60 us, 130 Hz 1.9 mm
2 1-,2-;5-, 6- 2.0V, 60 us, 130 Hz 2,4 mm
3 1-,2-;5-, 6- 2.0V, 60 us, 130 Hz 2.4 mm
4 1-,2-; 5-, 6- 2.0V, 60 us, 130 Hz 2.3 mm

Stockholm, Sweden). The boundary and initial conditions are
summarized in Fig 2, shown in an axi-symmetric co-ordinate
system. The DBS electric potential was patient-specifically
set according to the clinical parameters (Table I). D was set
according to the substance of interest, in this case dopamine
(D =7.5-10" m*s! [20]). A was set to 1.59 and k was set to
0.065 s, intended to represent average values for the tissue
and analyte of interest [19].

C. Visualization

The simulated electric fields and the TVI,,, for each
catheter were patient-specifically visualized in relation to the
preoperative MRI images. An isolevel at 0.2 V. mm™ [5] was
used to visualize the electric field, while the TVI,, was
visualized with an isolevel at (cy + 0.01¢,) nmol/litre [14]. ¢y
is the analyte concentration at the catheter boundary (Fig 2).
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Figure 1. Overview of the FEM simulation process. The preoperative images are used to create a brain tissue model, including tissue segmentation,
classification and visualization. The postoperative images are used to position electrode and catheter models correctly in the brain tissue model, based on
image artifacts originating from the electrodes and catheters. Indicator box fiducial markers from the stereotactic system were used as landmarks.
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Figure 2. Initial and boundary conditions for the simulation of the TVI . (a) and the DBS electric field (b), here shown in an axi-symmetric co-ordinate
system. In (a), C is the analyte concentration (nmol/litre), D is the analyte diffusion coefficient (m? s, A is the tissue tortuosity, k is the clearance
constant (s, ¢g is the initial analyte concentration in the tissue, c; is the analyte concentration at the catheter boundary and r. is the catheter radius. In
(b), T is the current density (A m?>), V is the electric potential (V) and o is the tissue conductivity (S m™). Vo is the electric potential at the active

contact(s).

III. RESULTS

Fig 3 shows the simulated electric fields and TVI,,, in
relation to axial MRI slices for the four patients. The mean
radius of each electric field isolevel is included in Table I,
and the cross-sectional radius of each TVI, is 0.75 mm.
Closer examination shows that the electric stimulation is
centered around the dorsomedial/posterior STN for patient
1-3, while the substantia nigra is the main stimulation target
for patient 4. The microdialysis catheters and their associated
TVI,..x are positioned at the targets aimed at (left GPi, right
GPi, right putamen) for patient 1 and 3. For patient 2, the
data from the right GPi is possibly influenced by the right
globus pallidus externa (GPe). For patient 4, one catheter is
located in the right putamen, another one in the right GPe
and the third in the substantia nigra.

IV. CONCLUSIONS

In this study, simulations and visualizations were made to
enable patient-specific mapping of the DBS electric fields
and the microdialysis catheters with their associated TVI ;ax
in relation to anatomical structures. It is seen that there are
differences among the patients regarding the microdialysis
target structures as well as the extension of the DBS electric
fields, which may affect the biochemical measurements. The
results of this study will therefore be used as a foundation in
the future interpretation of the obtained biochemical data, to
verify whether the catheter positions and generated electric
fields are consistent among the patients, and whether this
influences the clinical outcome.

The TVI,,x is here simulated using A and k values meant
to represent the average brain tissue. The radius of the
TVI,.x for the current D value may, however, increase by up
to 0.25 mm (28%) when A and k vary within physiologically
relevant intervals [14]. This should be taken into account
when the data is to be evaluated.

An isolevel at 0.2 V mm’ [51, [8], [21] is used for
visualization of the DBS electric fields. The volume within
this isolevel is not to be considered the tissue volume
affected by DBS; rather, its radius (Table I) lies within the
estimated volume of influence for standard DBS parameters
[10] and it is therefore used here for a rough comparison
between the patients. Other parameters, such as the
commonly used neuronal activation function [4], [22], can be
derived from the calculated electric field in order to draw
further conclusions about the electric stimulation on a
neuronal level.
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