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Abstract

     The Deep Brain Stimulation (DBS) is an invasive therapy that alleviates the symptoms of 

several neurological disorders by electrically stimulating specific regions of the brain, 

generally within the basal ganglia. Until now Medtronic DBS system is the only approved by 

the Food and Drug Administration, nevertheless European and Australian countries  have 

recently approved St. Jude DBS systems to treat Parkinson’s disease and related movement 

disorders. 

     Traditionally, voltage-controlled stimulation (the type of systems provided by Medtronic) 

has been used and clinicians are familiar with its settings; however the knowledge about 

systems based in current-controlled stimulation (St. Jude systems) is rather scarce. One of the 

key factors for a successful therapy is the optimal selection of the electrical parameters for 

stimulation. Due to the critical zone where the surgery is performed, modeling and 

simulations of DBS systems have been extensively used to observe how the electric field is 

distributed in the brain tissue and ultimately to help the clinicians to select the best 

parameters.

     In this thesis two finite element models of the DBS systems mentioned above have been 

developed; five examinations were designed, based on the physical and electrical differences 

between the systems, to observe and quantitatively compare the electric field distribution.

    The aim of this thesis was to investigate the differences between two representative models 

of each company but moreover to contribute with information regarding current-controlled 

stimulation. 

The results obtained are expected to be useful for further investigations where the 

magnitude and distribution of the electric field generated by this type of electrodes are 

needed.
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INTRODUCTION

Explorations of the human brain functions by means of electricity were initiated in the latest 

years of the 19th century. The first approach is credited to Roberts Bartholow in 1874 [1] who 

availed an ulcerated skull to have easy access to the cortical area to stimulate it applying 

electric current.

In the following years many attempts were performed to study the brain functions and 

eventually to treat neurological diseases; nevertheless mostly all of theses explorations were 

limited to the cerebral cortex and it was until the introduction of human stereotaxy when 

deeper regions of the brain were reached making chronic stimulation possible [2]. 

The Deep Brain Stimulation procedure (DBS1) basically consists of the insertion of a pair 

of electrodes bilaterally (a single electrode in rare cases) in the deep brain region i.e. at the 

level of the basal ganglia. The electrodes, fed by leads connected to a pulse generator 

typically placed under the clavicle, deliver either voltage or current pulses to the tissue around 

them; this electric stimulus has been shown to alleviate the symptoms of several neurological 

disorders. In 1997 the Food and Drug Administration (FDA) approved it as a treatment for 

essential tremor, in 2001 for Parkinson disease, for dystonia in 2003 and for obsessive

compulsive disorders in 2009 [3]. More recently, studies have also shown the effectiveness of 

the DBS for intractable depression, Tourette syndrome, schizophrenia, cluster headache and 

other psychiatric disorders [5].

Nowadays more than 80 000 patients around the world have been benefitted with this 

therapy [12] and despite the large number of successful cases, side effects reports are very 

frequent because the mechanism of action is still unknown.  Literally thousands of articles 

have been published pursuing a better understanding of how individual neurons are affected 

by DBS, how these neural changes produce improvements in the motor symptoms and how 

the effects depend on the location of the stimulation. The main purpose of these intense 

scientific studies is to help the clinicians to select the best parameters in order to avoid or 

control as much as possible the side effects; but also to improve the efficacy and simplify the 

current methods, to establish the frame for developing new applications and technologies [6].

Due to the critical zone where the surgery is performed, modelling and simulation of the 

DBS have been extensively used mainly to investigate and visualize how the electric field is 

distributed in the tissue. The focus on the electric field is because it has been demonstrated its 

                                               
1 DBS is a trademarked term by Medtronic, Inc. (Minneapolis, MN, USA) for the first commercially marketed 
devices introduced in the mid-1970s. [8]
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connection with the neuronal activation [7]. The volume of tissue activated is a crucial factor 

to interpret the clinical outcome and be able to achieve an optimal parameter selection.

At the moment Medtronic Inc. is the leading company producing DBS systems and are the 

only medical devices approved by the FDA, nevertheless St. Jude Medical Inc. has developed 

systems that are now approved by European and Australian countries according to its latest 

news release.2 Other companies developing DBS systems are Boston Scientific and Sapiens.

Aim 

This thesis is intended to observe and quantitatively compare the spatial distribution of the 

electric field generated by two DBS systems: a voltage-controlled electrode (model 3389, 

Medtronic Corporation, Minneapolis, MN, USA) and a current-controlled electrode (model 

6142, St. Jude St Jude Medical, Sylmar, CA, USA). In order to explore the differences a 

computer model for each system was built using COMSOL Multiphysics 4.2 (COMSOL AB, 

Stockholm, Sweden) which solves the governing equations by means of the Finite Element 

Method (FEM). The overall aim of the present study is to contribute with more information 

and data for the current-controlled electrodes since most of the literature relies on studies of 

voltage-controlled stimulation.  

                                               
2 http://www.sjm.com/corporate/media-room/media-kits/patient-conditions-and-therapies/deep-brain-
stimulation-for-parkinsons-disease.aspx
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2. THEORETICAL BACKGROUND

2.1 Deep Brain Stimulation

Deep brain stimulation treats neurological disorders by implanting electric stimulators 

devices; unlike functional electric stimulation and sensory prosthetics, DBS therapies do not 

substitute body functions or replace injured tissues or organs. Instead, DBS modifies brain 

function exciting (promoting neural conduction) or inhibiting (blocking neural conduction) 

the specific area associated to the disorder being treated; with the aim to alleviate the 

symptoms of the specific disorder and improve the general functioning of the patient [8].

     At the beginning, intractable pain was the most common therapeutic application of chronic 

brain stimulation; nevertheless, during the 1950s and 1960s pallidotomy and thalamotomy -

two ablative procedures- were introduced to treat the symptoms caused by movement 

disorders such as Parkinson’s disease [1]. In order to find the region to remove, it was routine 

to stimulate the zone of interest before the definitive ablation; this led to the important

awareness that Deep Brain Stimulation (DBS) could suppress tremor. In the late 1960s 

however, the number of surgeries decreased due to the discovery of the effectiveness of 

levodopa to treat Parkinson’s disease and also because of the complications of the surgery 

itself; from that time to 1980, DBS continued treating chronic pain and other neurological 

disorders such as spasticity, dystonia, epilepsy, dysarthria, chronic pain.

During the 1970s only scarce publications appeared related to DBS to treat tremor and 

movement disorders; in Leningrad for instance, Bechtereva announced promising results to 

treat specific disorders meanwhile, in the United States Brice reported five cases where 

patients with tremor were treated with some success by stimulating regions in the basal 

ganglia [1].

The modern conception of DBS is credited to the neurosurgeon Louis Benabid and his 

team because of their findings published in 1987; Benabid et al. explored the effect of 

different frequencies while stimulating prior to a thalamotomy in patients with tremor. They 

found that at frequencies higher than 100 Hz, the tremor was acutely and reversibly modified 

[10]. Subsequent publications reported remarkable benefits in patients with parkinsonian 

tremor, all treated with chronic Ventral intermediate nucleus (Vim) stimulation. Since that 

time, due to the side effects of levodopa and the complications of the ablative procedures, 

DBS has been considered a highly efficacious treatment especially because of its flexibility in 

target selection, the reversibility of its effect and the device programmability and safety.
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2.1.1 Mechanism and Targets
Up to date Deep Brain Stimulation therapeutic mechanisms are not completely understood; 

since its inception as a treatment for movement disorders, an extensive research has been 

dedicated to understand how the symptoms of these neurological disorders are alleviated. 

Along this time, concomitant approaches have been performed, e.g. electrophysiological 

experiments, biochemical analyses, computer modelling or imaging studies [6]. 

At the beginning it was thought that as the ablative procedures (thalamotomy and 

pallidotomy), the stimulation inhibited the neuronal activity [6]. Subsequent studies however 

have proposed that while the somatic activity is decreased due to a synaptic inhibition, direct 

stimulation of the axons of local projection neurons, increases the output from the stimulated 

nucleus [3]; this leads to replace their intrinsic activity by high frequency activity which is 

time-locked to the stimulus and more regular in pattern. This change induced by the 

stimulation prevents the transmission of pathologic bursting and oscillatory activity in the 

basal ganglia network which in turn improves the sensorimotor processes and reduces the 

motor disorders symptoms. 

It is believed that stimulation of surrounding areas may also contribute to the therapeutic 

effect. This theory however, according to Johnson et al. [6], does not completely explain why 

the latencies differ among motor symptoms and why once the DBS system is turned off, the 

re-emergence of motor symptoms differ among patients.

The conclusion of some authors is that the mechanisms are not as simple as activating or 

inhibiting neuronal activity but a more complex process that involves the entire basal 

gangliathalamocortical network [6].

2.1.2 Surgery

The success of the deep brain stimulation therapy in the treatment of movement disorders 

depends on three factors [11]: a) the appropriate patient selection, b) the accuracy and 

precision while targeting the brain structure to stimulate, and c) the optimal selection of the 

electrical parameters for stimulation. A useful analogy to explain how the DBS procedure is 

performed, considers it like tuning a radio station, once the desired region is reached the 

volume is adjusted.

a) Patient selection: In order to achieve an optimal postoperative outcome an appropriate 

selection of the patient is fundamental. There is not an established guideline to determine if a 

patient is candidate or not to undergo the surgery, however a general consensus considers as 

the first step to assure the diagnosis; an exhaustive revision of neurological history to observe 
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past and present symptoms, the progression of the disease, the response to dopaminergic 

therapy and the presence of atypical symptoms are factors used to confirm the diagnosis [11].

Once the diagnosis is assured, clinicians have to investigate which of the symptoms causes 

more discomfort or disables more the patient to determine if DBS is likely to improve them.

Another aspect to consider is the patient reaction to the medication treatment; DBS is in 

general only used when the drug intake fails in the adequate and consistent alleviation of 

symptoms. On the other hand, the responsiveness to dopaminergic medication, especially to 

levodopa is used to predict how the DBS will impact the motor symptoms; symptoms or signs 

indifferent to levodopa do not react either to DBS [11]. 

     b) The target selection: The target area to treat movement disorders is commonly located 

in the basal ganglia or thalamus; this area ranging from a few millimetres to about 1

centimetre is slightly bigger than the electrode which diameter could be as large as 1.4mm, 

hence the accuracy and precision while positioning the electrode is crucial to achieve an 

optimal clinical outcome and avoid side effects [5]. 

This step resides in the association between the signs and symptoms of the specific 

neurological disorder with the failure or abnormal activity in brain circuits. The importance of 

this step can be derived from Benabid’s words “If you are just a little bit posterior, you are in 

the sensory thalamus and the patient feels a tingling; if you are too lateral you are in the 

pyramidal tract and the patient exhibits contractions of the hand or face” [13].

The structures that are commonly targeted for movement disorders are presented in the 

table 1 [5].

Table 1 Common targets of DBS associated with movement disorders.

Neurological disorder and/or symptoms Target region

Parkinson’s disease: tremor or rigidity

Parkinson’s disease: Tremor alone

Subthalamic nucleus (STN)

Ventral intermediate nucleus (Vim)

Rigidity, L-dopa induced dyskinesia, 

Dystonia
Globus pallidus internus (GPi)

Source: Hemm S, Wårdell K. 2010
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     Additional targets are investigated to treat different disorders, such as: Tourette syndrome, 

epilepsy, cluster headache and schizophrenia [5]. According to Lozano [12], almost all circuits 

in the brain can be accessed and stimulated with the electrodes; up to date there is an 

intensive research to find non-motor neurological or psychiatric disorders for instance: 

depression, bipolar disorder, or Alzheimer’s disease.

c) Electrical parameters and configuration: The configuration refers to the combination of 

the active contacts cathodes (negative) or anodes (positive), of the electrode. In bipolar 

configuration for instance, each contact can be used as a cathode or anode. In the monopolar 

configuration in turn, the active contact is set as cathode and the neurostimulator case is used 

as anode.

The electrical parameters refer to the characteristic of the stimulation, i.e. the amplitude of 

the voltage or current applied, the pulse width and the frequency. Values commonly used are: 

1- 4 V (2- 4 mA in the case of current stimulation), pulse width between 60us and 450us and 

the frequency from 135 to 185 Hz [7].

2.1.3 DBS Electrode Implantation

In general, according to the review by Hemm S and Wårdell K (2010) [5], the implantation of 

the deep brain stimulation electrodes consists in three parts: the preoperative planning, the 

surgical procedure and the postoperative follow- up.

The aim of the first part is to plan the target and the trajectory to reach it in the 

preoperative image of the patient. The golden standard to perform this step is the usage of the 

stereotactic frame which attached to the skull of the patient allows the definition of the 

reference points in the images; these reference points are used to establish the coordinates of 

the target region (the coordinates are calculated with commercially stereotactic software). In 

accordance to the review mentioned above, the image modality preferred to visualize the 

targets is Magnetic Resonance Imaging (MRI); the image can be taken just before the surgery

is performed or a day before; more frequently the MR image is taken some days before the 

surgery and it is used along with the CT (Computed Tomography) image taken the same day 

the surgery is achieved. The technique to target the region to stimulate can be direct, using the 

MR or CT alone; or indirect where the MR image is superimposed to anatomical brain atlases

obtained from dissected brains [5].

The second part is the surgery itself and it can be under general anesthesia or local if the 

feedback from the patient is needed. During the surgery several measurements are performed 

mainly to assure that the correct target is being reached correctly since there is a deviation of 
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the preplanned coordinates due to the trepanation of the skull; these intraoperative 

measurements (impedance measurements or micro- electrode recordings) allow the 

neurosurgeon or neurologist to avoid side disorders if a suboptimal target is reached or 

hemorrhages if the stereotactic probe prods a blood vessel [5].

After the surgery, a CT or MR image to observe if there is any hemorrhage and control the 

final electrode position. This image is merged with the preoperative image in order to identify 

the anatomical regions around the electrodes; this is part of a quality control to observe the 

differences between the planned and the actual position of the electrodes.

The final step is the follow- up of the patient; regular consults are done especially to

customize the parameters of the stimulation.

2.2 Anatomy and Physiology of the Basal Ganglia

The basal ganglia refer to all the nuclei within the deep gray matter of the telencephalon 

which are functionally interconnected; the major nuclei are the putamen, globus pallidus and 

caudate nucleus. Further nuclei associated to the basal ganglia are the substantia nigra and 

the red nucleus in the midbrain and the subthalamic nucleus in the diencephalon (figure 1) 

[14]. The caudate nucleus and the putamen are connected by small bridges of gray matter and 

both together are named corpus striatum or simply striatum.

Fig. 1 A. Mid sagittal view of the major components of the basal ganglia; B. Coronal view of the basal 
ganglia.
Source: A. http://brainmind.com/images/basalgangliadetail.gif
        B. http://www.dana.org/uploadedImages/Images/Spotlight_Images/BW_JanFeb07_basal_ganglia_spot.jpg
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    The connections within the basal ganglia are not completely understood and here only the 

main pathways are mentioned. Furthermore, the focus is in their contribution to the motor 

control and not in learning, habit formation and other psychiatric disorders such as 

schizophrenia. 

    Afferent pathways: The afferent input is received by the striatum from almost all cortical 

areas, particularly the motor areas of the frontal lobe; from the centromedian nucleus of the 

thalamus; from the raphe nuclei, and from the substantia nigra that sends dopaminergic –

dopamine generating- afferent signals to the striatum whose loss provoke Parkinson’s disease. 

     Efferent pathways: The output of the striatum goes to the external and internal regions of 

the globus pallidus and from here, a major part of efferent fibers go to the thalamus which in 

turn sends the output to the cortex closing the loop. 

     The afferent and efferent connections within the basal ganglia are integral parts of complex 

circuits to excite or inhibit the neurons in the motor cortex; the circuits can be characterized 

anatomically depicting how the impulse travels and also biochemically by the 

neurotransmitters and receptors involved in each synapse. Within the cortico-striato-pallido-

thalamo-cortical pathway, (the one described above where the cortex sends the impulses via 

the striatum to the globus pallidus, then to thalamus and back to the cortex) two pathways are 

defined: the direct and the indirect [14]. A diagram showing these pathways is shown in 

figure 2.

     Direct pathway: Runs from the striatum to the internal pallidal segment (this pathway is 

GABAergic, i.e. produces GABA (gamma-Aminobutyric acid) which is the main inhibitory 

neurotransmitter [15]). From the pallidum, the pathway continues to the thalamus whose 

glutamatergic neurons complete the loop back to the cortex.

     Indirect pathway: This pathway uses GABA and enkephalin neurotransmitters; the 

pathway runs from the striatum to the external pallidal segment; from here, an additional 

GABAergic projection goes to the subthalamic nucleus. The subthalamic nucleus in turn, 

sends glutamatergic projection to the internal pallidal section; from here the pathway is 

identical to the direct course.  
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Fig. 2 Direct and indirect pathways within the basal and the cortical area.
Source: http://missinglink.ucsf.edu/lm/ids_104_neurodegenerative/Case2/Case2Images/BGBlum2.jpg

    The overall effect of stimulation on the cerebral cortex is then the result of the stimulation 

of these pathways; excitatory when the direct pathway is stimulated and inhibitory when the 

indirect pathway is. This comes from the combination of excitatory and inhibitory 

neurotransmitters where the dopaminergic projections from the substantia nigra play a 

modulating role.

2.3 DBS hardware:

The first generation of DBS devices used –manufactured by Avery Laboratories 

(Farmingdale, NY)- were radio receiver stimulators activated by an external transmitter taped 

over the chest of the patients; the transmitter was powered by an external battery that patients 

had to wear on their belt. Later on, after the mid-1980s DBS systems evolved from those 

external radiofrequency transmitters to fully implantable neurostimulator units (INS). 

Present day Deep Brain Stimulation systems are composed of external and implantable 

devices. The latter components include: the neurostimulator (also known as implantable 

neurostimulators [INS] or implantable pulse generator [IPG]); the quadripolar DBS lead and 

the extensions. The external device is the programmer (patient’s and clinician’s) used to 

adjust the parameters of the neurostimulators (figure 3).
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Fig. 3 Deep Brain Stimulation hardware (Activa Medtronic System)
Source: http://c431376.r76.cf2.rackcdn.com/10176/fnint-05-00046-HTML/image_m/fnint- 05-00046-g001.jpg

The neurostimulator (generally implanted under the clavicle or alternatively in the 

abdomen) is a titanium unit containing the battery and circuitry to deliver mild electrical 

signals which the extensions will carry to the leads implanted in the brain, and ultimately 

reach the electrodes; the signals are typically constant-voltage or constant-current amplitude 

pulses. 

At the moment three major types of neurostimulators are available worldwide, all produced 

by Medtronic, Inc.: a) Soletra, single channel, primary cell –non rechargeable-; b) Kinetra, 

dual channel, also primary cell; and Activa, dual channel, rechargeable model. Two additional 

types of neurostimulators are now available in Europe and Australia which are manufactured 

by St Jude Medical, Inc: Libra, single channel and Libra XP dual channel; both non 

rechargeable models [16].

The extensions are platinum/iridium insulated wires that transmit the electric impulses to the 

electrodes; placed subcutaneously the extensions go from the neurostimulator in the chest of 

the patient to the lumen of the leads located in the head, passing through shoulder and neck.

The quadripolar leads are straight thin urethane tubes with the four platinum/ iridium 

stimulating electrodes at their distal part; the figure 4 presents the models of the electrode 

provided by each manufacturing company [23].
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Fig. 4 Model of the DBS leads along with an image of the real lead (all dimensions are approximated) [23]
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2.3.1 Stimulating electrodes

In theory there are two types of electrodes: perfectly polarisable and perfectly nonpolarisable;

this classification relies in the behaviour of the electrode when a current passes between it and 

the electrolyte. In perfectly polarisable electrodes there is no actual charge crossing the 

electrode-electrolyte interface when a current is applied (there is a current across the interface 

indeed but it is a displacement current); the electrode for this case behaves as a capacitor. In 

Perfectly nonpolarisable electrodes in turn, the current passes freely through the electrode-

electrolyte interface and there is no need of energy to make the transition [17]. 

In practice the silver/silver chloride electrode approaches to the characteristics of a 

perfectly nonpolarisable electrodes; while those made of noble metals such as platinum  are 

close to behave as perfectly polarisable electrodes.

The electric characteristic of biopotential electrodes can be represented by an equivalent 

electric circuit under idealized conditions, where the electrodes are operated at low potentials 

and currents [18] (figure 5). Electric circuits allow a better understanding of the contribution 

of each electrical part in neurostimulation systems.

Fig. 5 Equivalent electrical circuit (left) and behavior of the impedance as a function of the frequency (right) of a 
biopotential electrode [18].

In this circuit, Rd and Cd represent the impedance of the electrode-electrolyte interface; Ehc

is the half-cell potential and Rs the resistance associated to the interfacial effects and the 

materials of the electrode. Many physical properties of the electrode itself affect its 

impedance. A larger electrode surface area for example, reduces its impedance; polarization, 

surface roughness, and radius of curvature are other aspects that impact the impedance of the 

electrode [19]. 

The stimulating electrodes design is in general the same to that of recording electrodes; 

nevertheless when considering stimulating electrodes it is necessary to include the type of 
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stimulus that is applied.  In clinical practice, charge-balanced, biphasic waveforms are used 

[20]; for this type of stimulating pulses the average current over long periods of time should 

be zero, however during the cycle of the pulse there are moments where the net current across 

the electrode changes its direction, furthermore the magnitude in each direction may be 

different. Hence the effective equivalent electric circuit depends on the stimulus parameters, 

mainly the current and the duration of the pulse [17]. 

    Traditionally, voltage pulses have been used in neural stimulation; however at present it is 

also possible to use current pulses. The difference between these two types of stimulus is 

briefly described below.

    When a constant-voltage pulse is applied (Fig. 6A), the current seen in the electrodes is a 

non constant pulse; when the voltage pulse falls, the current changes its direction (the 

negative part in the graph) to gradually reach its original zero value. This is because of the 

dissipation of the polarization charge that is formed at the interface between the electrode and 

the electrolyte

    On the other hand, if the stimulus is a constant-current pulse (Fig. 6B), the response of the 

electrode is a non constant voltage due to the polarization caused by the reactive component 

of the electrode-electrolyte interface.

Fig. 6 Response of a typical stimulating electrode for A. Constant-voltage stimulus and B. Constant-current 
stimulus [17]

    In the context of brain however, recent studies [20, 22] have shown that former assumptions 

in neurostimulation models which represent the electrode as an ideal voltage or current 

source, and the tissue as a purely conductive medium could lead to a significant error where 

changes as small as 1mm in the spread of activation may have dramatic consequences on 

therapeutic or side effects. More accurate representations for the electrodes used in deep brain 

stimulation have been proposed by Butson and McIntyre [20] and by Yousif et al. [22]; both 
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proposals assume the platinum electrode as a perfectly polarisable electrode where no 

electrons cross the interface allowing modelling it as a single capacitor. Butson and McIntyre 

models consider the electrode and tissue capacitance, and voltage and current stimulating 

pulses; the figure 7 shows the different electric circuits proposed to represent the electrode 

and tissue electric characteristics.

Fig. 7 Equivalent electrical circuits for the neural stimulation proposed by Butson and McIntyre. A.
Neural stimulation system including both types of stimulus, electrode capacitance and tissue resistance 
and capacitance. B. Electrostatic approximation which includes only tissue resistance. C. Voltage-
controlled stimulation where tissue capacitance is ignored. D. Current-controlled stimulation where 
the electrode capacitance is ignored [4].

    Yousif et al. models on the other hand consider only voltage-controlled pulses but add the 

impedance of the interface between the electrode and the tissue (figure 8).

Fig. 8 Electric circuit model proposed by Yousif et al. representing the electrode with a capacitor, the 
peri-electrode space with an RC pair and the brain tissue with another RC pair [22].
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    The peri-electrode space PES proposed by Yousif et al. refers to the electrode-brain 

interface EBI created once the electrodes are implanted in the deep brain region; this interface 

consists in the quadripolar electrode, the peri-electrode space and the surrounding brain tissue. 

The electric characteristics for the peri-electrode space are assumed to change depending on 

the electrodes implantation stage, namely a) acute, immediately after the implantation where 

the PES is filled with extracellular fluid (CSF); and b) chronic, after few weeks of 

implantation where a pathological growth of giant cells conform the PES, mimicked by the 

white matter electrical parameters.

2.5 The Finite Element Method

The finite element method is a numerical technique used in physical problems where it is not 

possible to obtain an analytical solution; it gives approximate solutions to general partial 

differential equations. Physical problems like the distribution of the electric field in a 

conductive media can be depicted by this type of equations over a defined region. This 

numerical method basically consists in the partition of that region or geometry into smaller 

regions with more simple shapes. 

The shapes commonly used to mesh the geometry are triangles, squares, tetrahedrons or 

cubes; at the vertex of each element there are nodal points, the solution to the problem is 

found when all the variables at each node are calculated. In order to perform these 

calculations basis or shape functions are used, which normally are linear, quadratic or cubic 

polynomial. The functions are defined in accordance with the shape of the type of the mesh 

element and with the physics to be solved.

The mesh density plays an important role in the solution of the problem; it can be 

compared to the sampling rate in signal processing thus as denser the mesh the more accurate 

the approximated solution will be.

2.5.1 The governing equations 

Electromagnetic behaviour is governed by Maxwell’s equations and the constitutive relations 

[24]; the variables of interest in neurostimulation are mainly: the electric field intensity 

(E),the electric flux density (D), the current  (surface) density (J),the electric permittivity (), 

and the electric conductivity ().

The electric conductivity, : indicates the material’s ability to conduct electric current; in 

the electrolytes the electrical conduction is not achieved by electrons and holes but by the ions 

of the medium. Moreover in biological tissue the resistivity (the reciprocal to conductivity) is 
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determined by the ion channels which are ion selective. The ionic concentration modifies 

drastically the value of the material’s conductivity. Table 2 presents the conductivity values 

for the media involved in DBS. The constitutive relation for the conductivity can be defined 

by the ratio of the current density, J (Am-2) to the electric field, E (Vm-1) as shown in 

equation 1:   

Table 2 Electrical conductivity for different brain tissues at a frequency of 100 Hz and for the 
electrode contact.

Medium or material Electrical conductivity,        (Sm-1)

Cerebrospinal fluid (CSF)1 1.7

Homogeneous grey matter2 0.25

Homogeneous white matter3 0.125

Platinum/ iridium contact4 5x106

Sources:1Rabat, 1990; 2Geddes and Baker, 1967; 3http://niremf.ifac.cnr.it/docs/DIELECTRIC/Report.html
4www.eddy-current.com/condres.htm

The relative permittivity, : In technical terms the relative permittivity is the ratio of the 

amount of electrical energy stored in a material due to an applied voltage, it can be thought as 

the ratio of the capacitance of a capacitor using that material as the dielectric ; in other words 

it is a measure of the degree of polarization within the medium due to the electric field and the 

consequent reduction of it in the medium. The relative permittivity is a dimensionless number 

that is generally complex, and is denoted as:

Where () is the complex frequency-dependent absolute permittivity of the material and 

O is the vacuum permittivity.

The permittivity plays an important role and as the electric conductivity is a frequency 

dependent quantity; the values of the relative permittivity for the brain tissue involved in DBS 

and the permittivity of the electrode contact are shown in Table 3.
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Table 3. Relative permittivity for different brain tissues at low frequencies and for the electrode 
contact.

Medium or material Relative permittivity, r       (Sm-1)

CSF1 109

Grey matter1 3.9x106

Homogeneous white matter1 1.6x106

Platinum/ iridium contact2 1

Sources:1 http://niremf.ifac.cnr.it/tissprop/htmlclie/htmlclie.htm; 2Krol et al. 2006

The distribution of the electric field around the electrodes is calculated using the equation 

of continuity for steady currents:

    Where  is the divergence,   the gradient and V (V) the electric potential; the rest of the 

variables have been defined above. In homogeneous and isotropic electrical conductivity 

equation 3 is reduced to Laplace’s equation:

2.5.2 COMSOL Multiphysics
COMSOL Multiphysics is a finite element analysis, solver and simulation software; it was 

started and developed by graduate students at the Royal Institute of Technology (KTH) in 

Stockholm Sweden; the software is used for different physics and engineering applications, 

especially coupled phenomena. Within the application-specific modules available are for 

instance, heat transfer, acoustics or the AC/DC module which simulates electrical components 

and devices that depend on electrostatics, magnetostatics, and electromagnetic quasi-static 

applications. 

The equations used by COMSOL depend on the physics mode selected and in the type of 

study performed. The steps to model and simulate a physical problem start with the selection 

of the environment or work space, in the version 4.2 this is achieved as follows: 1) Module
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and model dimension selection, for the latter the options are for instance 2D axisymmetric and 

3D models; 2) Physics selection, within the module selected several physics mode are 

available such as Electrostatics, Magnetic fields, Electrical circuit, etc. 3) Study selection e.g. 

stationary, time dependent or frequency dependent.

Once the workspace is set, the immediate step is to draw the model using predefined forms 

in the software, this is define the geometry of the model; then the materials that conform the 

object drawn, are specified and assigned. Based on the specific problem the boundary 

conditions (BC) are defined and finally a mesh is applied and if desired the solver can be 

customized to either modify the solving process or to present specific results. Once the model 

has been meshed it is possible to run the simulation.
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3. Comparative Investigations of Medtronic and St. Jude 
Electrodes

Axisymmetric two dimensional models for Medtronic electrode model 3389 and for St. Jude 

electrode model 6142 were developed using COMSOL Multiphysics 4.2 (COMSOL AB, 

Stockholm, Sweden) in a 64- bit Windows 7 computer (3.6 GHz Intel Xeon, 12 GB RAM). 

Five examinations were designed to observe and quantify the impact of each difference 

between the electrodes, namely:

 The influence of the larger cathode at the tip of the lead (C0)

 The impact of the width

 Electric field distribution for each contact.

 The influence of the electrode-tissue impedance.

 The influence of the electrode-tissue interface at different stages post- implantation.

The procedure prior to run the simulations consisted basically in three steps: 1) draw the 

model which represents the geometry of the electrodes, 2) set the boundary and domain 

conditions according to the specific examination characteristics; and 3) apply the proper mesh 

to the model. 

The geometry was the same for all the investigations and the boundary and domain 

conditions were set in accordance with the specific examination; the mesh was set to extra

fine for all the examinations because coarser meshes were not able to solve the time 

dependent studies.

The investigations performed in time dependent mode were designed according to previous 

theoretical analyses of neuronal stimulation namely the impact of the impedance of the active 

contact and the influence of the biophysical properties of the electrode-tissue interface at 

different stages after the electrodes implantation.

In all the experiments the norm of the electric field was observed with colour coded 

surfaces and isocontours; the magnitude was evaluated at different points, specifically 19

points placed parallel to the lead as shown in figure 15.
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Geometry and model setup 
In monopolar stimulations the reference electrode that closes the electric loop is the implanted 

pulse generator. Thus, the distance from the stimulating electrode to the reference electrode 

correspond to the dimensions of the IPG (60 mm x 56 mm); the size of the IPG may vary 

depending on the model, here values close to those specified for Medtronic neurostimulators

are considered. The figure 9 shows the two dimensional model for DBS; the box represents 

then the brain tissue which is the conductive medium between the stimulating electrode and 

the ground in the pulse generator.

The electrodes were modelled upon the technical data provided by Medtronic and St. Jude; 

both models consist in a cylinder of 46 mm in length with four distal contacts separated by 0.5

mm. The width for Medtronic’s electrode is 1.27 mm while St. Jude’s is 1.4 mm, i.e. 0.13 mm 

thicker. The contact distribution differs only at the tip of the lead where St. Jude’s electrode 

has a 3 mm contact that covers the tip of the lead.  A zoom in of the geometry of the 

electrodes is shown in the figure 10; the vertical line at r = 0 is the symmetrical axis.

Fig. 9 Geometry of the 2D axisymmetric model for DBS.
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Fig. 10 Closer view of the electrodes geometry

Domain and boundary conditions
The physics mode used was electric current within the AC/DC module. The box was selected 

as the conductive medium hence the domain to be studied; which is supposed to have at least 

two basic parameters, namely: electric conductivity () and relative permittivity (). The 

tissue was considered as a homogeneous and isotropic medium, hence the box domain 

conditions were set with an electrical conductivity and relative permittivity similar to that of 

the grey matter i.e. = 0.25 S/m and = 3x106 S/m respectively (see tables 2 and 3). The figure 

11 shows the original domain and boundary settings for each model.

Fig. 11 Boundary and domain basic settings for A)Medtronic 3389 model and B) St. Jude.
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The boundary conditions for the lead were set in accordance with the monopolar 

configuration which considers one of the contacts as the cathode, i.e. the electric potential or 

electric current is only applied to one of the four contacts; and the outer boundaries as the 

anode, hence three of the boundaries of the box were set to ground pretending indeed to 

represent the ground in the impulse generator located in the chest of the patient. The fourth 

boundary of the box along with the largest boundary of the electrode, were automatically set 

to axial symmetry by COMSOL when a 2D axisymmetric model is chosen. The non active 

contacts were set to floating potential (FP) this assumption arose from the absence of the 

specification regarding these settings from the manufacturing companies; and the spaces 

between the contacts were set as electric insulation (EI). The figure 12 presents the electrodes 

amplified for a better appreciation of the boundary settings. The label for each boundary is 

specified in the domain for sake of clarity but is only the line which is set; the domain is 

inactive (the only domain active corresponds to the tissue).

Fig. 12 Boundary settings for both electrodes where V and I corresponds to voltage and current 
respectively; EI stands for electric insulation and FP for floating potential.

The final step was to apply a proper mesh dependent on the complexity of the model and its 

parameters; the mesh applied was physics controlled and the density set to extra fine. In the 

figure 13) it is possible to observe that close to the lead’s boundary the mesh is denser and 

coarser at farther regions.
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Fig. 13 Physics controlled Extra fine mesh applied to the models
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3.1 The influence of the larger contact at the tip of the lead (C0)

One of the major differences between Medtronic and St. Jude models is the contact C0. This 

examination was designed to observe how this contact even if it is turned off, influences the 

magnitude and distribution of the electric field. 

The boundaries were modified in order to have identical boundary settings, thus the 

examination consisted in the comparison of the following scenarios:

 Original boundary conditions for both electrodes.

 Medtronic original BC and St. Jude tip BC modified (set to electric insulation).

 Medtronic tip BC modified (set to floating potential) and St. Jude original BC. 

Fig. 14 Boundary conditions settings to observe the influence of the larger tip at the tip of St.Jude’s electrode. A. 
Original boundary conditions, B. St. Jude’s tip boundary condition modified and C. Medtronic’s model tip 
boundary modified.
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The examination was performed as follows: contact C3 was set to voltage (three 

amplitudes were investigated: 1 V, 2 V and 3 V) for the three scenarios (a, b and c); then the 

contact C3 was set to current (200 uA, 1 mA and 3 mA) also for all the scenarios. The electric 

field distribution was plotted and the magnitude evaluated at 0.5 mm from the shaft.

Finally, in order to observe the influence of contact C3 the absolute difference between the 

results for scenario A against the results for scenario B was calculated. In the same way the 

results for the scenario A vs. the results of scenario C were compared.

3.2 The Impact of the Electrode Width

For this examination contact C3 was set as the active element and it was chosen arbitrarily; 

first both electrodes were submitted to voltage-controlled impulse and then the current-

controlled impulse was applied in order isolate the response only to the width of the electrode.   

With the same purpose it was necessary to modify the boundary condition at the tip of the 

lead as in the previous examination. For this investigation the scenario B described in the 

section 3.1 was used; this is, the impact of the width of the electrode was investigated by 

comparing the electric field generated by Medtronic 3389 with its original BC against the 

electric field generated by St. Jude 6142 electrode with its tip BC modified to electric 

insulation instead of floating potential as in its original state.

Different magnitudes of voltage and electric current were applied based on previous 

studies [21] and also on the technical data provided by Medtronic Inc. [23]. The voltage 

applied was 1 V, 2 V and 3 V; and the current 200 uA, 1 mA and 3 mA. The amplitude was 

constant to assure no influence from the reactive components of the tissue such as the relative 

permittivity of the brain tissue. The first objective was to observe the electric field distribution 

and then quantify it; in order to obtain the electric field magnitude, several evaluation points 

were placed in parallel in front of the electrode as shown in the figure 15.

In a similar way, the electric field distribution was plotted and the magnitude evaluated at 

0.5 mm from the shaft.

3.2.1 The Electric Field Magnitude at Different Distances from the Electrode

It was hypothesized that the electric field generated by electrodes of different widths is more 

affected close to the electrode than far from it. In order to confirm or reject this hypothesis the 

electric field was evaluated at different distances from the electrode shaft; the electric field 

magnitude was evaluated every 0.5 mm from the electrode up to 7.5 mm; the figure 14 shows 

a representative schematic of the evaluation points’ placement. The distances were selected 

considering previous studies [24, 25] which suggest a volume of influence of 2 to 5 mm of 
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radius from the electrode contact, under standard DBS settings. As in the previous 

examination, the scenario B (described in section 3.1) was used.

Fig. 15 Placement of the points to evaluate the electric field magnitude at different distances from the 
electrode.

3.3 Electric Field Distribution for each Contact

The intention of this examination was to observe how the location of the active contact affects 

the electric field distribution in the brain tissue; as in the previous investigation, both 

electrodes were submitted to the same type of stimulus, for this case however only two values 

were investigated: 3 V and 3 mA . The electric field profile was obtained and its magnitude 

evaluated at the points p1 to p19 located at 0.5 mm in front of the lead. The boundary 

conditions were not modified, this is the original boundary conditions (scenario A section 3.1) 

were conserved. 

3.4 The Influence of the Electrode-tissue Impedance

The main goal of this examination is to observe how the impedance between the electrode and

the tissue modifies the behaviour of the electrode; this examination pretends to confirm or at 



                                                                                                          Comparative Investigations                                                                                                   

33

least compare the results to those obtained experimentally by Lempka et al. [21]. In theory, 

the voltage distribution is not affected by the impedance of the electrode-tissue interface when 

current-controlled stimulation is used; in turn, the voltage distribution is highly dependent for 

voltage-controlled stimulation. 

In order to perform this examination, a time dependent study had to be used since the 

effect of the impedance is null for steady input. The input selected was a squared pulse with 

constant amplitude of 3 V or 3 mA at three commonly used pulse widths: 60, 90 and 120. The 

figure 16 shows the function which is multiplied by the desired amplitude in the boundary 

settings.

Fig. 16 Function used for the stimulus applied to the electrode contact; squared pulse of 90 us.

Regarding the impedance COMSOL multiphysics within its specific-application module 

AC/DC has two options to assign impedance to the boundary: contact impedance and 

distributed impedance. Nevertheless none of these options satisfied the requirements of the 

test. The contact impedance option only sets the impedance but it does not allow including the 

stimulus; on the other hand, the distributed impedance considers the characteristics of the 

impedance i.e. capacitance and resistance; and also a reference voltage. This works fine for 

voltage-controlled stimulation but there is no possibility to simultaneously set a current 

source.

In order to solve this problem the boundary was set to terminal (T in the Fig. 17) which 

considers the option to use an external circuit. This external circuit was built within the 

electric circuit physics mode included in the AC/DC module. The model assumes that the 

electrode is perfectly polarisable since it is a platinum contact. Both physics modes are 

coupled with the external device. For Medtronic’s electrode Fig. 17A shows the circuit 
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composed by a variable voltage source; Fig. 17B in turn, shows the circuit to model St. Jude’s 

electrode with a variable current source.

Fig. 17 Illustration of the electrical circuit used to model the impedance of the electrode; A. a voltage source in 
series with a capacitor for Medtronic’s and B. a current source to model St. Jude’s DBS.

3.5 The Influence of the Electrode-tissue Interface at Different 
Stages Post- implantation.

    As it was stated in the theoretical background the interface between the electrode and the 

tissue influences the induced electric field in a frequency dependent manner; thus it was 

considered relevant to observe the electric field profile for the different types of stimulation, 

i.e. current and voltage. The experiment compares the amplitude and the waveform of the 

electric field distribution for three cases: an original state where no interface is considered; an 

acute stage to imitate the conditions right after the implantation of the electrodes; and a 

chronic stage for the long term conditions.

The geometry of the model was modified by adding a 0.25 mm wide space around the 

electrode to represent the interface between the electrode and the tissue, as shown in figure 

18. This peri-electrode space (PES) is altered according to the stage of the implantation by 

changing its electric conductivity and relative permittivity; the geometry and the parameters 

for this simulation are based on the studies performed by Yousif et al. [22]

The input at the active element was a pulse of 3 mA for St. Jude electrode and 3 V for 

Medtronic 3389. The examination was performed at three different widths: 60s, 90 s and 
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120 s. This was achieved exactly with the same circuit described in figure 17 of the previous 

section. 

Fig. 18 Modification made in the DBS model to include the peri-electrode space.

The electric field distribution generated at each stage was plotted and its magnitude 

evaluated at the same points than in the previous examinations.

The table X presents the values for the electrical conductivity and relative permittivity used 

to model the peri- electrode at each stage.
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Table 4 Electrical parameters used to model the peri-electrode space based on the assumptions by Yousif et al. 
[22]

Original Acute Chronic

Electrical conductivity (S/m) 0.25 1.7 0.125

Relative permittivity 3.9x106 109 1.6x106

Note: The table 4 presents the values used to model the peri- electrode space based on the 
equivalences considered by Yousif et al. [22] where the acute stage is represented by the CSF 
and the chronic stage by the electrical parameters of the white matter; nevertheless the actual 
values proposed by Yousif differ from the ones used in this examination.
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4. RESULTS

4.1 The Influence of the Larger Contact at the Tip of the Lead (C0)

The following figures illustrate the effect that cathode C0 has in the electric field distribution. 

The figure 19 presents the electric field obtained for the electrodes with their original 

boundaries, i.e. scenario A described in section 3.1. Both electrodes were submitted to current 

and voltage controlled stimulation, however here only the results for voltage-controlled 

stimulus are shown.

Fig. 19 Electric field distribution obtained for a constant voltage stimulus; A Medtronic 3389 and B. St. Jude 
6142. Both set to their original boundary conditions..

The figures in the next page show the results for scenarios B and C. The figure 20A

corresponds to the original settings for Medtronic 3389, in turn BII shows the result for St. 

Jude 6142 electrode modified by setting the tip to electric insulation instead of floating 

potential. In a similar way, the figure 21A presents the electric field generated by Medtronic 

3389 after being modified by setting the tip as floating potential instead of electric insulation.
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Fig. 20 Electric field distribution obtained for a constant voltage stimulus by: A. Medtronic 3389 set to the 
original boundary conditions; and B by St. Jude 6142 with the tip boundary condition modified.

Fig. 21 Electric field distribution obtained for a constant voltage stimulus by: A Medtronic 3389 with the tip 
boundary condition modified; and B by St. Jude 6142 set to the original boundary conditions.
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    In order to quantify the impact of the presence or absence of contact C0 as a floating 

potential, the electric field magnitude was evaluated at 0.5 mm from the shaft. To observe the 

difference between the scenarios investigated, the values obtained for Medtronic 3389 were 

subtracted from those obtained for St. Jude 6142. The tables 5, 6 and 7 contain the

representative data (the minimum and maximum difference) for the comparison of both 

electrodes at each scenario. The plot of the magnitude -obtained at the evaluation points p1 to 

p19- is shown in the left side of figures 22 to 24; the right side corresponds to the difference 

between the responses of the two electrodes.

Fig. 22 Electric field magnitude for Medtronic 3389 and St. Jude 6142 electrodes with the original 
boundary conditions. A. Comparison between both electrodes response evaluated at the points p1 to p19, B. 
Difference calculated by subtracting Medtronic 3389 from St. Jude response.

Table 5 Electric field magnitude at the points where the maximum (p16) and minimum (p2) difference between 
Medtronic3389 and St. Jude response has been obtained.

Evaluation points
Electric field  (V/m)

Medtronic 3389 @ 3 V St. Jude 6142 @ 3 V Difference (%)
P2
p16

1404.87 1404.87 0
51.82 106.1 51.14

From the figure 22B it is possible to observe a negative difference at the points p7 to p13; it 

is also noticeable that the maximum difference is indeed in front of the contact C0. The 

representative data shown in table 4 confirm the location of the maximum difference. 
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Furthermore, despite of the smooth trace in figure 22A the difference trend is rather erratic 

with no obvious trend.

Fig. 23 A. Comparison between both electrodes electric field magnitude evaluated at the points p1 to p19. B.
Difference calculated by subtracting Medtronic 3389 from St. Jude response
(Medtronic 3389 electrode set to its original boundary conditions and St. Jude 6142 electrode with the boundary 
condition at the tip modified, scenario B described in section 3.1).

Table 6 Electric field magnitude at the points where the maximum (p1) and minimum (p7) difference between 
Medtronic3389 and St. Jude response has been obtained.

Evaluation points
Electric field  (V/m)

Medtronic 3389 @ 3 V St. Jude 6142 @ 3 V Difference (%)
P7
p1

88.4 88.6 0.21
503 663.8 24.22

For the case where both electrodes have exactly the same boundary conditions by setting 

St. Jude’s contact C0 to electric insulation, the trend of the difference between two responses 

is more stable as shown in Fig. 22B.  The maximum difference (24.22 %) is notoriously 

smaller than the one obtained for the original scenario (~51 %). 
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Fig. 24 A. Comparison between both electrodes electric field magnitude evaluated at the points p1 to p19. B.
Difference calculated by subtracting Medtronic 3389 from St. Jude response
(Medtronic 3389 electrode with the modified boundary condition at the tip and St. Jude 6142 electrode set to its 
original boundary conditions, scenario C described in section 3.1).

Table 7 Electric field magnitude at the points where the maximum (p1) and minimum (p4) difference between 
Medtronic3389 and St. Jude response has been obtained.

Evaluation points
Electric field  (V/m)

Medtronic 3389 @ 3 V St. Jude 6142 @ 3 V Difference (%)
P4
p1

1455.82 1458.13 0.16
505.74 652.41 22.5

.

The last comparison corresponds to the scenario C where identical boundary conditions 

have been set by modifying the tip of Medtronic 3389 electrode to floating potential. For this 

case the maximum difference is also around 22 % and found at the same evaluation point; 

however the minimum difference was obtained at point p4 which is closer to the active 

element than p7. 
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4.2 The Impact of the Electrode Width

The impact of the width of the electrode was examined at different voltages and current 

amplitudes (see section 3.2); it was found that the profile of the electric field does not exhibit 

a noticeable difference due to the amplitude of the input signal, in the figures below the 

electric field distribution is shown for the maximum values used, that is 3 V and 3 mA 

constant signal. The scenario B (described in section 3.1) has been chosen to show the impact 

of the thickness of the electrode.

Fig. 25 Distribution of the electric field obtained for a constant voltage stimulus of 3 V in the active contact. The 
boundary condition of St. Jude’s lead tip has been set to electric insulation in order to have identical conditions 
for both electrodes.
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Fig. 26 Distribution of the electric field obtained for a constant current stimulus of 3 mA in the active contact.
The boundary condition of St. Jude’s lead tip has been set to electric insulation in order to have identical 
conditions for both electrodes.

Fig. 27 Electric field magnitude evaluated at 0.5 mm from the shaft of the electrode for A. Voltage-controlled
stimulation and B. Current-controlled stimulation. C. Difference of each electrode response (St. Jude 6142 minus
Medtronic 3389) for both types of stimulation.
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The impact of the diameter of the electrode can be evaluated by the magnitude of the 

electric field generated, as shown in figure 27A and 27B. The tables below contain the values 

at the points where minimum and maximum differences were found.

Table 8 Minimum and maximum magnitude of the electric field for a voltage-controlled stimulation evaluated 
at 0.5 mm from the electrode shaft. And the absolute difference between them.

Evaluation points
Electric field  (V/m)

Medtronic 3389 @ 3 V St. Jude 6142 @ 3 V Difference (%)
P7
p1

88.4 88.6 0.21
503 663.8 24.22

Table 9 Minimum and maximum magnitude of the electric field for a current-controlled stimulation evaluated 
at 0.5 mm from the electrode shaft. And the absolute difference between them.

Evaluation points
Electric field  (V/m)

Medtronic 3389 @ 3 mA St. Jude 6142 @ 3 mA Difference (%)
p19
p1

11.8 11.7 0.6
211.9 264.6 19.9

4.2.1 The Electric Field Magnitude at Different Distances from the Electrode

The hypothesis regarding the impact of the width of the electrode at different distances from 

the electrode was confirmed; it was found that the difference in the magnitude of the electric 

field generated by each electrode is smaller at farther distances. Both electrodes, as explained 

in section 3.1.1 were submitted to the same type stimulus. Fig. 28 and 29 show representative 

results of the electric field evaluated at 3 different distances: 0.25, 3.5 and 5.5 mm.
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Fig. 28 Electric field magnitude obtained for a voltage-controlled stimulation. Evaluation at A. 0.25 
mm, B. 1.5 mm and C. 5.5 mm from the electrode shaft.

Fig. 29 Electric field magnitude obtained for a current-controlled stimulation. Evaluated at A. 0.25 
mm, B. 1.5 mm and C. 5.5 mm from the electrode shaft.

In order to observe the difference between the electrodes, the magnitude of the electric 

field generated by Medtronic 3389 electrode was subtracted from the one obtained for St. Jude 

6142 model. Fig. 29 shows this difference at the three representative distances.
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Fig. 30 Difference between the electric field obtained for each electrode (St. Jude minus Medtronic) at different 
distances from the electrode: A. 0.25 mm, B. 3.5 mm and C. 5.5 mm.

The figure above shows the magnitude of the electric field in response to both type of 

stimulus along the whole lead; it can be noticed that St. Jude electrode generates a lower 

electric field in the points p7 to p13, this is, in front of the inactive contacts C2 and C1, hence 

the negative values at these points.

Except at very close distances such as 0.25 mm the general behavior for the voltage and 

current controlled stimulation is depicted by parallel lines along the shaft which get smoother 

at farther distances from the electrode; the maximum difference between the electrodes was 

obtained distal from the active contact, i.e. close to the tip of the electrode. Table 4 shows the 

maximum and minimum values (and their location showed in parenthesis) taking the absolute 

values of the difference.

Table 10  Maximum and minimum values of the absolute difference between the electric field 
generated by each electrode evaluated at different distances from the shaft.

Distance from 
the electrode 

(mm)

Absolute difference (%)
Voltage-controlled stimulation Current-controlled stimulation
minimum maximum minimum maximum

0.25 1.36   (p9) 25.5  (p1) 0.56   (p19) 21.4    (p1)
3.5 2.58   (p3) 7.26  (p1) 0.47   (p19) 2.85    (p3)
5.5 3.22   (p2) 5.21  (p1) 0.67   (p1) 2.17    (p2)
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4.3 Electric Field Distribution for each Contact

The figures 31 to 36 show the comparison of the electric field distribution obtained for both 

electrodes when submitted to the same type of stimulus, i.e. the active element of Medtronic 

3389 and St. Jude 6142 model is set either to 3 V or 3 mA. 

Fig. 31 Electric field distribution obtained for a voltage-controlled stimulation applied in contact C2.

Fig. 32 Electric field distribution obtained for a current-controlled stimulation applied in contact C2.
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Fig. 33 Electric field distribution obtained for a voltage-controlled stimulation applied in contact C1

Fig. 34 Electric field distribution obtained for a current-controlled stimulation applied in contact C1
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Fig. 35 Electric field distribution obtained for a voltage-controlled stimulation applied in contact C0

Fig. 36 Electric field distribution obtained for a current-controlled stimulation applied in contact C0
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In order to quantify the impact of the cathode distribution, the magnitude of the electric 

field was obtained at 0.5 mm from the shaft. In the figure 36 the curves depict the magnitude 

of the electric field along the evaluation points for different active contacts.

Fig. 37 Electric field magnitude generated by voltage-controlled stimulation applied with different contacts.

Fig. 38 Electric field magnitude generated by current-controlled stimulation applied with different contacts
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4.4 The Influence of the Electrode-tissue Impedance

The influence of the impedance was notorious for Medtronic model; in the figure 38 the 

electric field distribution is shown for both cases: A. Original model and B. Including the 

impedance of the contact (see model of figure 17)

Fig. 39 Distribution of the electric field generated by Medtronic 3389 electrode with a squared pulse of 3V and 
90 s stimulus. A. Impedance not considered in the model, B. Impedance included in the model.

For the time dependent investigations it is important to observe the behavior of the 

waveform described by the electric field; the figure 40 A shows the curve of the electric field 

observed in a single point for different lengths of pulses applied.

The electric field magnitude was evaluated at the nineteen points in front of the lead during 

the 90 s of the input pulse (using 100 values thus obtaining the electric field approximately 

every 9 s); in order to quantitatively compare the influence of the impedance, the difference 

of the electric field magnitude for each case (including or not, the impedance in the model) 

was obtained at 81 s. This difference is shown in figure 40 B.
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Fig. 40 A. Electric field waveform seen in point p3 for different lengths of the input voltage pulse (Medtronic 
3389 model); dotted curves correspond to the original model where the impedance of the contact is disregarded, 
and continuous curves to the model that includes it. B Comparison of the electric field magnitude evaluated at 
0.5 mm from the electrode at 81 s (for a 90 s input pulse).

The impact of the impedance is clearly observed in the magnitude of the electric field 

obtained regardless of the duration of the length of the pulse applied; the waveform of the 

electric field shown in figure 40 A corresponds to the evaluation at p3, nevertheless the same 

behavior was obtained at the rest of the points. 

Table 11 Comparison of the electric field obtained for the simulations with the original model against the model 
that includes the contact impedance (voltage-controlled stimulation).

Electric Field (V/m)

No Impedance Impedance Difference (%)

1563.11 1363.73 13.3
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Fig. 41 Distribution of the electric field obtained for St. Jude 6142 electrode with a squared pulse of 3 mA and 90
s stimulus, A. Impedance not considered in the model, B. Impedance included in the model.

Fig. 42 A. Electric field waveform seen in point p3 for a current-controlled stimulation (St. Jude 6142 model); 
dotted curves correspond to the original model where the impedance of the contact is disregarded, and 
continuous curves to the model that includes it. B Comparison of the electric field magnitude evaluated at 0.5
mm from the electrode.
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The distribution of the electric field for a current-controlled stimulation does not exhibit a 

considerable difference including or not the impedance of the contact; the plot of the 

waveform does not present either a noticeable change.

Table 12 Comparison of the electric field obtained for the simulations with the original model against the model 
that includes the contact impedance (current-controlled stimulation).

Electric Field (V/m)

No Impedance Impedance Difference (%)

285.85 285.85 0

4.5 The Influence of the Electrode- tissue Interface at Different 
Stages Post- implantation

The figure 43 shows the comparison of the electric field distribution for each electrode at 

each stage. For this examination, the active contact was set to the original type of stimulation, 

namely 3V for Medtronic 3389 (figure 43) and 3 mA for St. Jude 6142 (figure 45); both with a 

pulse width of 90 s.

Fig. 43 Electric field distribution obtained for Medtronic 3389 model at different stages post-implantation; A.
Original stage, B. Acute stage and C. Chronic stage
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Fig. 44 A. Electric field waveform seen in point p3 for Medtronic 3389 model at different stages post-
implantation; B Comparison of the electric field magnitude evaluated at 0.5 mm from the electrode.

The tables 13 and 14 show the values obtained for the electric field magnitude at different 

stages. The maximum difference was obtained at different points for each comparison, this is: 

for the comparison between the acute vs. the original stage the maximum difference was 

obtained in the evaluation point p8 while for the comparison between the chronic against the 

original stage the maximum difference was found at the evaluation point p11.

Table 13 Comparison of the electric field between the acute and original stages at the point where the maximum 
difference was obtained (voltage-controlled stimulation; Medtronic 3389 model).

Electric Field (V/m)
Original Acute Difference (%)

75.02 160.6 114.1

Table 14 Comparison of the electric field between the chronic and original stages at the point where the 
maximum difference was obtained (voltage-controlled stimulation; Medtronic 3389 model).

Electric Field (V/m)
Original Chronic Difference (%)

128.7 69.8 45.7

Note: Both tables present the absolute difference hence the negative values are 

disregarded; the comparison was obtained by subtracting the value of the original stage from 
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the acute or chronic stage, thus the difference between the chronic and original stage is 

negative.

Fig. 45 Electric field distribution obtained for St. Jude 6142 model at different stages post-implantation; A.
Original stage, B. Acute stage and C. Chronic stage

Fig. 46 A. Electric field waveform seen in point p3 for St. Jude 6142 model at different stages post-
implantation; B Comparison of the electric field magnitude evaluated at 0.5 mm from the electrode.

For the case of St. Jude electrode the same criterion was taken; table 15 contains the values 

obtained at the evaluation point p7 which presented the maximum difference between the 
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acute and original stages. In the same way, table 16 contains the values at the evaluation point 

p9 where the maximum difference between the chronic and original stages was found.

Table 15 Comparison of the electric field between the chronic and original stages at the point where the 
maximum difference was obtained (current-controlled stimulation; St. Jude 6142 model).

Electric Field (V/m)
Original Acute Difference (%)

16.9 23.9 41.6

Table 16 Comparison of the electric field between the chronic and original stages at the point where the 
maximum difference was obtained (current-controlled stimulation; St. Jude 6142 model).

Electric Field (V/m)
Original Chronic Difference (%)

14.9 21.9 47.15

Note: The comparison has been obtained in the same way than for the voltage-controlled 
stimulation, i.e. by subtracting the value of the original stage from the acute or chronic stage.



Results                                                                                                                                         _

58



                                                                                                         Discussion and Conclusions                                                                                                   

59

5. Discussion and conclusions

The first point to discuss is the validity of the examinations performed and the model; the 

investigations have been focused in the comparison of the electric field generated by the 

electrodes, however other variables such as the current density or the electric potential could 

be evaluated. Furthermore, other characteristics like the waveform of the pulse or the pattern 

of the stimulation have not been addressed. 

The explanation to investigate the behaviour only through the electric field generated relies 

first in that the other variables are implicit in the electric field calculation; this is, the electric 

field is a measure of how the electric potential changes over space and time and the current 

density is proportional to the electric field. Besides this fact, another reason to focus in the 

electric field is based on the results obtained by previous studies (specifically by Yousif et. al

[22]) where it is demonstrated the susceptibility of the electric field to changes in the 

geometry of the electrode and the conditions of the electrode- tissue interface. The results 

obtained with the trials performed in this project however, cannot be directly compared with 

those obtained by in vivo or in vitro recordings (Lempka and Miocinovic [21]) or other 

computer models (McIntyre and Butson [20]) because all of them evaluated the electric 

potential distribution. 

Experiments with different waveform of the pulse it is indeed a deficiency of this project and 

it is highly encouraged to be included in further studies because of its influence on the 

distribution of the electric field, demonstrated in previous studies [7, 20].

Regarding the validity of the model there are several observations; the first is related to the 

representation of the tissue medium; inhomogeneities and anisotropies present in neural tissue 

were disregarded. This simplification definitely can have repercussion in the distribution of 

the electric field for a given stimulus with its consequent effect on neural response. Despite of 

the consequence of this assumption, for comparison purposes this simplification does not 

have any effect since both electrodes are “introduced” in the same medium.

Another observation about the model is regarding the boundary settings of the lead; the 

inactive elements were set to floating potential but it exists the option to consider them as 

ground; the results obtained for the first test (the study of the influence of the larger tip at the 

end) can give an idea of the importance of the setting for this boundary. The absence of 

information of how is actually set in reality led to chose apparently the more natural condition 

for contacts in OFF status, which is a floating potential.
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Assuming now that the model and the examinations are consistent enough for sake of 

comparison, it is important to discuss how to approach to the results obtained and how to 

asses them. It is beyond the scope of this particular study to observe the effectiveness in the 

results of stimulation or the neural response; nevertheless, it is possible to evaluate the 

performance of each DBS system under comparison, by its electrical behaviour. 

a) The influence of the larger contact at the tip of the lead:

The impact of this contact is relevant; the absolute difference for the scenarios where this

contact is set identically (scenarios B and C in section 3.1) is around 20% when for the 

original case, the differences is approximately 50 %. 

By observing the isolevels it is possible to see that the electric field generated by St. Jude is 

distributed also below the tip of the electrode while Medtronic does not even reach the end of 

the tip. This behaviour is prone for further investigations especially if inhomogeneous and 

anisotropic media is considered.

b) The impact of the width of the electrode:

The absolute difference of the electric field obtained by St. Jude and Medtronic for any type 

of stimulation was around 20 %; this can be simply interpreted as the electric field is 

proportional to the diameter of the lead since the electric field generated by St. Jude electrode 

was higher; indeed, theoretically a larger surface (a larger diameter leads to a larger contact 

surface) delivers more current, hence the electric field is proportionally increased. 

Nevertheless, along the evaluation points a negative difference occurred, this is, the electric 

field at the middle of the lead is larger for Medtronic than for St. Jude hence it is not possible 

to assure this statement. Specifically the electric field evaluated at the points p7 to p13; the 

explanation of this behaviour cannot be inferred from any of the examinations performed in 

this study.

In the figure 27C it is observed that the difference of the electric field evaluated in the 

points in front of the contact (p2 to p5) is close to zero for voltage-controlled stimulation 

while for a current input is around 6%; this may indicate that the width of the electrode has a 

larger impact for a voltage-controlled stimulation. This is confirmed with the maximum 

values obtained for each type of stimulation: 24.2 % for voltage and 19.9 % for current-

controlled stimulation

Except at very close distances such as 0.25 mm the general behavior for the voltage and 

current controlled stimulation is depicted by parallel lines. It is believed that the behavior at 

such close distance corresponds more to a non stable performance of the numerical solution 
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provided by COMSOL; even using the extremely fine mesh the number of elements in 0.25

mm was maximum 4, thus it is expected that the solution is not as reliable as at distances 

where the solution is calculated for more nodes (which gives a better approximation to the 

real solution).

On the other hand it was confirmed the hypothesis regarding the impact of the width at 

farther distances from the electrode. It was found that at 0.25 mm the difference was 

approximately 20 % while at 5.5 mm the electric field obtained for Medtronic was around 2 % 

smaller than the one for St. Jude.

Another observation regarding the difference of the electric field generated is the location 

where the maximum and minimum values were obtained; for example, the maximum 

difference between the electrodes when both are submitted to voltage-controlled stimulation 

was found at the evaluation point p1 at any distance; in turn, when the stimulation is current-

controlled the maximum difference between the electrodes response is not in the same points 

for any distance. Moreover, from the data presented in table 9 it is possible to observe that in 

general the maximum difference between the electrodes is found close to the active element.

c) The electric field distribution obtained for different active elements activated 

From the figures 31 to 36 it is possible to observe that regardless of the type of the stimulus 

and the active element selected, the electric field isolevels for St. Jude electrode outreach the 

tip of the electrode while for Medtronic model the profile has a more normal direction. In the 

plots shown in the figures 37 and 38 it is possible to see that the difference of the electric field 

magnitude between both electrodes is larger for when C0 is the active element. This behavior 

might be very important specially when selecting contact zero (C0) as the active element.

d) The impact of the impedance of the electrode- tissue interface 

The electric field distribution shown in the figure 39 does not exhibit a visible change for the 

case when the impedance is considered in the model. However the plot of the waveform of 

the electric field obtained in a single evaluation point presented in the figure 40 A confirmed 

the voltage susceptibility to variations in the contact- tissue impedance; when the impedance 

is included in the model, the electric field obtained is reduced approximately in 13%. 

Regarding the current-controlled stimulation it is worth to make clear that the shape of the 

electric field obtained corresponds to the natural behaviour for a current constant stimulation; 

as shown in the figure 6 in the theoretical background section, the response for a constant 

current pulse stimulus is a non constant voltage caused by the reactive component of the 

electrode- electrolyte interface.
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The results obtained for current-controlled stimulation were exactly the same for the model 

that includes the impedance and for the original model. These results confirm that the

voltages generated in the brain tissue by current-controlled stimulation are not affected by the 

electrode impedance; hypothesized by Lempka et al. [21]

e) The impact of the peri-electrode space

This examination was designed upon the studies made by Yousif et al. [22] however it is not 

possible to compare their results with the ones obtained in the present study; the reason relies 

in the different electrical parameters used. The values proposed by Yousif et al were 

investigated, but a consistent error was found when the simulations were run; after an 

examination of the values proposed it was found that the value for the relative permittivity of 

the white matter (to represent the chronic stage) was too high; considering that this parameter 

is highly dependent on the frequency of the stimulus further research  was performed in order 

to obtain a more appropriate value according to the frequencies used in neurostimulation.

The results obtained for the voltage-controlled stimulation showed that the waveform of 

the electric field generated at the acute stage is larger than at the original stage; this behaviour 

is possibly due to the higher relative permittivity at the original stage. A simple approach to 

the physics described in the theoretical background might be useful to explain this result: in 

the equation 1 is shown that the electric field is inversely proportional to the electric 

conductivity; in turn, in theory electric flux exists in a medium with a high permittivity. The 

electric conductivity at the acute stage is higher than at the original stage, hence the 

explanation for the results obtained relies in the higher relative permittivity at the original 

stage (3.9x106 vs. 109 of the acute stage).

For the chronic stage however, the previous analysis does not explain the results obtained. 

In the chronic stage, both parameters are inferior to those at the original stage; thus in theory 

having a lesser electric conductivity and relative permittivity leads to a larger electric field 

which is exactly the opposite to the one obtained. Then this behaviour might be explained 

with a more complex approach to the interaction of these variables. 

For the current-controlled stimulation the results are perfectly consequent to the previous 

analysis; a lesser electric field at the acute stage and a larger value for the chronic stage. 

It is suitable to mention that the results for the time dependent examinations not only 

confirmed the difference between the voltage and current-controlled stimulation which was 

the purpose of the investigations but highlight the influence of the reactive parameters of the 

brain tissue (the permittivity) in the distribution and waveform of the electric field generated.
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    Finally, it is worthy to mention that the precision and accuracy of the method used was not 

confirmed or even proved consciously, however it was observed during the repetitions of the 

tests that the results were not exactly the same. Hence if the data obtained from these tests are 

required for further studies and accuracy and precision are pursued it will be necessary to 

repeat the same tests several times to derive an average behaviour.

Conclusions

Since the biomedical engineering perspective the comparison of the electrodes could involve 

not only their electrical behaviour but their mechanical and chemical characteristics, however 

the aim of the present studies was not to determine which electrode is more effective, stronger 

or safer but to provide relevant information for further deep brain stimulation investigations.

In the endeavour to understand the mechanisms of DBS it is possible to distinguish two sides: 

one dedicated to investigate how the neurons are stimulated where primarily the studies are 

focused in the electrical behaviour of the neural tissue and how this respond to an electric 

stimulus; and the other side which investigates the consequence of this stimulation which 

involves a mainly a biological and chemical approach. 

This thesis belongs in some extent to the former side because it is strongly focused in the 

electrical behaviour of the electrodes but disregards the neuronal  response. 

The initial goal however, of quantitatively compare the behaviour of two electrodes with 

different geometry and electrical settings has been achieved and it is expected to provide 

relevant information for further DBS research.
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