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Resumen— La estimulación cerebral profunda (DBS) es 
una terapia quirúrgica validada para el tratamiento de 
los síntomas asociados con la enfermedad de Parkin-
son. Consiste en la implantación de un electrodo de es-
timulación generalmente en la región del núcleo subta-
lámico (STN), con el cual se excitan regiones específicas 
a partir de un potencial eléctrico con ciertos parámetros 
específicos. El ajuste de los parámetros de estimulación 
es un proceso realizado por parte del neurólogo y puede 
tardar varios meses hasta alcanzar los resultados desea-
dos. Es por esto que en años recientes se ha estudiado 
la construcción de modelos de propagación eléctrica de 
las estructuras objetivo de la DBS con el fin de visualizar 
los posibles resultados de la distribución de campo eléc-
trico y la activación del tejido cerebral que sirven como 
guía para el ajuste de los parámetros de estimulación, 
optimizando el procedimiento de configuración. En este 
trabajo se presenta la comparación de modelos de si-
mulación que incluyen la definición de geometrías com-
plejas representando diferentes estructuras cerebrales 
con propiedades de diferentes tejidos, con los cuales se 
obtienen los patrones de propagación eléctrica cerebral 
por medio del método de elementos finitos (FEM) aplica-
do a la solución de las ecuaciones de Laplace y Poisson.

Palabras claves— Ecuación de Laplace, ecuación de 
Poisson, enfermedad de Parkinson, estimulación cere-
bral profunda, método de elementos finitos, núcleo sub-
talámico, propagación eléctrica.

Abstract— Deep Brain Stimulation (DBS) is a clinical 
treatment for Parkinson disease symptoms. DBS con-
sists in the implantation of a stimulation electrode into 
the Subthalamic nucleus (STN) for the excitation of spe-
cific regions inside the STN. The stimulation potential 
has a few parameters that should be adjusted in order to 
achieve the desired treatment effect. The adjust is per-

Deep brain stimulation modeling for several 
anatomical and electrical considerations

Modelos de estimulación cerebral profunda para diferentes 
consideraciones anatómicas y eléctricas

Cristian Alejandro Torres-Valencia
M.Sc. Universidad Tecnológica de Pereira 

Pereira, Colombia
cristian.torres@utp.edu.co

Genaro Daza-Santacoloma
Ph.D Instituto de Epilepsia y 

Parkinson del Eje Cafetero – NEUROCENTRO
Pereira, Colombia

 research@neurocentro.com.co

Mauricio Alexander Álvarez-López
Ph.D Universidad Tecnológica de Pereira

Pereira, Colombia
 malvarez@utp.edu.co

Álvaro Ángel Orozco-Gutiérrez
Ph.D Universidad Tecnológica de Pereira 

Pereira, Colombia
aaog@utp.edu.co

formed by the neurologist in several sessions with the 
patients and is not an exact procedure. In recent years 
there have been several works on the construction of 
propagation models of DBS, including head geometries 
and medium properties in order to visualize the possi-
ble effects of DBS while the stimulation parameters are 
adjusted. This work presents the construction of propa-
gation models using the Finite Element Method (FEM) 
for the solution of Laplace or Poisson equations that go-
vern the propagation phenomena. By the construction of 
these models, the shape and magnitude of the electric 
propagation inside the objective structures can be ob-
tained. 

Keywords— Deep Brain Stimulation, electric propaga-
tion, finite element method, Laplace equation, Parkin-
son disease, Poisson equation, subthalamic nucleus.

1. INTRODUCTION

Deep Brain Stimulation (DBS) was introduced 
in 1995 as a clinical treatment for Parkinson di-
sease symptoms [1]. DBS consists on the place-
ment of an electrode into a specific brain structure 
(e.g. subthalamic nucleus - STN) in order to deliver 
a continuous electrical stimulation [2]. The effects 
of DBS were subject of investigation in several 
works in order to assess the real improvement and 
side effects for Parkinson patient treatment [2][3]. 
From the analysis developed over DBS in several 
works, it was concluded that benefits could cover 
brain diseases as psychiatric conditions, refrac-
tory epilepsy and dystonia [3]. 
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Since the DBS effects are directly related to the 
electric stimulation of a specific brain structure, 
the stimulation pulse parameters have to be con-
figured by the neurologist in several sessions with 
the patients [4]. The magnitude, frequency, pulse 
width and the stimulation mode (monopolar or bi-
polar) are the parameters that define the shape 
and behavior of the potential into the STN [5]. The 
electric propagation into non desired areas in or 
outside the STN could derive in adverse effects for 
the patient [2], [6].

In order to achieve an accurate description of 
the propagation of the electric potential into the 
STN, simulated models of the STN, brain or the 
entire head has been developed [7]. These si-
mulation models allow the configuration of the 
stimulation parameters, by defining the medium 
properties and the visualization of the propagated 
potential in a defined geometry. Several models 
are proposed in the literature that include diffe-
rent brain structures and idealized 2D and 3D 
head geometries including medium properties [7], 
[8], [9]. The geometry of the DBS lead is also inclu-
ded in the models for monopolar or bipolar stimu-
lation modes using the active contacts of the lead. 
Even with the inclusion of a realistic head model, 
different tissues, structures and medium proper-
ties, the modeling of the DBS problem is still an 
open research field.

After the model is built, a definition of the 
boundary conditions and the stimulation para-
meters configuration is performed [7]. Since the 
electric propagation in any medium is governed 
by the Maxwell equations [10], Laplace and Pois-
son equations are used to compute the solution 
in the DBS simulation models [7][4]. Finding the 
electric potential propagated into the model is not 
a straightforward process: an analytic solution is 
hard to compute due the geometry and the diffe-
rent mediums considered for each model. Nume-
rical approximations for the solution of the pro-
pagation equation for the DBS model should be 
implemented [4]. The Finite Differences Method 
(FDM) and the Finite Element Method (FEM) are 
numerical methods used in DBS simulations. 
These methods are based on the definition of a 
mesh in the geometry of the model, boundary and 
initial conditions, the value of the variable to be 
computed is depicted from each node in the mesh 
following arithmetic operations [11], [12]. FEM is 

preferred over FDM since the mesh in FDM must 
be uniform, giving less resolution in areas where 
there are smaller structures inside the global geo-
metry [11].

The aim of this work is to compare several 
DBS simulation models with different medium 
properties, including brain structures and head 
layers, DBS lead geometry, Dirichlet and Newm-
man boundary conditions related to the solution 
of Laplace and Poisson equations. These models 
allows a comparative analysis of the differences 
between the electric potential propagation by the 
inclusion of different features in the model. A re-
alistic head model including the DBS generator is 
assumed as the more accurate model for the neu-
rologist to assess the stimulation parameters that 
allows the effective application of DBS therapy.

2. PREVIOUS WORK

The study of the effects of DBS has become an 
important research field in recent years. Several 
works have developed studies of the effects of DBS 
and simulation models in order to obtain an ap-
proximation of the electric propagation inside the 
STN. In 1995, Patricia Limousin et al. published a 
study of three patients that were operated in order 
to treat the akinetic-rigid Parkinson’s disease with 
STN-DBS. A posterior evaluation of the symptoms 
of these patients shows an improving around 42% 
to 84% following the unified Parkinson’s disease 
rating scale [1]. In 2003, Benabid et al. presented 
a work about the clinical results of DBS when the 
frequency parameter changes in the adjustment 
of the stimulator [2]. From the study of the effects, 
it was concluded that the benefits derived from 
DBS cover different motor symptoms and the 
quality of life [2].In another study, a simulation of 
three layers of neurons was developed by Tarpa-
relli et al. in order to analyze the activation of the 
surrounding tissue due DBS stimulation [3]. The 
simulation process was developed using a com-
mercial software for neurologic modelling and the 
results allow an initial calibration of the parame-
ters configuration of the DBS pulse [3]. 

From the analysis developed over the effects 
of DBS, several works have been proposed in or-
der to achieve a specific description of the electric 
potential propagated into the STN and adjacent 
structures. McIntyre et al. in [5] built a simulation 
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model of the neurons near to the electrode in or-
der to examine the influence of the stimulus wa-
veform and frequency. In an additional study [7], 
McIntyre developed a study of the axonal tissue 
activated by DBS in the STN. 3D cubic geome-
tries are built following tissue considerations for 
a homogeneous and an inhomogeneous medium 
of propagation [7]. The Laplace equation is used 
for finding the potential propagation into the cubic 
model with conductivity assumptions for the me-
dium. Dirichlet boundary conditions are defined 
for all the surface of the cube and a commercial 
software is used for the implementation of the 
Finite Element Method that allows the numerical 
computing of the solution of the propagation mo-
del [7]. Following different configurations for the 
stimulation electrode into the models, the results 
shows that electric propagation is influenced by 
the medium properties [7]. In a similar study, But-
son in 2007, studied the variations in the electric 
potential propagation in a simulation model of the 
STN and the DBS lead, incorporating the conduc-
tivity information from Magnetic Resonance Ima-
ging [13]. The results were computed using FEM 
and the volume of tissue activated (VTA) was used 
for measuring the effects of a specific configura-
tion of the stimulation parameters [13].

Liberti presented a different approach for the 
simulation modelling in 2007 [9]. Several 2D mo-
dels were built in order to test the influence of the 
size of the model and the boundary conditions. 
Box models of 5x5, 15x15, 50x50 and 100x100 
mm with the definition of the whole boundary or 
the base side of the box as the ground were de-
veloped [9]. The results show that dimension and 
ground definition of the model influences the elec-
tric potential propagation shape and magnitude 
and the activating function [9]. A more realistic ap-
proach was developed by Grant et al. in 2009 [8]. 
Indeed, four different 3D-spherical models were 
built, including the geometry for the entire head 
with definitions of different structures and tissues 
[8]. Each subdomain of the model was configured 
with the conductivity value associated to a speci-
fic head structure. The DBS lead geometry was 
also included, the electric potential propagation 
was computed using FEM. Isotropic, and aniso-
tropic mediums were considered in the models. 
For three out of the four models the ground defi-
nition was settled on a cylindrical extension of the 

sphere, designated as the reference surface. The 
results show differences between the electric po-
tential computed using FEM due the inclusion of 
different brain structures and head layers as well 
as the ground placement [8].

In 2009, Walckiers presented his doctoral 
thesis with a detailed analysis of all the stages of 
DBS procedure and modelling. The definition of a 
complex geometry that represents the head, neck 
and the top of the chest were the DBS generator 
is implanted was proposed. Several Dirichlet and 
Newmman boundary conditions were defined 
to bring an accurate description of the propaga-
tion problem into the head [11]. The results from 
this study show differences between models with 
boundary conditions that affect the impedance 
of the model. It was concluded that the complete 
closed loop of the DBS excitation should be consi-
dered into monopolar and bipolar simulations [4].

3. MATERIAL AND METHODS

In this section, the methods used in the deve-
lopment of this work are depicted. First, the DBS 
modelling problem is well explained and the laws 
that govern the propagation phenomena inside 
the brain are introduced. A brief introduction to 
the Finite Element Method (FEM) is included in 
this section and the implementation details of the 
models are included as well.

3.1. Deep Brain Stimulation Modeling

From the knowledge of the DBS therapy and 
the procedure for configuring the stimulation pa-
rameters, several models have been proposed in 
the state of the art, as it was presented in section 
2. The fundamentals of the DBS are based on the 
construction of a geometrical representation of 
the brain structures involved or geometrical repre-
sentations of the entire head. Initially the models 
were developed only for smaller geometries that 
could represent the subthalamic nucleus (STN), 
that is the objective structure in DBS [6]. In recent 
years, the inclusion of the different brain tissues 
characteristics and head structures as the scalp 
and the skull has been considered in the model 
building. The inclusion of these additional compo-
nents will give more realistic considerations into 
the propagation problem to be solved [8], [10].
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From the geometric model and the structures 
considered in each model, other assumptions 
related to the conductivity of the tissue and the 
dimensions should be taken account. The equa-
tion that governs the electric phenomena inside 
the geometry is also another parameter that is 
related to the solution of the model. Laplace and 
Poisson equations are the two mathematical mo-
dels derived from the Maxwell equations used in 
DBS modeling. It can be demonstrated from the 
analysis of these equations that with a quasista-
tic approximation, the conductivity values of the 
tissues when the Laplace equation is used is not 
influencing the solution. The mathematic formula-
tion for the Laplace equation is presented in (1).

where σ, is the medium conductivity. Alternatively, 
the Poisson equation allows the definition of con-
ductivity values of each tissue due the function 
term that is included in the mathematical model, 
as (2) shows. 

3.2. Finite Element Method (FEM)

The Finite Element Method FEM is a numeri-
cal method for approximating the solution of di-
fferential equations associated to a problem with 
complexes geometries i.e. DBS modelling [11]. 
FEM allows the computing of the approximate 
solution of a problem over a domain, which is go-
vern by differential equations. The computation 
is performed by first dividing the original domain 
into a high number of subdomains known as fi-
nite elements. Inside each finite element can be 
distinguished a set of representative points called 
nodes [12], [14]. Two nodes are adjacent if they 
are contained by one finite element and one node 
on the boundary of an element can belongs to se-
veral elements. The compilation of nodes with all 
the defined relationships between them is called 
mesh [12]. The FEM method has two basic divi-
sions, the first one uses finite elements to obtain 
the joint displacements and member forces of a 
structural framework or mesh [12]. From the adja-
cency conditions of the mesh, for each node can 
be proposed a set of variables denominated free-
dom degrees. The relationship between the values 
of each variable in the nodes can be expressed as 

a linear system of equations. The number of equa-
tions is proportional to the nodes quantity [12], 
[14]. Then FEM combines several mathematical 
concepts to produce a large system of linear or 
nonlinear equations. Numerical methods should 
be used in order to solve these type of problems 
[12].

Fig. 1. FEM GRAPHIC FORMULATION A) BIDIMENSIONAL DOMAINS OF 
THE FIELD VARIABLE. B) FINITE ELEMENT FORMED OF THREE NODES DE-
FINED IN THE DOMAIN. C) ADDITIONAL ELEMENTS THAT FORM A MESH 

INTO THE DOMAIN

Source: D. Hutton. “Fundamentals of Finite Element Analysis [12].

Fig. 1 shows an example of a 2D domain with 
a field variable,Ø (x,y) that has to be represented 
in each point P(x,y) [12]. The development of an 
algorithm of finite elements could be expressed in 
four stages:
• The problem must be formulated as a variatio-

nal problem.
• The domain of independent variables is di-

vided into finite elements. With all the finite 
elements a vectorial space is built, being the 
solution a lineal combination of elements in 
such vectorial space.

• The variational problem is projected over the 
finite element space. This derive into a finite 
system of equations. The number of unknowns 
is equal to the vectorial space dimension and 
as high is the dimension of the space as accu-
rate will be the numerical approximation.

• Finally the equation system is solved.
Due the number of different subdomains that 

can be defined into the DBS modelling, as well as 
the geometry of the DBS lead and different head 
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structures, FEM has proved to be an effective tool 
for computing the electric potential. 

3.3. Implementation Details

For model building, a spherical geometry is 
selected in order to reproduce a head like model. 
The dimensions of the sphere are a radius of 150 
mm, since it reproduces the average head size 
[15], [16]. The DBS lead geometry is included in 
the models, based in the Medtronic 3387 configu-
ration of electrodes and dimensions. The geom-
etry of the model is presented in Fig. 2. 

The solid blue line observed in Fig. 2 corre-
spond to the geometry of the DBS lead. An addi-
tion to the model geometry presented in Fig 2, is 
the inclusion of a cylinder in the inferior portion 
of the ellipse in order to simulate the neck of a 
human being and to place a different ground con-
dition that emulates the DBS generator. This ad-
ditional feature is presented in Fig. 3. The active 
contact of the electrode is settled at 1V for simula-
tion pruposes.

The definitions of the subdomains inside the 
model, correspond to different brain structures 
and other head components that will bring a major 
realism to the simulation process. From the paper 
presented by Grant in 2009 [8], the definition of 
the subdomains include the tissues and struc-
tures documented in Table 1.

TABLE I 
INCLUDED LAYERS INTO THE MODEL BUILDING FROM SUBDOMAINS 

DEFINED BY GRANT IN [8]

LAYER THICKNESS 
(mm)

CONDUCTIVITY 
(S/m)

Encapsulation tissue 0.1 0.042

Brain tissue 0.27

Cerebroespinal tissue 1.8 1.60

Outer corticall skull 0.8 0.020

Cancellous skull 3.0 0.076

Inner cortical skull 0.8 0.020

Fat 3.1 0.042

Skin 2.4 0.00087

Several model are proposed by the inclusion 
of the different head layers described in Table 
1 for comparison purposes. For each included 

layer, the solution is computed using FEM and 
stored in an xml file. The solution of the model is 
computed using the Laplace formulation follow-
ing Dirichlet boundary conditions for the ground 
and the stimulation potential. When the solution 
is computed using the Poisson equation, the 
source is included as a constant function in the 
region of the active contact of the electrode.

When the mesh of the geometry is generat-
ed, a previous refinement stage before compu-
tation is performed. The selection of the nodes 
to be refined corresponds to the regions that are 
closer to the electrode in which a higher resolu-
tion is needed. The mesh is stored for further 
computation since the general geometry of the 
model does not change.
Fig. 2. SPHERIC GEOMETRY OF THE DBS MODEL AND MESH GENERATED 

FOR THE DOMAIN

Source: authors.

Fig. 3. GEOMETRY OF THE MODEL INCLUDING THE DBS LEAD AND THE 
NECK

Source: authors.
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4. RESULTS

This section presents the results obtained from 
the solution of the proposed geometry when DBS 
is performed using FEM for computing the electric 
potential. Since the results are hard to compare 
visually, a brief description of the potential curves 
is presented first.

Fig. 4. ELECTRIC POTENTIAL PROPAGATION SOLUTION FROM FEM FOR 
THE DBS MODEL USING LAPLACE EQUATION. A) MODEL WITH THE INCLU-
SION OF BRAIN TISSUE AND THE ACTIVE CONTACT OF THE ELECTRODE. 
B) MODELWITH THE INCLUSION OF THE COMPLETE DBS LEAD AND THE 

ENCAPSULATION TISSUE. C) SAME AS MODEL IN B WITH THE INCLUSION 
OF THE BONE LAYERS. D) MODEL WITH ALL THE POSSIBLE HEAD LAYERS

(a)

(b)

(c)

(d)

Source: authors.

The presented Fig. 4 corresponds to the solu-
tion of the DBS model using FEM and the Laplace 
equation, including different structures. Fig 4a 
corresponds to the model with the definition of 
the domain as the cerebrospinal and brain tissue 
with the active contact of the electrode. As can 
be seen, the potential propagation has a uniform 
shape from the center of the electrode to the ex-
terior of the sphere. Fig. 4b, 4c and 4d, show the 
solution for the electric potential of the models 
including the rest of the DBS lead and the encap-
sulation tissue (Fig. 4b), the inner cortical skull, 
cancellous bone and outer cortical skull (Fig. 4c), 
the fat and the skin (Fig. 4d). For the last models, 
it can be seen that the potential propagation has 
a non uniform shape from the definition of the dif-
ferent subdomains with conductivity values. The 
propagation seems to reach further regions of the 
model for the case with no definition of the addi-
tional head simulation layers.

In Fig. 5 some of the results obtained for the 
same models than in Fig. 4 are presented. For this 
solution of the DBS problem, FEM is computed 
using the Poisson equation. Fig. 5a. presents the 
case of the model with only the active contact of 
the electrode. Fig 5.b. presents the complete mod-
el with the definition of the other brain structures 
and head layers.

Fig. 5. ELECTRIC POTENTIAL PROPAGATION SOLUTION FROM FEM FOR 
THE DBS MODEL USING POISSON EQUATION. A) MODEL WITH BRAIN 

TISSUE AND THE ACTIVE CONTAC OF THE ELECTRODE. B) MODEL WITH 
THE INCLUSION OF THE WHOLE SET OF HEAD LAYERS 

(a)

(b)

Source: authors.
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It can be seen from Fig 5 that a similar results 
are obtained compared against the results from 
the Laplace equation. From each potential level 
on the figures presented before, the minimum dis-
tance from the active contact center of the elec-
trode is computed. These minimum distances are 
presented in the following figures for the Laplace 
and Poisson equations.

Fig. 6. MINIMUM DISTANCE FROM THE CENTER OF THE ELECTRODE TO 
EACH ELECTRIC POTENTIAL LEVEL WHEN LAPLACE EQUATION IS SOLVED

Source: authors.

In Fig. 6 can be observed that higher potential 
levels were reached in further regions of the model 
when only the subdomain for the active contact of 
the lead was modelled. For the other three models 
the minimum distances are comparable between 
each other, with an initial potential around 0.9V 
in regions closer than 10mm and a final electric 
potential around 0.05V in regions up to 40mm.

Fig. 7. MINIMUM DISTANCE FROM THE CENTER OF THE ELECTRODE TO 
EACH ELECTRIC POTENTIAL LEVEL WHEN POISSON EQUATION IS SOLVED

Source: authors.

From Fig. 7, the same behavior presented for 
the models when Laplace was used is presented 
for the Poisson equation. In this case the differ-
ence between the models that include more sub-

domains against the model with only the active 
contact of the electrode can be noticed. Although 
a significant difference is observed for further dis-
tances from the electrode, in closer regions the 
potential propagation can be comparable. For a 
detailed analysis, the percentage difference be-
tween the different models is presented in Table 
2. This percentage difference corresponds to the 
computation of the relative percentage error be-
tween two measures of the same quantity.

From the data presented in Table II, it can be 
seen the difference of the potential propagation 
due the inclusion of the properties of the medium in 
the defined subdomains. For the Laplace equation, 
the results from the different models are similar 
since the conductivity has no influence mathema-
tically when the Laplace equation is solved. More 
evident differences are noticed when the Poisson 
equation is solved for the models with the inclusion 
of the conductivity for each subdomain.

5. CONCLUSIONS

Since the results presented in section 3 clearly 
demonstrated the difference in the potential prop-
agation between the models with different tissues 
and structures configuration, it can be concluded 
that a more realistic head model will derive in 
simulations that can be used effectively by the 
neurologist in the DBS parameter configuration. 
The comparative analysis of the potential curves 
shows that the boundary conditions definition and 
subdomains properties plays an important role in 
the simulation and have to be considered when 
DBS modeling is developed, as Fig 6, fig 7 and 
Table II shows.

The results from the Laplace and Poisson equa-
tions were comparable and it can be concluded 
that those mathematical models has a reliable 
application to the DBS problem. The conductivity 
values from the different subdomains have a clear 
influence in the shape of the propagated poten-
tial when both Laplace and Poisson equations are 
used.

Future works could be focused on the inclusion 
of the anisotropic configuration of the brain tis-
sue. Information from Magnetic Resonance Imag-
ing (MRI) could derive in the computation of the 
tensor information that could be included in the 
model.
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TABLE II 
PERCENTAGE DIFFERENCE IN THE DISTANCE OF THE POTENTIAL PROPAGATION FORM THE ELECTRODE TO THE BOUNDARY OF THE MODEL BETWEEN THE 

PROPOSED MODELS

Laplace

Percentage Difference (%)

Distance from Electrode 
(mm) Model 1 – Model 2 Model 1 – Model 3 Model 1 – Model 4 Model 2 – Model 4

10 mm 4.2283 4.2283 4.2283 0.8767

20 mm 2.2867 2.2867 2.2867 0.0001

30 mm 7.9423 7.9423 7.9423 0.0043

40 mm 180538 180538 180538 0.0241

Poisson

Distance from Electrode 
(mm) Model 1 – Model 2 Model 1 – Model 3 Model 1 – Model 4 Model 2 – Model 4

10 mm 15.2546 15.2539 14.6744 0.6846

20 mm 11.7967 11.6978 11.7967 0.0127

30 mm 4.3399 4.3299 3.9846 0.3610

40 mm 5.2333 5.3321 2.7056 0.0254

Source: authors.
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