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Introduction
Deep brain stimulation (DBS) is an established therapy for 

movement disorders such as Parkinson’s disease (PD), essential tremor 
and dystonia [1]. To date more than 120,000 patients have received 
DBS implants. During the first two decades of the modern DBS era 
all implantations were performed using the same type of stimulation 
control and lead configuration; a four contact lead connected to a 
voltage controlled neurostimulator. In 2009 the first current controlled 
DBS device was introduced in Europe on PD patients. Today several 
DBS lead designs and stimulation modes are available but still not fully 
established as clinical alternatives. Furthermore intensive research is 
being performed to develop new DBS systems, e.g. for steering of the 
simulation field [2-5]. 

Present literature seems to show that current controlled stimulation 
induces at least as good clinical effects as voltage controlled stimulation 
[6,7], and that it should be preferred towards voltage controlled 
devices due to the automatic voltage adjustment as impedance changes 
[8,9]. Nevertheless, to switch from one mode to the other remains 
complicated as clinicians risk to lose their reference for programming. 
The same is valid for switching from one commercially available lead 
design to another as the differences or the influence of the design on 
voltage, current or electric field distribution has not been discussed 
so far to our knowledge. In addition to questions concerning the 
design, neurologists often have to deal with changes in impedance 
during postoperative patient management, not only due to hardware 
complications [10], but due to tissue changes around the electrode [11-13].

A way to try to provide answers to the above formulated 
questions concerning different DBS lead designs, stimulation modes 
and influence of impedance changes is to use computer models to 
simulate the electrical behaviour around active DBS-contacts. Current 
controlled stimulation systems have not been studied as much as 
voltage-controlled systems. The few studies published rely on in vivo 
experimental recordings performed in animals [9] or experiments 
where the brain tissue is not included in the study [14]. Computational 
model studies have been designed to analyse the influence of different 
pulse waveforms or electrode-tissue interface considering both voltage 
and current controlled stimulation [15-17].

Our group has previously used the finite element method (FEM) 
to investigate the influence on the DBS fields from tissue types such 
as cystic cavities [18] and white matter heterogeneity and anisotropy 
[19]. Also, patient-specific models and simulations of DBS have been 
used to increase the understanding of the response to stimulation for a 
number of targets including the subthalamic nucleus [20-23] the globus 
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Abstract
Background: Deep brain stimulation (DBS) systems in current mode and new lead designs are recently available. To 

switch between DBS-systems remains complicated as clinicians may lose their reference for programming. Simulations 
can help increase the understanding.

Objective: To quantitatively investigate the electric field (EF) around two lead designs simulated to operate in 
voltage and current mode under two time points following implantation. 

Methods: The finite element method was used to model Lead 3389 (Medtronic) and 6148 (St Jude) with 
homogenous surrounding grey matter and a peri-electrode space (PES) of 250 µm. The PES-impedance mimicked 
the acute (extracellular fluid) and chronic (fibrous tissue) time-point. Simulations at different amplitudes of voltage and 
current (n=236) were performed using two different contacts. Equivalent current amplitudes were extracted by matching 
the shape and maximum EF of the 0.2 V/mm isolevel. 

Results: The maximum EF extension at 0.2 V/mm varied between 2-5 mm with a small difference between the 
leads. In voltage mode EF increased about 1 mm at acute compared to the chronic PES. Current mode presented the 
opposite relationship. Equivalent EFs for lead 3389 at 3 V were found for 7 mA (acute) and 2.2 mA (chronic).

Conclusions: Simulations showed a major impact on the electric field extension between postoperative time points. 
This may explain the clinical decisions to reprogram the amplitude weeks after implantation. Neither the EF extension 
nor intensity is considerably influenced by the lead design. However, the EF distribution is affected by the larger contact 
of Lead 6148 generating an electric field below the tip. 
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pallidus internus [24-27], and the ventral intermedius nucleus of the 
thalamus for essential tremor [28]. Such patient-specific simulations 
should preferable take into account both, the tissue’s heterogeneity 
(e.g. differences between grey and white matter) and the anisotropy 
of the white matter [19]. When studying the differences between lead 
designs and stimulation modes however, it is an advantage to reduce 
the number of parameters that can influence the outcome. Especially 
when comparing different stimulation modes and lead designs, the 
relative difference is most important and not the actual extent of the 
stimulation. Therefore a homogenous tissue model with impedance 
often mimicking grey tissue, is preferred [18] and also used for the 
present study.

Stimulation results may be represented and visualized by different 
electrical quantities such as the electric field (EF) [21,24,25], the 
second difference of the electric potential [3,4], and the volume of 
tissue activated derived from neuron models coupled to finite element 
simulations [17,20,29]. By using a fixed isolevel the EF can be used 
for relative comparisons between simulations, and also allow for 
visualization directly in the mm-scale. The electric field is also the 
entity which shows the least influence on the activation threshold 
caused by change in axon diameter, pulse width and amplitude [29]. 
Therefore EF is a suitable entity for the present study, where the aim 
is to investigate the influence on the electric field from two DBS-lead 
designs, two operating modes i.e. current or voltage stimulation, and 
the impedance in the peri-electrode space (PES). The PES was set to 
mimic two post-operative time points: the acute stage corresponding to 
leakage of extracellular fluid and a chronic condition related to fibrous 
tissue [30].

Materials and Methods
DBS leads and brain models

The investigation was based on two different DBS lead designs: 
Lead 3389 (Medtronic Inc., USA) (Figure 1a) and Lead 6148 (St 
Jude Medical Inc., USA) (Figure 1b). 2D axisymmetric FEM models 
were developed using COMSOL Multiphysics Version 4.3a (Comsol 
Multiphysics AB, Sweden). The geometry of the leads is based on 

the manufacturers’ respective technical specifications and consists in 
four platinum iridium alloy (Pt/Ir) contacts separated by 0.5 mm of 
insulation. The contacts are 1.5 mm long except for Lead 6148’s distal 
contact which is 3 mm long and covers the tip of the lead. The diameter 
of Lead 3389 is 1.27 mm while it is 1.4 mm for Lead 6148 (Figure 1). 
The brain tissue surrounding the lead was modelled as a homogeneous 
and isotropic medium in a rectangular shape (60 mm × 56 mm), with 
electrical conductivity and relative permittivity corresponding to grey 
matter (σ=0.09 S/m and ∈=3.9 × 106 [31]). A PES of 250 µm was added 
to the models in order to mimic the interface between the electrode and 
the brain tissue at two different time points post DBS-implantation. 
For the acute stage, which simulates the leakage of extracellular fluid 
provoked immediately after leads insertion, the electrical conductivity 
and relative permittivity were set to values corresponding to cerebral 
spinal fluid (CSF) σ=2 S/m and ∈=109 respectively [31]. The chronic 
stage, where fibrous tissue covers the electrode surface a few weeks after 
surgery, was mimicked by using σ=0.06 S/m and ∈=1.7 × 106 instead 
for the PES [32].

Governing equation and boundary conditions

The boundary conditions for the leads were set in accordance 
with a monopolar configuration which considers the active contact 
as the cathode, and the outer boundaries of the tissue as the anode 
representing the ground from the impulse generator. The boundary for 
the active contact was set as either a voltage or current ideal source. 
The non-active contacts were assigned to floating potential [26,33] 
and the spaces between the contacts were set as electric insulation. 
The electric field was measured at different points in front of the lead 
using different mesh densities and stimulated region sizes in order to 
assure that neither the chosen boundaries of the stimulation region 
nor the mesh density affected the electric field value. The mesh applied 
was set to the finest resolution available with a denser distribution of 
elements around the leads. This corresponded to 28297 elements with a 
minimum element size of 0.0012 mm and an average element quality of 
0.9824. The simulations were performed using electric currents physics 
interface which is able to model electric currents in conductive media; 
the electric field distribution around the DBS electrode was obtained 

Figure 1: 2D axisymmetric models of Lead 3389 (a) and Lead 6148 (b) surrounded by homogeneous and isotropic medium representing grey matter and a 250 µm 
thick peri-electrode space (PES). 
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using the COMSOL MUltifrontal Massively Parallel sparse direct 
Solver (MUMPS). The electric field generated is calculated using the 
equation of continuity for steady currents:

∇•J=-∇•(σ∇V)=0 [A/m3] (1)

Where ∇• is the divergence, J the current density, ∇ the gradient, 
V the electric potential and σ the electrical conductivity. More details 
regarding the modelling and simulation principle can be found in 
[18,21,34].

Simulations

Two investigations were performed. The first included both leads 
under voltage controlled stimulation (leads comparison). In this setting 
simulations (n=32) were performed for acute and chronic scenarios for 
both leads using the first (lower) and the third (second upper) contacts. 
The stimulation amplitudes applied were 1 - 4 V in steps of 1 V. For the 
second examination only one of the leads (3389) was considered using 
both voltage and current controlled stimulation (operating modes 
comparison). Equivalent current values capable to generate exactly the 
same EF distribution as the voltage stimulation i.e. 1, 2, 3, 4 V were 
found by performing a parametric sweep from 0.8 to 10 mA in steps of 
0.1 mA (n=204).

Data analysis 

The EF was visualized and analysed using an isolevel of 0.2 V/mm 
[22,24,27]. The maximum EF extension of this isolevel was measured 
for all voltage simulations and plotted against the respective lead and 
contact. A fixed amplitude of 3 V was used to present the results and for 
further investigation of the electric field’s shape, extension and intensity 
between leads. The EF intensity was measured by placing 16 evaluation 
points parallel to the leads with a separation of 0.5 mm between each 
other. This measurement was performed at 1, 3 and 5 mm from the 
leads’ surface. Equivalent current amplitudes for Lead 3389, resulting 
in the same EF distribution and shape as obtained with 1, 2, 3 and 4 V 
under chronic conditions, were extracted. This was achieved displaying 
both types of stimulation isolevels simultaneously, and comparing 
them visually at each stimulation amplitude. The current value which 
isolevel overlapped the isolevel for voltage stimulus was considered the 
equivalent current amplitude.

Results
Leads comparison

In Figure 2 the distribution of the EF around the active contacts is 
presented for Lead 3389 (Figure 2a and 2b) and Lead 6148 (Figure 2c 
and 2d) as simulated for 3V, a PES of 250 µm under acute and chronic 
conditions. The shape and maximal extension of the EF considerably 
differed between the two simulated time points for all contacts. At the 
acute stage, the EF was broadened below the tip in both leads regardless 
of the active contact. At the chronic stage, the EF was also distributed 
below the tip for Lead 6148 (Figure 2c and 2d). The maximum EF 
extension was about 1 mm greater at the acute time point compared 
to chronic conditions. Plots of the maximum EF extension as related 
to the four voltage stimulation amplitudes are presented in Figure 3 for 
each lead and contact.

Figure 4 presents the electric field intensity measured for 3 V at 1 
mm from the contact surface. The evaluation was performed for both 
leads under the two tissue scenarios. The intensity at the acute stage was 
approximately 0.1 V/mm larger. Both leads presented the highest EF 

intensity in front of the middle of the active contact. Similar behavior 
was found at the 3 and 5 mm distant evaluation points.

Operating modes comparison

Table 1 presents the equivalent current amplitude values to the 
commonly clinically used voltage values for both contacts, leads and the 
two different PES. The PES corresponding to the acute stage, required 
higher current stimulation settings in order to obtain the same electric 
field distribution as when using voltage controlled stimulation. As an 
example, equivalent EFs for 3 V were found with 7 mA (acute) and 2.2 
mA (chronic) stimulation. Figure 5 presents a comparison of the EF 
isolevels using 3 V and 2.2 mA for both postoperative time points for 
Lead 3389. The electric field isolevels perfectly overlap in the chronic 
scenario (Figure 5c and 5d). In the acute stage, however, which has an 
impedance in the PES radically different from the surrounding grey 

 
Figure 2: Electric field isolevels (0.2 V/mm) obtained for voltage controlled 
stimulation (3 V) under acute and chronic conditions (red and blue lines re-
spectively). Maximum EF extension shown in mm for each isolevel. Simula-
tions performed with Lead 3389 (a and b) and Lead 6148 (c and d) models, 
using the third (a and c) and the first (b and d) contact as the active electrode.
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matter a significant change in EF in both voltage and current modes is 
seen for both active contacts. The electric field is spread along the lead 
(Figure 5a and 5b). Compared to the chronic stimulation the electric 
field is also extending about 1 mm further away in voltage mode and 
about 1mm shorter in current mode (Figure 5a and 5b). Figure 6 shows 
the relation between the maximum EF extension and the stimulation 
amplitudes for both current and voltage stimulations. For current 
controlled stimulation the EF extension increases in steps of about 0.5 
mm for both time points. In voltage mode the EF extension had a higher 
increase with amplitude at the acute stage (Figure 6a and 6b). The EF 
intensities measured for voltage and current controlled stimulation 

are presented in Figure 7. The intensity obtained at the acute stage for 
current control (Figure 7c and 7d) is lower (0.6 V/mm) than for voltage 
stimulation regardless of the contact used. 

Discussion 
In this computer simulations study the influence on the electric 

field from two different DBS-lead designs both operating in voltage and 
current modes have been compared. In order to mimic realistic time 
points, crucial in the postoperative DBS management, the impedance 
in the space around the electrodes was varied at the same time as grey 
matter was assumed as target tissue. For typical amplitudes used in the 
clinic, the simulations showed electric field extensions ranging from 2 
to 5 mm which is in agreement with other studies [35]. 

Leads comparison

New DBS-lead designs are presently introduced in health care, 
and it is therefore imperative to increase the clinical knowledge about 
similarities and differences between different lead configurations. In 
general, the shape and maximum extension of the electric field were 
very similar for both leads in voltage mode, especially with a PES 
mimicking the leakage of extracellular fluid, i.e. the acute stage post 
implantation. When simulating the chronic time point, however, Lead 

 
Figure 3: Relation between the maximum electric field extension and the voltage amplitudes for the third and first contacts of Lead 3389 (a and b) and Lead 6148 (c 
and d). Measurements obtained from simulations under acute and chronic conditions (red and blue lines respectively).

Voltage 
Stimulation 

Amplitude (V)

Equivalent Current Stimulation Amplitude (mA)
Acute  Chronic

 LEAD 3389 LEAD 6148 LEAD 3389 LEAD 6148
Third/First 

Contact
Third/First 

Contact
Third/First 

Contact
Third/First 

Contact
1 2.3/2.3 2.3/2.4 0.7/0.7 0.7/1.1
2 4.5/4.5 4.5/4.7 1.5/1.5 1.5/2.2
3 7.0/7.0 7.0/7.1 2.2/2.2 2.3/3.2
4 9.0/9.0 9.0/9.5 2.9/2.9 3.0/4.3

Table 1: Current amplitude values for the third and first contacts with the best 
match to the commonly clinically used voltage amplitudes for Lead 3389 and Lead 
6148 at two post-implantation stages.
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6148 exhibited an EF below the tip regardless of the active electrode. 
This behaviour indicates that additional tissue regions millimetres away 
from an active contact may be stimulated (Figure 2c and 2d). Lead 6148 
is 0.13 mm thicker and its contact at the tip is twice the length hence 
it has a considerable larger area. While Lead 3389 required the same 
current amplitude regardless of the active contact, Lead 6148 needed a 
higher current to achieve the same EF when using the tip contact. For 
instance, the equivalent current amplitude for 3 V was 2.3 mA using 
the third contact but 3.2 mA for the first (Table 1). A larger contact 
reduces the current density and consequently the current applied has 
to be increased to achieve the same electric field.

Operating mode

Simulations showed that in voltage mode the EF extension is 

significantly enlarged when the PES has a lower impedance (higher 
conductivity) that the surrounding tissue as in the acute time point 
(Figure 5a and 5b). An explanation could be that due to the lower 
impedance the energy is not maintained in the PES but delivered 
further away i.e. similarly to a voltage divider between the PES 
and surrounding tissue compartments. A similar behaviour of the 
electric field was shown for FEM-simulated CSF-filled cystic cavities 
i.e. perivascular Virchow-Robin spaces, sometimes appearing in the 
pallidum [18]. On the contrary, in current mode a lower impedance 
in the PES reduces the voltage in that region in order to maintain the 
same current therefore shortening the EF based on Ohm’s law. This 
behaviour is consistent with the results of the EF intensity (Figure 7) 
and with the corresponding adjustment of the current amplitude values 
shown in Table 1. These results can be compared with the postoperative 
adjustment of the stimulation amplitude commonly done within a 

 

Figure 4: Electric field intensity evaluated at 1 mm from the electrode surface 
under voltage controlled stimulation (3 V). a) Third and b) first contact of Lead 
3389 and third and first of Lead 6148 (c and d). Measurements performed for 
acute and chronic conditions.

 

Figure 5: Electric field isolevels (0.2 V/mm) for voltage and current controlled 
stimulation (purple and green lines respectively). Simulations performed with 
Lead 3389 model at acute (a and b) and chronic (c and d) stages. Maximum 
EF extension measured in mm is shown with red dots for (a and c) the third 
and (b and d) first contact.
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few weeks following DBS implantation in Parkinson’s disease [36]. 
Furthermore, the EF extension at 0.2 V/mm obtained at different 
stimulation amplitudes (Figure 6) at chronic stage is comparable with 
the clinical neurophysiological stimuli-response studies which suggest 
a linear correlation between a stimulation threshold and distance, i.e. 
3 mA corresponds to 3 mm [35,37,38]. In vivo studies [9] and a recent 
review by Bronstein et al. [8] suggest the use of current controlled DBS 
systems based on their low susceptibility to the conductivity of the 
brain.

Peri-electrode space thickness

The thickness and change over time of the PES is debatable. 
Clinical [11] and animal [12] studies have reported, based on in-vivo 
measurements, that impedance increases following implantation, but 
that it rapidly decreases again to some extent during clinically relevant 
stimulation. Post-mortem studies [39,40] have shown that there might 
be differences in the thickness of this region. Nielsen et al. found a 150 
µm thick fibrillary gliosis layer around the electrode tract and Haberler 
and colleagues a layer less than 500 µm. In addition, these studies 
showed that the PES differed depending on the brain target investigated. 
In the present study a PES thickness between the values suggested by 
Nielsen and Haberler was selected and kept constant for comparative 
simulations. The selected PES thickness, 250 µm, has also been used in 

previous simulation studies by Yousif et al. [30]. In order to investigate 
the influence from the PES thickness additional simulations (n=12) 
were performed for PES of 125 µm, 250 µm and 500 µm at 3 V with the 
acute and chronic tissue settings using the third contact active for Lead 
3389. By changing the PES thickness in the simulations it was found that 
there is a small (≤ 0.3 mm) influence on the electric field (Table 2) when 
the thickness was doubled. The difference was more pronounced at the 
acute stage when the electric conductivity was set to CSF. By keeping as 
many parameters as possible constant, we could compare the leads and 
stimulation modes for a range of amplitudes and different post-operative 
mimicked tissue conditions [17,41,42]. Relative comparisons were possible 
by using a fixed EF isolevel, here set to 0.2 V/mm. This isolevel has been 
used in several previous investigations [22,24,27] and it has also been 
pointed out as a possible predictor of neural activation [29]. 

To gain more detailed knowledge about DBS and tissue interaction, 
future models and simulations could be made more complex, both 
regarding simulation of the PES, and by using patient-specific 
information e.g. from MRI and diffusion tensor imaging as input 
[21,22]. Simulations can also be combined with axon cable models for 
increased knowledge of the influence from various axon diameter, as 
well as pulse width of the DBS-systems [29,43]. It should, however, 
be stressed that model based studies always contain simplifications of 

 
Figure 6: Relation between the maximum electric field extension and amplitude values of voltage and current controlled stimulation. Simulations performed using 
Lead 3389 under acute (a and b) and chronic (c and d) conditions for (a and c) third and (b and d) first contact.
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Figure 7: Electric field intensity evaluated at 1 mm from the electrode sur-
face of Lead 3389. Simulations performed for voltage and current stimulation 
(purple and green lines respectively) under acute (a and b) and chronic (c 
and d) conditions.

real clinical situations [42], but nevertheless can serve as a guide for 
increased understanding of electric field spread in different clinical 
situations and comparisons between different leads, tissue conditions 
and stimulation modes.

Conclusions 
FEM-simulations of the electric field in voltage and current modes 

for two DBS lead-designs have been performed at different time-points 
following implantation. The results show a significant influence from 
the peri-electrode space at the acute time point when impedance was 
lower (higher conductivity) than surrounding grey matter. In voltage 
mode, the electric field was broadened while in current mode shortened. 
These results can help to clarify the postoperative adjustments of the 
DBS-amplitudes often necessary a few weeks after implantation. The 
lead designs showed no relevant difference in the maximal electric 

field extension, nevertheless due to a larger contact at its tip, Lead 
6148 spread the electric field below the lead at all stages independent 
of the active contact. This behaviour suggests a careful planning and 
parameter selection in order to achieve a predefined electric field 
magnitude and shape.
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