Linköping Studies in Science and Technology Dissertations, No. 1384

MODELLING, SIMULATION, AND VISUALIZATION OF
DEEP BRAIN STIMULATION
MATTIAS ÅSTRÖM

Department of Biomedical Engineering
Linköping University
Linköping 2011

MODELLING, SIMULATION, AND VISUALIZATION OF DEEP BRAIN STIMULATION
Mattias Åström
Linköping Studies in Science and Technology. Dissertations, No. 1384
Copyright © Mattias Åström 2011, unless otherwise noted
All rights reserved
Department of Biomedical Engineering
Linköping University
SE-581 85 Linköping, Sweden
ISBN: 978-91-7393-114-4
ISSN: 0345-7524
Printed in Linköping, Sweden, by LiU-Tryck Linköping, 2011

A BSTRACT
Deep brain stimulation (DBS) is an effective surgical treatment for neurological diseases
such as essential tremor, Parkinson's disease (PD) and dystonia. DBS has so far been used
in more than 70 000 patients with movement disorders, and is currently in trial for
intractable Gilles de la Tourette’s syndrome, obsessive compulsive disorders, depression,
and epilepsy. DBS electrodes are implanted with stereotactic neurosurgical techniques in
the deep regions of the brain. Chronic electrical stimulation is delivered to the electrodes
from battery-operated pulse generators that are implanted below the clavicle.
The clinical benefit of DBS is largely dependent on the spatial distribution of the electric
field in relation to brain anatomy. To maximize therapeutic benefits while avoiding
unwanted side-effects, knowledge of the distribution of the electric field in relation
anatomy is essential. Due to difficulties in measuring electric fields in vivo, computerized
analysis with finite element models have emerged as an alternative.
The aim of the thesis was to investigate technical and clinical aspects of DBS by means of
finite element models, simulations, and visualizations of the electric field and tissue
anatomy. More specifically the effects of dilated perivascular spaces filled with
cerebrospinal fluid on the electrical field generated by DBS was evaluated. A method for
patient-specific finite element modelling and simulation of DBS was developed and used
to investigate the anatomical distribution of the electric field in relation to clinical effects
and side effects. Patient-specific models were later used to investigate the electric field in
relation to effects on speech and movement during DBS in patients with PD (n=10).
Patient-specific models and simulations were also used to evaluate the influence of
heterogeneous isotropic and heterogeneous anisotropic tissue on the electric field during
DBS. In addition, methods were developed for visualization of atlas-based and patientspecific anatomy in 3D for interpretation of anatomy, visualization of neural activation
with the activating function, and visualization of tissue micro structure. 3D visualization
of anatomy was used to assess electrode contact locations in relation to stimulationinduced side-effects (n=331) during DBS for patients with essential tremor (n=28). The
modelling, simulation, and visualization of DBS provided detailed information about the
distribution of the electric field and its connection to clinical effects and side-effects of
stimulation. In conclusion, the results of this thesis provided insights that may help to
improve DBS as a treatment for movement disorders as well as for other neurological
diseases in the future.

S AMMANFATTNING
Djup hjärnstimulering (DBS) är en effektiv kirurgisk behandlingsform för neurologiska
sjukdomar så som essentiell tremor (ET), Parkinson’s sjukdom (PD) och dystoni. DBS har
hittilldags använts för mer än 70000 patienter med rörelsestörningar och prövas för
närvarande i en rad kliniska studier för bland annat svårbehandlad Gilles de la Tourette
syndrom, tvångstankar, depression och epilepsi. Elektroder implanteras i hjärnans djupa
delar med hjälp av stereotaktisk teknik medan pulsgeneratorer som levererar kronisk
elektrisk stimulering implanteras nedanför nyckelbenet. De batteridrivna
pulsgeneratorerna kopplas till elektroderna via sladdar som dras under huden.
Den kliniska nyttan vid DBS är till stor del beroende av den spatiala utbredningen av det
elektriska fältet i förhållande till hjärnans anatomiska strukturer. För att maximera de
positiva kliniska effekterna samtidigt som bieffekter undviks är kunskap om utbredningen
av det elektriska fältet i förhållande till anatomin avgörande. På grund av svårigheter att
mäta elektriska fält in vivo har datoriserad analys med finita element modellering och
simulering framkommit som ett alternativ.
Det övergripande målet med denna avhandling var att undersöka tekniska och kliniska
aspekter av DBS med hjälp av finita element modellering, simulering, och visualisering av
elektriska fält och anatomi. Mer specifikt undersöktes påverkan av cystiska håligheter i
hjärnan fyllda med cerebrospinalvätska på det elektriska fältet som genereras vid DBS.
Metoder för patientspecifik finita element modellering och simulering av DBS
utvecklades. Patientspecifika modeller användes till att studera elektriska fältens
anatomiska utbredning i förhållande till kliniska effekter så som motorisk rörelse och
talförmåga hos patienter med PD (n=10). Inverkan av heterogen isotrop och heterogen
anisotrop vävnad på det elektriska fältet vid DBS undersöktes också med hjälp av
patientspecifika modeller och simuleringar. Vidare undersöktes aktiva elektrodkontakters
anatomiska position i förhållande till stimulationsinducerade bieffekter (n=331) hos
patienter med essentiell tremor (n=28). En anatomisk 3D atlas av hjärnans djupa delar
(thalamus och basala ganglierna) skapades, hjärnans mikrostruktur visualiserades med
superkvadratiska glyfer, och den neurala påverkan visualiserades med hjälp av
aktiveringsfunktionen. Dessutom utvecklades en metod för visualisering av
patientspecifik anatomi i 3D baserad på 2D magnetresonans bilder.
Sammanfattningsvis har modelleringen, simuleringen och visualiseringen av DBS bidragit
till att ge en ökad förståelse för elektriska fältens utbredning i hjärnvävnad och dess
kliniska inverkan avseende effekter och bieffekter. Visualisering av anatomin i 3D
tillsammans med aktiva elektrodkontakter har bidragit till att öka förståelsen av hjärnans
funktionella organisation med avseende på elektrisk stimulering. Resultaten från denna
avhandling ger insikter som kan bidra till att förbättra DBS som en behandlingsform för
rörelsestörningar såväl som för andra neurologiska sjukdomar i framtiden.

The whole problem with the world is that fools and fanatics are always so certain of
themselves, but wiser people so full of doubts.

Bertrand Russell
British author, mathematician, & philosopher (1872 - 1970)
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A BBREVIATIONS
2D
3D
AC
AF
CM
CSF
CT
CAD
DBS
DTI
FEM
fx
fct
GTS
GPe
GPi
IC
MRI
mtt
OCD
PAG
PC
PD
PDE
PPN
PUT
RN
SNc
SNr
STN
Striatum
TRIG
UPDRS
VA
VL
VLa
VLp
VIM

Two dimensions
Three dimensions
Anterior commissure
Activating function
Centromedian part of the thalamic nucleus
Cerebrospinal fluid
Computed tomography
Computer-aided design
Deep brain stimulation
Diffusion tensor imaging
Finite element method
Fornix
Fasciculus cerebello-thalamicus
Gilles de la Tourette syndrome
Globus pallidus externus
Globus pallidus internus
Internal capsule
Magnetic resonance imaging
Mammillothalamic tract
Obsessive compulsive disorders
Periaqueductal grey area
Posterior commissure
Parkinson’s disease
Partial differential equation
Pedunculopontine nucleus
Putamen
Red nucleus
Substantia nigra pars compacta
Substantia nigra pars reticulata
Subthalamic nucleus
Caudate nucleus and the putamen
Tremor Investigation Group
Unified Parkinson’s disease rating scale
Ventral anterior nucleus of the thalamus
Ventral lateral nucleus of the thalamus
Ventral lateral anterior nucleus of thalamus
Ventral lateral posterior nucleus of the thalamus
Ventral intermediate nucleus of thalamus

P HYSICAL SYMBOLS
Variables are written in italic, and vectors and tensors in italic bold.
E
F
Q

J

Electric field (N C-1, V m-1)
Force (N)
Charge (C)
Del operator
Laplace operator
Electric potential (V)
Threshold amplitude (V)
Offset amplitude (V)
Radius (mm)
Amplitude-distance constant (V mm-2)
Electrical conductivity (S m-1)
Electric current density (Am-2)
Electrical permittivity (F m-1)
Permeability (H m-1)
Phase velocity (m s-1)
Wavelength (m)
Frequency (Hz)
Symmetric positive definite 3 by 3 matrix
Effective extracellular electrical conductivity
Effective extracellular diffusivity

T ABLE OF C ONTENTS
INTRODUCTION......................................................................................... 1
DEEP BRAIN STIMULATION ....................................................................... 3
HISTORY ........................................................................................................ 3
SURGERY........................................................................................................ 4
STIMULATION PARAMETERS................................................................................ 9
APPLICATIONS ............................................................................................... 10
ADVERSE EFFECTS .......................................................................................... 13
MECHANISMS ................................................................................................ 14
THE BASAL GANGLIA ................................................................................................... 17

ANATOMY AND PHYSIOLOGY............................................................................. 17
PATHOPHYSIOLOGY IN PARKINSON’S DISEASE ....................................................... 18
SUBTHALAMIC AREA ....................................................................................... 20
ELECTRICAL STIMULATION OF TISSUE ......................................................................... 23
POLARIZATION OF NEURONS ............................................................................. 23

ACTIVATING FUNCTION ................................................................................... 24
MEAN EFFECTIVE RADIUS OF ACTIVATION ............................................................ 26
THE FINITE ELEMENT METHOD.................................................................................... 29

FEM AND DBS ............................................................................................................... 30
AIM OF THESIS ............................................................................................................ 33
MODELS AND SIMULATIONS ....................................................................................... 35

GENERAL MODELS AND SIMULATIONS ................................................................. 35
PATIENT‐SPECIFIC MODELS AND SIMULATIONS ...................................................... 37
VISUALIZATION ........................................................................................................... 43

ELECTRIC FIELD .............................................................................................. 43
ACTIVATING FUNCTION ................................................................................... 45
TISSUE MICRO‐STRUCTURE ............................................................................... 49
ANATOMY .................................................................................................... 50
REVIEW OF PAPERS ..................................................................................................... 57

PAPER I: THE EFFECT OF CYSTIC CAVITIES ON DEEP BRAIN STIMULATION IN THE BASAL
GANGLIA: A SIMULATION‐BASED STUDY. ............................................................. 57
PAPER II: METHOD FOR PATIENT‐SPECIFIC FINITE ELEMENT MODELLING AND SIMULATION
OF DEEP BRAIN STIMULATION ............................................................................ 58
PAPER III: PATIENT‐SPECIFIC MODEL‐BASED INVESTIGATION OF SPEECH INTELLIGIBILITY
AND MOVEMENT DURING DEEP BRAIN STIMULATION ............................................. 59

PAPER IV: INFLUENCE OF HETEROGENEOUS AND ANISOTROPIC TISSUE CONDUCTIVITY ON
ELECTRIC FIELD DISTRIBUTION IN DEEP BRAIN STIMULATION ...................................... 60

PAPER V: STIMULATION‐INDUCED SIDE EFFECTS IN THE POSTERIOR SUBTHALAMIC AREA:
DISTRIBUTION, CHARACTERISTICS AND VISUALIZATION ............................................ 61
DISCUSSION AND CONCLUSIONS ................................................................................ 63

MODELS AND SIMULATIONS ............................................................................. 63
VISUALIZATION .............................................................................................. 67
FUTURE DIRECTIONS ....................................................................................... 69
ACKNOWLEDGEMENTS ............................................................................................... 71
REFERENCES................................................................................................................ 73

I NTRODUCTION
Deep brain stimulation (DBS) is an established neurosurgical therapy for symptomatic
treatment of movement disorders. It was approved by the Food and Drug Administration
(FDA) as a treatment for essential tremor in 1997, for Parkinson's disease (PD) in 2002,
and dystonia in 2003. It has since then been used in more than 70,000 patients (Goldman,
2010). DBS electrodes are implanted with stereotactic neurosurgical techniques in the
deep part of the brain. Chronic electrical stimulation is delivered to the electrodes from
battery-operated pulse generators that are implanted below the clavicle (Figure 1).
The benefit of DBS is highly dependent on the anatomical distribution of the electric
fields that are generated during stimulation. In order to reach the full potential of this
therapy detailed knowledge of the electric field in relation to anatomy is crucial. Due to
major difficulties in measuring the distribution of the electric field in vivo, computational
analysis with finite element models have emerged as an alternative (Butson et al., 2007,
McIntyre et al., 2004b, Hemm et al., 2005b, Vasques et al., 2010).
The main focus of this thesis was to investigate technical and clinical aspects of DBS by
means of computational modelling, simulation, and visualization. In order to identify
problems from a clinical point of view an extensive international collaboration was
initiated with involvement of engineers, neurosurgeons, and neurologists from centres in
London1, UK, Clermont-Ferrand2, France, Umeå3, Stockholm4, and Linköping5, Sweden.

Figure 1. Postoperative X-ray of bilateral DBS in the subthalamic area. a) Frontal and b) sagittal
view of electrodes and connecting wires. c) Implanted pulse generator inferior to the left clavicle.
(Courtesy of Patric Blomstedt, University Hospital, Umeå.)
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D EEP BRAIN STIMULATION
Over the last two decades DBS has evolved from an experimental to an effective treatment
for movement disorders. The clinical successes of DBS in movement disorders have
contributed to a rapid expansion of DBS into a wide range of other neurological
disorders. Currently, DBS is in trial for treatment-resistant Gilles de la Tourette
syndrome, obsessive-compulsive disorders, depression, epilepsy, and cluster headache
(Benabid, 2007, Awan et al., 2009).

H ISTORY
In the literature it is sometimes misconceived that DBS was invented in 1987 by Benabid
and co-workers, and that it was first used for treatment of movement disorders. Critical
reviews of the history of DBS and some of its common misconceptions have been
addressed by Hariz et al. (2010), Blomstedt and Hariz (2010), and Perlmutter and Mink
(2006). In the following, a brief review of the history of DBS until 1987 is presented based
mainly on these papers.
Electrical stimulation of motor cortex in primates was first performed by Fritsch and
Hitzig in 1870. A few years later the first cortical stimulation on human was performed by
Bartholow. Since then electrical stimulation of the brain has played an increasing role in
the investigation of brain functions and eventually for treatment of neurological diseases.
The functional investigations of the human brain were limited to cerebral cortex until the
first stereotactic device for humans was developed by Ernest Spiegel, Henry Wycis, and a
Swedish neurosurgeon, Lars Leksell, in 1947. The stereotactic frame utilized a threedimensional coordinate system to locate targets deep inside the brain. This frame was first
used for treatment of psychological disorders when lesioning the medial thalamus. Lars
Leksell developed his own type of stereotactic device which became widespread due to its
user friendly design. During the 1950s intraoperative electrical stimulations were
performed in humans with stereotactic surgery for functional investigation of deep
regions of the brain. In 1953 a team led by Sem-Jacobsen used electrodes for recording
and stimulation in patients with epilepsy and psychiatric disorders. Later in the 1960’s it
was stated that stimulation with a frequency above 100 Hz could alleviate tremor and the
idea to treat symptoms with chronic electrical stimulation was born (Hassler et al., 1960).
During this time electrical stimulation was mostly used for confirming electrode location
prior to surgical radio-frequency (RF) lesioning by providing physiological feedback
regarding the symptoms to be treated. However, RF-lesioning was sometimes
accompanied by irreversible complications and side effects. At the same decade, in 1967,
levodopa medication was introduced for treatment of movement disorders apparently
without any permanent complications. This led to a decreased use of surgical procedures
for treatment of movement disorders. Nonetheless, in the late 1960’s and early 1970’s a
neurophysiologist and neuroscientist Bechtereva from the USSR used external chronic
3
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deep brain stimulation as a treatment for functional disorders (Bechtereva and Hughes,
1971).
In the 1970’s and beginning of the 1980’s it became evident that long term levodopa
treatment eventually could have disabling complications such as levodopa induced
dyskinesias (Schwartz et al., 1972, Markham et al., 1974). Other complications were the
alleviation of motor symptoms for a period of time (ON stage) and then a sudden change
into a stage where the patients were completely rigid and akinetic (OFF stage). The
“wearing-off” effect also became apparent, where the duration of the beneficial effect from
each dose of medication gets shorter (Vajda et al., 1978). The inadequate pharmacological
treatment made the interest for surgical interventions reappear (Laitinen, 1985, Laitinen
et al., 1992), this time together with a non-tolerance of surgical side-effects. Hence, there
was a need to find an alternative method to ablative surgical methods, without irreversible
side-effects. This resulted in the reappearance of chronic DBS in the treatment of
movement disorders. The pioneering work started in 1987 and was led by Alim-Louis
Benabid and Pierre Pollak (Benabid et al., 1987).

S URGERY
In order to study clinical aspects of DBS it is important to understand the different stages
of DBS treatment. DBS surgery is a minimally invasive form of surgery that aims at
modulating the neural activity of the brain. The surgical procedure has been thoroughly
described by Kramer et al. (2010), and Machado et al. (2006), and the technical aspects by
Hemm and Wårdell (2010). DBS electrodes are implanted with stereotactic technique in
deep brain structures with pathological activity. The actual implantation of the DBS
electrodes is preceded by appropriate patient selection, target selection, stereotactic
imaging, and calculation of target coordinates. The implantation of the DBS electrodes is
then often followed by intraoperative macro stimulation, postoperative imaging,
implantation of pulse generator(s), and programming of the DBS device.

PATIENT SELECTION
The outcome of DBS is highly dependent not only on the actual stimulation of brain
tissue but also on appropriate patient selection. Candidates for DBS surgery are therefore
thoroughly evaluated before being referred for surgery. For patients with Parkinson’s
disease some of the main characteristics of good candidates are levodopa responsiveness,
the presence of tremor, bradykinesia, and/or rigidity, recurrent “on-off” fluctuations, and
shortening of functional “on” times (Kramer et al., 2010). The progression of the disease
also seems to be a predictive factor, where a less severe disease together with good
levodopa response will have a favourable therapeutic outcome (Lang et al., 2006).
Contraindications for surgery include but are not limited to secondary parkinsonism,
untreatable bleeding disorders, and severe cognitive dysfunctions (Halpern et al., 2009,
Sakas et al., 2007). The upper age limit of the patient may also play an important role on
the outcome when electrodes are positioned in certain target areas (Saint-Cyr and
4
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Trepanier, 2000, Hariz, 2002a). In addition, unrealistic preoperative expectations of
benefit from surgery may predispose an unsatisfied patient outcome. The patients'
psychological and social context before the operation and during the post-operative
follow-up is also an important factor for a successful reintegration to personal, and
professional life (Agid et al., 2006).

TARGET SELECTION
When DBS is used as a treatment for patients with PD, electrodes are commonly placed in
the area of the subthalamic nucleus (STN), or the internal segment of globus pallidus
(GPi). For treatment of essential tremor electrodes may be placed in the ventral
intermediate nucleus of thalamus (VIM) or more recently in the posterior subthalamic
nucleus (PSA) (Figure 2).

Figure 2. a) Principal illustration of common target areas and adjacent structures in DBS for
movement disorders. Modified image from Clinica Neuros with permission (Clinica Neuros, 201105-13). b)T2 weighted axial MRI of the subthalamic area, and c) globus pallidus internus together
with surrounding structures and fibre-tracts. An artefact from an implanted DBS electrode was
located at the border of the right GPe and PUT. fx, fornix; mtt, mammillothalamic tract; fct,
fasciculus cerebello-thalamicus; PAG, periaqueductal grey area.

Successful STN DBS reduce all the major symptoms of PD, such as tremor, bradykinesia,
and akinesia (Benabid et al., 1994). In addition, stimulation in the STN area allows for a
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considerable decrease in levodopa medical intake, with a resulting decrease of levodopa
induced dyskinesias (Russmann et al., 2004).
Another DBS target used for PD patients is the ventral posteromedial part of the globus
pallidus internus (GPi) which also reduce the major symptoms of PD. GPi DBS may also
improve medically (levodopa) induced dyskinesias, however, without permitting a
reduction of medical intake. The degree of benefit received from either STN or GPi DBS
does not generally exceed the best medically induced clinical effect, but can substantially
improve quality of life due to the reduction of on/off periods and the “wearing off” effect
as a result of diminishing medication and levodopa induced dyskinesias.
For tremor dominant PD patients, the VIM was first targeted with an average benefit on
UPDRS-III of over 80 % in the majority of patients (Perlmutter and Mink, 2006). (For a
description of UPDRS see paragraph Parkinson’s disease, page 11.) Nowadays, STN DBS
is preferred even for patients with tremor dominant PD since symptoms such as rigidity,
akinesia or levodopa induced dyskinesias may appear over time due to the progression of
the disease.
For PD patients it has been suggested that DBS in the STN area may be superior to DBS in
the GPi due to a more consistent alleviation of symptoms (Burchiel et al., 1999,
Volkmann, 2004). However, the incidence of side effects, especially cognitive and
behavioural, may be more frequently occurring during DBS in the STN (Anderson et al.,
2005). At the moment the number of comparative trials is limited and the choice of target
is based on the individual situation.
Target coordinates are often calculated with the midcommissural point (the midpoint
between AC and PC) as origin. Coordinates in relation to the midcommissural point for
typical DBS targets can be found in Table 1 and illustrated in Figure 3.
Table 1. Typical target coordinates in relation to the midcommissural point for DBS in movement
disorders (Sakas et al., 2007).

Target region

Coordinates

STN

12 mm lateral
2-4 mm posterior
3 mm inferior
20-22 mm lateral
2-3 mm anterior
3-6 mm inferior
14-15 mm lateral
3-5 mm posterior
0-1 mm superior

GPi

Thalamus

6
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Figure 3. a) Posterior and b) medial view of three common targets for movement disorders. VLp,
ventral lateral posterior nucleus of thalamus; VLa, ventral lateral anterior nucleus of thalamus;
VIM, ventralis intermedius nuclues of thalamus; GPi, globus pallidus internus; RN, red nucleus;
STN, subthalamic nucleus. (colour online)

STEREOTACTIC IMAGING
Prior to acquiring stereotactic images of the patient’s brain a stereotactic head frame is
fixed to the skull under local anaesthesia. In many clinical centres the Leksell Stereotactic
System®, Model G Frame (Elekta AB, Sweden) is used. Care is taken to place the frame
midline, aligned to the plane of the anterior and posterior commissure of the third
ventricle (AC-PC). An indicator box, commonly the Leksell Frame MR Imaging
Localizer, is attached to the frame which produces landmarks visible in the images.
Landmarks are used for determining target coordinates. Target coordinates and trajectory
may be calculated manually by measurements in the images or semi automatic using
surgical planning softwares. Once the target coordinates are calculated the arc of the
frame is adjusted according to the coordinates (Figure 4).
Stereotactic atlases by Schaltenbrandt and Wahren (Schaltenbrand and Wahren, 1977),
and more recently an atlas by Anne Morel (Morel, 2007) may be used to identify
anatomical target areas. However, due to individual patient anatomy the surgical target
areas may differ significantly from that of the atlases (Ashkan et al., 2007). With the
introduction of enhanced protocols for T2-weighted, non-volumetric fast-acquisition
MRI, direct targeting has been possible with a following reduction of surgical
complications due to decreased electrode passes during surgery (Hariz et al., 2003).

7
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Figure 4. a) Leksell Stereotactic System®. An adjustable arc is attached to the frame that allows
surgeons to reach targets in the brain from a large number of angles. b) An indicator box that
creates landmarks in the images is attached to the frame prior to imaging. (Courtesy of Elekta
Instrument AB, Sweden). c) Landmarks from the indicator box are visible in the MRI and used for
calculation of stereotactic target coordinates and trajectory prior to surgery.

IMPLANTATION OF THE DBS DEVICE
During DBS surgery an entry point is marked on the scalp of the patient according to the
trajectory planning, and a hole is drilled through the skull aligned with the trajectory.
Physiological verification of the target area may then be performed with microelectrode
recording, impedance monitoring, and recently by optical measurements (Hemm and
Wårdell, 2010). Recording and also electrical stimulation with microelectrodes is
frequently used for determination of the target boundaries. The rational for impedance
measurements during exploration of the target area is the different conductivities of
cerebrospinal fluid, grey and white matter. Optical methods include laser Doppler
monitoring, as well as assessment of backscattered light intensity (Johansson et al., 2009,
Wårdell et al., 2007) for differentiation of tissue type and measurement of the micro
vascular blood flow.
When the target has been physiologically explored a DBS electrode is inserted into the
target. However, due to e.g. brain shift the electrode may still not end up at its desired
location (Petersen et al., 2010, Zrinzo et al., 2009). Due to the uncertainty of the final
position of the DBS electrode, its location is confirmed by inter-operative stimulation
with the DBS electrode after it has been secured to the bur hole. Intra-operative MRI or
computed tomography (CT) (Shahlaie et al., 2011) or fluoroscopy/X-ray (Hamel et al.,
8

Deep brain stimulation
2002) is used in some clinical centres. In most centres postoperative images are acquired
for confirming a satisfactory electrode location after the electrode lead is secured to the
burr hole. In the same session, or sometimes at a later occasion, the DBS pulse generator
is implanted under general anaesthesia in a subcutaneous pocket slightly inferior to the
clavicle. A wire is then tunnelled from the pulse generator to the connection of the
electrode extension.

S TIMULATION PARAMETERS
In well selected PD patients successful DBS depends on correctly placed electrodes
together with proper electrical stimulation parameter settings. Currently, the most
common DBS electrodes that are approved for clinical use are manufactured by
Medtronic (Medtronic, Inc. USA). Two different types of electrodes are available from
this company, model 3387 and 3389. Both electrodes consist of four contacts with a
contact length of 1.5 mm with an intercontact distance of 1.5 and 0.5 mm, for each model
respectively. The electrode diameter is 1.27 mm and the surface area of each electrode
contact is ~6 mm2 (Figure 5).

Figure 5. Model of Medtronic DBS electrode, 3389.

Each contact can be used as anode or cathode in bipolar electrode configuration or as
cathode in monopolar stimulation setting. During monopolar electrode configuration the
pulse generator case is used as anode. Therapeutic stimulation is typically carried out with
a cathodic monopolar electrode configuration, an electric potential of 1-5 V, a pulse width
of 60-200 μs, and a frequency of 120-185 Hz.

PROGRAMMING THE DBS DEVICE
In PD patients the programming of the DBS device is usually commenced 2-3 weeks after
surgery. Medications are withheld overnight and the patient is stimulated systematically
with monopolar stimulation on each electrode contact. The pulse width may initially be
set to 60 μs and the frequency to 130 Hz while the electric potential is varied until
alleviation of symptoms such as tremor or limb rigidity. In order to assess the therapeutic
window of stimulation the electrical potential may be further increased above therapeutic
amplitudes until secondary effects occur such as paresthesia (sensation of pins and
needles) or involuntary muscle contractions. During bilateral stimulation each
hemisphere is first assessed separately and then together to cover collective effects. The
contact with the best benefit at the lowest electrical potential is often used as the final
stimulation contact (Moro et al., 2006). Parallel adjustments of medications are often
9
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required, especially during stimulation in the STN where medications generally must be
lowered. Programming of the DBS device is usually completed in a 3 months period but
may be adjusted over time due to the progression of the disease.
Common electrical settings have been derived primary by trial and error approaches and
from animal studies (Breit et al., 2004). The trial and error approach has been possible
due to the almost immediate effects of DBS on the control of tremor and some other
Parkinsonian motor symptoms. For other diseases such as dystonia where the clinical
benefit usually is delayed several months post stimulation onset, it is more difficult for
such titration of stimulation settings.
The electric potential, pulse width, and frequency each have individual effects on the
clinical outcome. When the electric potential is increased, neural elements such as soma,
axon, and dendrites will be stimulated at an increased distance away from the electrode
contact, and thus the volume of influence is increased. However, the exact distance away
from the electrode contact to the outer boundary of the volume of influence is not known
due to the limited knowledge of the DBS mechanisms.
The pulse width, is affecting the amount of electric energy delivered to the tissue medium
and therefore also affects the volume of influence. There is a nonlinear relationship
between the amplitude and the pulse width for excitation of neural elements. As described
by Weiss equation the amplitude required to excite neural elements decreases as pulse
width increases (Kuncel and Grill, 2004).
The frequency is another parameter that has a central role in the clinical outcome of DBS.
Normally, without DBS, the firing rate of neurons depends of the amount of activity at the
synapses. A high activity at the synapses leads to increased postsynaptic stimuli due to
temporal summation of released transmitter substance. During DBS there is also a strong
relationship between frequency and clinical outcome, however, the effects are not gradual.
During STN DBS it has been shown that frequencies below 10 Hz may actually aggravate
PD symptoms (Dostrovsky and Lozano, 2002). From around 50 Hz and higher there is an
ent.
Models and simulations havbenefit which is almost maximal at 130 Hz. There is a further
slight improvement up to around 200 Hz, while frequencies above 200 Hz up to 10,000
Hz do not further improve the effects of DBS. As previously stated, in movement
disorders the frequency is often set to 130 Hz as a compromise between clinical efficacy
and power consumption (Volkmann et al., 2006).

A PPLICATIONS
Since it became apparent that DBS results in clinical benefits similar to those achieved by
surgical lesions (Laitinen, 1995) DBS has replaced most of the ablative procedures within
functional neurosurgery. Nonetheless, ablative functional surgery may still be an
alternative under certain conditions (Deligny et al., 2009). Some of the established and
investigational applications of DBS are presented below.
10
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PARKINSON’S DISEASE
Parkinson’s disease is a neurodegenerative disorder characterized by the motor symptoms
tremor, bradykinesia, akinesia, rigidity, postural instability and gait. These symptoms are
sometimes accompanied by non motor symptoms such as depression, anxiety, autonomic
dysfunction, sleep disorders and cognitive impairment (Wichmann and Delong, 2006).
The prevalence is ~0.3 percent of the population which increases to around 5 percent in
people older than 85 years old. The neuropathology of PD is the degeneration of
dopaminergic neurons in the substantia nigra pars compacta projecting to the putament
and caudate nucleus, together with the presence of Lewy bodies (eosinophilic
intracytoplasmic inclusions) in the remaining dopaminergic neurons (Rao et al., 2006).
PD is diagnosed by the findings of distal resting tremor of 3 to 6 Hz, bradykinesia, rigidity
and an asymmetrical onset of the disease. In order to be diagnosed with idiopathic PD the
patients must also respond to levodopa medication or dopamin agonists. Today there is
no cure for PD, thus the therapies for PD are aimed at symptom depression and
maintaining quality of life.
The progression of the disease and the response of the treatment are commonly assessed
with a standardized assessment tool called the unified Parkinson’s disease rating scale
(UPDRS). The UPDRS is a protocol divided into four parts that are used for
documentation of (I) mental effects, (II) limitations in activities of daily living, (III) motor
impairment, and (IV) treatment or disease complications (Rao et al., 2006). In addition,
other tests may be used for clinical assessments. In paper III, speech was evaluated with
the Assessment of Intelligibility for the Dysarthric Speech, sustained vowel phonation
“ah” for three repetitions, and a 60 s monologue about a topic of the speaker’s choice
(Tripoliti et al., 2008).
Treatment for early-stage PD is initiated at the onset of functional impairment. Common
pharmacologic agents are levodopa and dopamine agonists. Studies have demonstrated
that these pharmaceuticals have consistent therapeutic effects initially. However, after five
years of treatment (late-stage), about 40 % of patients develop medically induced
dyskinesias (Ahlskog and Muenter, 2001). Other complications that may appear are the
“wearing off” effect and the on/off fluctuations. For patients with medically refractory PD
surgical treatment may be an alternative.

ESSENTIAL TREMOR
Essential tremor (ET) is one of the most common movement disorder affecting 0.9% of
the population (4.6% for people >65 years old) (Jain et al., 2006). The tremor is
manifested by involuntary oscillatoric muscle contractions and relaxations of a body part.
The hands are often affected but the head, trunk, leges, voice, or tongue may also be
involved. Head tremor is sometimes manifested as continuous “yes-yes” or “no-no”
motions. Gait disturbance may also be seen in patients with ET. Diagnosis of ET is based
solely on clinical examination and neurological history as there is no biological marker or
diagnostic test currently available (Deuschl et al., 2011). The Tremor Investigation Group
11
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(TRIG) criteria are often used during the examination. However, due to the similarity
with other tremor disorders, dystonic tremor and Parkinson’s disease tremor,
misdiagnoses are not uncommon (Jain et al., 2006). The etiology and pathology of ET is
unknown and the available treatments aim at reducing the symptoms of the disease.
Pharmacological therapy is used but may sometimes be accompanied by dose limiting
side-effects (Deuschl et al., 2011). Surgical treatment with DBS is an alternative for
medically intractable ET. Thalamotomy in the VIM and later VIM DBS has been
effectively used as symptomatic treatment (Rehncrona et al., 2003). However, the use of
bilateral VIM DBS has been limited by a high incidence of dysarthria (Deuschl and Elble,
2009). Unilateral stimulation contra lateral to the tremor dominant side, as opposed to
bilateral stimulation, has been used in order to minimize the side effects on speech.
Recently, the interest in the posterior subthalamic area (PSA) as a target for DBS has been
reborn as an alternative to VIM DBS (Plaha et al., 2011, Blomstedt et al., 2009).

DYSTONIA
Dystonia can be a very disabling neurological movement disorder in which continuous
muscle contractions cause twisting, repetitive movements or abnormal postures. In
addition, involuntary simultaneous activation of agonist and antagonist muscles that
interfere with intended movements is also common. Dystonia is classified into different
subgroups depending on its origin (primary, secondary, tardive, etc.) and the anatomical
distribution of the symptoms are grouped as generalized, segmental, or focal. DBS is used
for different types of dystonia such as idiopathic generalized, cervical and segmental
dystonia (Krauss, 2010). DBS electrodes are commonly positioned in the posteroventral
GPi, with the electrode tip at the dorsal border of the optic tract (Nicholson, 1965). Unlike
patients with PD, the maximum clinical benefit of DBS in dystonic patients is often not
achieved until several months post surgery and may in some cases improve up to 18
months post surgery (Coubes et al., 2004, Jankovic, 2006).

EXPERIMENTAL APPLICATIONS
The success of DBS in movement disorders has contributed to an increasing number of
clinical DBS trials for treatment of other neurological disorders.
Gilles de la Tourette syndrome
Gilles de la Tourette syndrome (GTS) is a neuropsychiatric disorder that is characterized
by motor, phonic or vocal tics. Typical symptoms of GTS are manifested by simple tics
such as eye blinking, throat clearing, or by more complex tics that may be similar to
purposeful intended movements, such as head shaking or throwing, and uttering phrases.
One of the most recognizable and distressing symptoms is the uttering of obscene words
(coprolalia) which is present in about 10% of the patients (Ackermans et al., 2008). For
intractable Tourette’s syndrome DBS has been used on an experimental level since 1999
(Vandewalle et al., 1999). At present 19 clinical centres have targeted 9 different brain
areas for DBS treatment of GTS (Hariz and Robertson, 2010, Ackermans et al., 2008).
Most commonly, the intralaminar thalamic nuclei and the internal pallidum was targeted.
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The clinical outcome has been variable and DBS for GTS remains experimental until
further proof of efficiency and safety are provided (Sassi et al., 2010).
Chronic pain
Electrical simulation was first tried for the treatment of pain in 1954. Since then major
advances have been made for treating pain. For chronic intractable pain, the
periventricular and periaqueductal grey matter, sensory thalamus, and internal capsule
have been the main targets (Leone, 2006). Today DBS treatment for pain has largely been
replaced by motor cortex and spinal cord stimulation.
Obsessive-compulsive disorders
Obsessive-compulsive disorders (OCD) are characterised by recurrent obsessions and/or
compulsions. Typical symptoms of OCD include repetitive hand-washing, extensive
hoarding; sexual or religious obsessions, aggressive impulses, and aversion to odd
numbers. Patients refractory to medical and cognitive behavioural therapy may be
candidates for DBS (Abelson et al., 2005, Cosyns et al., 2003). Electrodes have commonly
been placed in the anterior limb of the internal capsule and the nucleus accumbens with
promising effects (Bear et al., 2010).
Treatment-resistant depression
Depression is a common neurological disease that is characterized by low mood, low selfesteem and loss of interest or pleasure in normally enjoyable activities. Although,
pharmacotherapy, psychotherapy and electroconvulsive therapy are often effective in
alleviating or reducing depression, 10-20% of the patients do not respond to conventional
treatment. DBS has been used on an experimental level for treatment-resistant depression
(Mayberg et al., 2005). In 2008, Lozano et al. showed clear improvement in a majority of
20 patients after one year of stimulation in the subcallosal cingulate gyrus (Lozano et al.,
2008). Another multi-centre trial by Malone et al. (2009) showed long-term benefit for a
majority of 15 patients stimulated in the ventral capsule/ventral striatum.
DBS is also being used on an experimental level for treatment of epilepsy (Lockman and
Fisher, 2009, Lega et al., 2010), and cluster headache (Jurgens et al., 2009, Matharu and
Zrinzo, 2010), and is currently being considered for treatment of food intake disorders
and obesity (Torres et al., 2011). In addition, DBS in the periaqueductal grey matter
(PAG) has been indicated as a treatment for hypertension (Green et al., 2007a, Green et
al., 2007b).

A DVERSE EFFECTS
The overall risk of severe morbidity during DBS is 1-3 % (Breit et al., 2004). Adverse
effects of DBS may have a variety of causes such as complications during the surgical
intervention, hardware related infections, hardware failure, electric stimulation of
unwanted neural structures, and medication adjustment failure necessitated by DBS.
There are also reports of disappointed patients with unrealistic expectations of DBS and
13
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problems with social adaptation after improvement of motor symptoms (Perozzo et al.,
2001). Severe irreversible surgical complications may occur from intra cranial
haemorrhage from penetrating tracks. Other post surgical complications are skin erosion
or infections due to the foreign implanted objects. Hardware failure relates to lead
extension fractures, lead migration, short or open circuit, and malfunction of the pulse
generator.
The use of microelectrodes for intra-operative recording and stimulation may result in up
to four extra trajectories, with each trajectory increasing the risk of haemorrhage and
infections. The necessity of microelectrodes in functional DBS surgery is being debated
due to the increased risk of haemorrhage as well as the potentially prolonged operating
time which also is a risk factor for infections (Hariz, 2002b, Hariz et al., 2004, Foltynie et
al., 2010).
During DBS in the STN area acute but reversible adverse effects such as tonic muscles
contractions, dysarthria, paresthesia, dizziness, blurred vision, dysarthria, ataxia, diplopia,
ptosis, and hyperhidrosis may occur. Unfortunately, the stimulation settings that have the
best clinical effect on the symptoms of the disease may sometimes be the same that cause
adverse side-effects. In such cases the final DBS settings may be a compromise between
symptom reduction and induction of adverse side effects.
During DBS in the GPi stimulation-induced adverse effects may be less frequent than
during STN DBS. Nevertheless, adverse effects such as tonic muscle contractions and
phosphenes (visual light flashes) may sometimes appear.

MECHANISMS
The mechanisms of DBS are not very well understood and investigators are faced with a
paradox of how electrical stimulation, which traditionally has been used to excite neurons,
can result in a similar therapeutic effect as lesions in the same target structures. Early on,
two general philosophies emerged to explain the effects of DBS. The first philosophy was
that DBS induces a functional ablation by suppressing the activity of the hyperactive
target structure (Dostrovsky et al., 2000, Tai et al., 2003), and the second philosophy was
that DBS changes the pathological activity of the hyperactive target structure by exciting
neurons (Anderson et al., 2003, Hashimoto et al., 2003). From these two philosophies a
number of hypotheses have been proposed to explain the DBS mechanisms e.g.
depolarization blockade of neuronal signal transmission through inactivation of voltagegated ion-channels, synaptic inhibition of the soma by activation of inhibitory afferent
terminals (Dostrovsky and Lozano, 2002), and stimulation-induced modulation of
pathological network activity by activation of efferent axons (McIntyre et al., 2004c).
Various techniques, such as neural micro-recording, neurochemistry monitoring,
functional imaging, finite element models and simulations together with neural modelling
experiments have been used to address which of the general philosophies best explains the
available data. However, difficulties in experimental techniques and the complexity of the
14

Deep brain stimulation
neural response to extracellular stimulation have complicated the understanding of the
DBS mechanisms.
Recent investigations on DBS mechanisms have focused not so much on the cellular level,
whether DBS induces activation or inhibition, but more on the broader dynamics of the
cortico-basal-ganglia motor loop. Oscillating local field potentials in the alpha (4-9 Hz)
and beta band (10-30 Hz) have been recorded in the basal-ganglia motor network in PD
patients and identified as a likely contributor to the symptoms of PD (Hutchison et al.,
2004). Beta band oscillations are common in the motor cortex also in normal subjects.
However, in healthy subjects these oscillations are not transmitted into the basal ganglia
as in PD patients (Gatev and Wichmann, 2009). There is evidence that DBS in the STN
induce a change of the oscillatory activity much like that produced by levodopa
medication (Devos et al., 2004). The beneficial effects of DBS is likely in part due to
modulation of the network activity which may not necessarily be restored to a prepathological state but rather to a third state that allows improved functioning (McIntyre
and Hahn, 2010). This general concept of resetting oscillatory patterns is commonly
referred to as “jamming” of neural activity and was first proposed by Benabid et al. (1996).
It can be concluded that the current understanding of the DBS mechanisms is far from
fully explaining the observed effects and side-effects of stimulation.
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T HE BASAL GANGLIA
Understanding the anatomy and physiology of the basal ganglia as well as its
pathophysiology in Parkinson’s disease is important during clinical investigations of DBS.
The basal ganglia is a group of nuclei located in the deep part of the brain. It represents
one of the most complex neural circuits of the brain and its functions are still not yet fully
understood. From physiological studies in rats and monkeys, and diseases that damage
the basal ganglia, it has been shown that the basal ganglia are involved in several diverse
functions such as reward-based learning, exploratory behaviour, goal-oriented behaviour,
motor preparation, working memory, timing, action gating, action selection, fatigue, and
apathy (Chakravarthy et al., 2010). For the most part a nomenclature originally proposed
by Walker (1938) was used.

A NATOMY AND PHYSIOLOGY
The major structures of the basal ganglia are the striatum (caudate nucleus and putamen),
the internal and external segment of the globus pallidus, the reticular and compact part of
the substantia nigra (SNr, and SNc), and the subthalamic nucleus (Figure 6).

Figure 6. Posterior view of bilateral basal ganglia excluding the striatum. Image modified from
Dr. Shock (Dr. Shock, 2011-05-13) with permission. (colour online)

The main structures receiving input to the basal ganglia is the striatum, while the main
output structures are the GPi/SNr (Utter and Basso, 2007). Input to the basal ganglia is
also received by the STN mainly from the cerebral cortex (Nambu et al., 2002). From the
input structures to the output structure, there exist two main pathways, the direct and the
indirect pathway. The indirect pathway runs via GPe and STN while the direct pathway
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runs directly from the striatum to the GPi/SNr (Figure 7a) (Kopell et al., 2006). Within
the basal ganglia, one of the most influential transmitter substances is dopamine. The
dopamineric input projects from the SNc to striatum. Dopamine can either have an
inhibitory or an excitatory effect on neurons in the putamen depending on the receptor
type. The D1 receptors have an excitatory effect on the neurons while the D2 receptors
have an inhibitory effect on its neurons.

P ATHOPHYSIOLOGY IN P ARKINSON ’ S DISEASE
Degeneration of dopaminergic neurons in the SNc projecting to the striatum
(predominantly the putamen) results in the characteristic symptoms of PD. Two different
hypotheses exist to explain the changes occurring in neuronal activity as a result of
dopamine depletion. The first hypothesis, which until recently has been the most accepted
model, is the rate model. According to the rate model the physiological implications of
loss of dopamine in the putamen are a net increase of the activity through the indirect
pathway and a decreased activity through the direct pathway (Figure 7b). Hypokinetic
disorders, such as PD, are explained as an increased activity in the GPi/SNr as a result of
increased STN excitatory input. Hyperkinetic disorders, such as hemiballism, dystonia
and drug-induced dyskinesias, are on the contrary explained by a decrease of basal ganglia
output activity.
In addition to the rate model, the pattern model has emerged as a second hypothesis
explaining the changes of neuronal activity due to dopamine depletion. It has been shown
that the activity of basal ganglia neurons in PD patient have a tendency to discharge in
synchronized bursts, in an oscillatory manner with frequencies in the alpha and beta
band. The alpha frequency band has been related to resting tremor and the beta band to
akinesia (Uc and Follett, 2007). Thus, the loss of dopamine may not only result in raterelated changes, but also changes in the pattern of activity. However, neither the rate- or
pattern model explain muscle tone symptoms such as rigidity in Parkinson’s disease
(Nambu, 2008).
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Figure 7. a) Simplified schematic rate model of the basal ganglia (surrounded by a dotted line)
and connecting structures during normal conditions, and b) during rate changes in Parkinson’s
disease. Inhibitory connections are shown as black arrows and excitatory connections as grey
arrows. SNc, substantia nigra pars compacta; GPe, globus pallidus externus; GPi, globus pallidus
internus; STN, subthalamic nucleus; PPN, pedunculopontine nucleus; CM, centromedian part of
the thalamic nucleus; VA/VL, ventral anterior/ventral lateral part of the thalamic nucleus. Based
on information from Uc and Follet, (Uc and Follett, 2007).
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S UBTHALAMIC AREA
The subthalamic area warrants special attention due to its key role within the basal
ganglia and for being the most common DBS target in PD. The subthalamic nucleus is a
small structure with a volume of approximately 240 mm3 (e.g. 8 × 6 × 5 mm3) that
contains approximately 560 000 neurons (Oorschot, 1996, Hardman et al., 2002). It has a
biconvex shape and is surrounded by several myelinated fibre tracts that may be
responsible for some of the frequently occurring stimulation-induced side effects during
STN DBS. The lateral part of the STN is located next to the internal capsule, the
posteromedial part to the fct, the dorsal part to the fasciculus lenticularis (corresponding
to the H2 Field of Forel) and the zona incerta, and the ventral part to the SNr. The STN is
also believed to be subdivided into a motor, associative, and limbic functional portion
(Figure 8) (Hamani et al., 2004).

TARGETING THE SUBTHALAMIC AREA
The most optimal site for DBS within the STN region for movement disorders is debated.
Some groups have defined the dorsolateral portion of the STN as the most optimal region
for DBS in patients with Parkinson’s disease (Zonenshayn et al., 2004, Saint-Cyr et al.,
2002, Herzog et al., 2004). Others have defined the optimal DBS target for PD patients at
the dorsomedial border of the STN (Hamel et al., 2003), while yet others have reported
the caudal zona incerta/posterior subthalamic area (PSA) as the superior target (Plaha et
al., 2006) (Figure 9).
The PSA was frequently used for treatment of movement disorders during the lesional era
(Fytagoridis and Blomstedt, 2010). However, since the reinvention of DBS there has been
limited interests in the PSA with only a few reported studies (Blomstedt et al., 2009,
Carrillo-Ruiz et al., 2008, Velasco et al., 2001, Kitagawa et al., 2005). PSA have been used
as a target mainly for essential tremor and Parkinson’s disease (Fytagoridis and
Blomstedt, 2010). In paper V, the PSA was targeted for patients with tremor. Electrodes
were aimed at slightly medial to the posteriomedial border of the subthalmic nucleus, at
the level of the maximal diameter of the red nucleus.

Figure 8. Anterior view of the intrinsic organization of the subthalamic nucleus (STN).
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Figure 9. a) Superior, and b) medial view of a 3D atlas together with electrodes positioned in three
common DBS targets within the subthalamic area. Modelled DBS electrodes were located in the 1)
dorsolateral, 2) dorsomedial, and 3) posterior portion of the subthalamic area.
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E LECTRICAL STIMULATION OF TISSUE
Fundamental knowledge of electric stimulation of brain tissue is central for
understanding the physiological processes underlying the clinical effects of DBS. Electric
stimulation of neural tissue can be applied on a cellular level with microelectrodes or as in
the case with DBS on a multi-cellular level by applying an electric potential in the
extracellular space surrounding neural components. DBS is most often carried out with
voltage-controlled pulse generators. When an electric potential is delivered at the
implanted electrode contact the electrically charged particles produce an electric field that
exerts a force on other electrically charged objects. The electric field is commonly
described as the force per unit charge that would be experienced by a stationary point
charge at a given location in the field (Nordling and Österman, 1999):
[N C-1]

(1)

where (N C-1) is the electric field, (N) the force, and (C) a test charge. The direction
of the electric field is equal to the direction of the force that would be exerted on a
positively-charged particle. Electric fields can also be described as the negative rate of
change of the electric potential. Thus, the electric field can be described by measuring the
electric potential in different locations. Here, the electric field is expressed in one
direction, s, as a partial derivative:
[V m-1]

(2)

In three dimensions (3D), an electric field can be expressed in vector form as:

(3)

where the set of partial derivatives is the gradient that can be rewritten as:
(4)
which is how the electric field is denoted in the equation for steady currents used for
simulations of DBS (Eq. 10, page 31).

POLARIZATION OF NEURONS
The effect of an applied inhomogeneous electric field on a neuron is a change of its
transmembrane voltage, either hyperpolarisation or depolarization (Tortora and
Grabowski, 2000). When a neuron is hyperpolarized or depolarized below its threshold
for activation, the neuron will not trigger and will return to its resting state at the end of
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the stimulation pulse. During depolarization of a neuron up to its threshold and above, an
action potential will occur as described by Hodgkin and Huxley (Hodgkin and Huxley,
1952). During regular physiological activity the action potential is generated in the axon
hillock of the cell body and propagated along the fibre through voltage gated ion channels
that open in response to a change in membrane potential. However, during extracellular
stimulation the soma has a high threshold for stimulation due to the high capacitance of
the soma compared to that of the axon. Thus, the soma is normally not triggered and the
action potential is instead initiated anywhere at the voltage gated ion channels along the
axon. As a result, the action potential can be initiated in the middle of the axon and
propagate both orthodromically and antidromically (Figure 10).

Figure 10. Schematic illustration of a myelinated neuron (Wikipedia, 2011-06-11).

A CTIVATING FUNCTION
Models and simulations have been used to investigate the influence of extracellular
stimulation on the nodal transmembrane voltages (Arle et al., 2008, Kuncel and Grill,
2004, McIntyre et al., 2004a, Miocinovic et al., 2006). During such investigations, the
electric potential at each axonal node can be used to calculate the polarization at the nodes
by solving a system of differential equations that describe the gating mechanisms of the
voltage-sensitive ion-channels of the neural membrane. However, in 1976 McNeal
(McNeal, 1976) showed that the transmembrane voltage at each node of a straight axon is
predominantly determined by the second order difference of the electric potential at the
nodes. The second order difference of the electric potential was later named the activating
function (AF) by Rattay in 1986 (Rattay, 1986):
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AF

Vn‐1 – Vn – Vn – Vn
Vn‐1

Vn 1 – 2Vn

1

[V]

(5)

where Vn (V) is the extracellular electric potential at node n. A positive AF refers to
depolarization while a negative AF refers to hyperpolarisation. As shown by the equation,
the electric potential at the neighbouring nodes either support or hinder depolarization at
node n. Thus, the location and orientation of the nodes in relation to the electric field is
important factors to whether it is triggered or not. Also, the distance between the nodes is
highly influencing the polarization process. According to Holsheimer (Holsheimer, 2003)
the internodal distances of a nerve fibre is approximately 100 times larger than its
diameter. Thus, the threshold for activation of large fibres are lower than for small fibres
since the potential differences between nodes located far apart is generally larger than for
nodes located close together during DBS.

SIMULATING THE ACTIVATING FUNCTION
In order to illustrate the basics of the activating function a software tool was created in
MATLAB. Two myelinated axons with a diameter of 5 and 10 μm were modelled and an
electric potential from a monopolar point source was simulated. The axons were modelled
with an internodal distance of 0.5 and 1 mm and were oriented and positioned at the
same location in relation to the electric field. Both axons were located at a distance of 2
mm away from the electrode. The activating function was calculated at each node. During
regular electrical DBS settings with a pulse width of 60 μs the threshold for activation can
be approximated to 20 mV (Martens et al., 2010). Three cases were simulated and
visualized: cathodic stimulation (-2 V), anodic stimulation (+2 V), and excessive cathodic
stimulation (-10 V) (Figure 11). Simulations confirmed the major impact of the
internodal distances on the activation function (Holsheimer, 2003) which were maximally
~7 and ~23 mV for the small and large axon during -2 V stimulation. The simulations
also confirmed that fibres may be depolarized by both cathodic and anodic stimulation;
however, stimulus threshold for anodic stimulation was substantially higher than for
cathodic stimulation. During high stimulation amplitudes the propagation of an action
potential may be blocked in the fibre by cathodic block. This was illustrated by the
hyperpolarisation effect on both sides of the site of the initiated action potential (Figure
11 c). In reality, the excitability of axons depends heavily on electrical and geometrical
parameters. Irregularities of the extracellular potential, the neighbouring nodes due to e.g.
bending of the axon, density of voltage gated ion ports, or changes of the diameters will
have a major impact on the site and magnitude of depolarization.
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Figure 11. Activating function for two myelinated axons located and oriented equally in an
electric field. In fibre A the intermodal distances were twice as long as in fibre B (1 and 0.5 mm,
respectively). The activating function was simulated during a) cathodic (-2 V), b) anodic (+2 V),
and c) excessive cathodic stimulation amplitude (-10 V). Axons were depolarized where the
activating function was positive, and hyperpolarized where the activating function was negative.
d) Schematic illustration of an axon located 2 mm away from the electric potential source.

M EAN EFFECTIVE RADIUS OF ACTIVATION
In addition to the activating function, Kuncel et al. (2008) developed a method to quantify
the spatial extent of activation during DBS in the thalamus. The mean effective radial
distance between the active electrode contact and the neuron, (mm), was described by:
[mm]

(6)

(V) is the threshold amplitude i.e. the electric potential required to activate a
where
neuron, (V) the offset amplitude related to the threshold for activation if the electrode
contact was positioned within the targeted neurons, and (V mm-2) the mean amplitudedistance constant which determines the increase in threshold as the relative distance
between the electrode and the neuron changes. Kuncel et al. (2008) presented an
estimated offset value ρ of 0.1 V and an amplitude-distance constant k of 0.22 V mm-2
during DBS in the thalamus. The mean effective radius of activation in the thalamus was
calculated according to Eq. 6 and displayed in the range of common DBS amplitude
settings (Figure 12).
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Figure 12. The effective radius of activation in the range of common DBS amplitude settings.

27

T HE FINITE ELEMENT METHOD
The finite element method (FEM) is a numerical technique for calculation of approximate
solutions of general partial differential equations (PDE) and integral equations. It was
formulated by Olgierd Zienkiewicz in 1947 (Stein, 2009) and has since then been used to
solve wide ranging problems within physics. Partial differential equation(s) describe a
physical problem that is considered over a certain region. Instead of seeking an
approximation to the problem that hold over the entire region, the basic idea of FEM is to
subdivide the complex region/geometry into smaller mesh elements with simple shapes.
An example of an axi-symmetric and 3D mesh is presented in Figure 13.

Figure 13. Mesh of an (a) axi-symmetric and (b) 3D mesh of a DBS electrode positioned in a
nucleus of grey matter. The mesh density was related to the complexity of the geometry with a
higher density around corners and edges.

Common mesh elements have e.g. triangular, squared, tetrahedral, or cubical shapes. A
simplified approximation to the problem may then be described over each mesh element.
Thus, the first step in solving a problem with the FEM is to subdivide the geometry into a
finite number of mesh elements and choosing the type of approximation which is to be
applied over each element. This approximation is called a shape function or base function
and is normally a polynomial of linear, quadratic, or cubical degree. The shape functions
are formulated according to the type of mesh elements that are used and the physics that
is to be solved. At the vertex of each element there are nodal points. The shape function is
used to interpolate the variable between the nodal points. A solution to the problem is
found when all the variables at each node are calculated. In this way the problem can be
transformed from a continuous system with an infinite number of unknowns to a discreet
system with a finite number of unknowns. When solving a problem the partial differential
equation(s) that describes the physical phenomena of interest are assembled together with
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boundary conditions into a large system of equations. The number of unknowns is related
to the number of mesh elements included in the geometry.
Other methods that may be used for approximating solution of partial differential
equations are the finite difference method and the finite volume method. However, the
finite difference method is restricted to handle rectangular shapes and simple alterations
thereof, and the finite volume method is mainly used for computational fluid dynamics
with millions of mesh elements. In this thesis the commercially available software tool
Comsol Multiphysics (Comsol AB, Sweden) was used to implement and solve finite
element models of DBS.

FEM AND DBS
In 2004, the FEM entered into the area of DBS (McIntyre et al., 2004a). In order to create
finite element models for simulation of DBS, the electrical conductivity, (S m-1), the
relative electrical permittivity,
(F m-1), and the relative magnetic permeability,
(H
-1
m ) of the tissue medium must be known.

ELECTRICAL CONDUCTIVITY
Electric conductivity is a measure of a material’s ability to conduct electric current. An
electric field will rearrange the electrically charged ions of a material in a way that they
will seek the lowest energy state and cancel out the electric field. The higher conductivity,
the faster and more complete this cancellation will be. If ions collide during this process,
electromagnetic energy is dissipated by collisions and turned into heat. The conductivity
of a material is defined as the ratio of the current density, (Am-2), to the electric field
strength, (V m-1):
[S m-1]

(7)

The electrical conductivity of brain tissue may be divided into groups according to tissue
type such as grey matter, white matter, cerebrospinal fluid (CSF) and blood. Grey matter
primarily consists of neuronal cell bodies, while white matter mainly contains myelinated
axons. Cerebrospinal fluid is a bodily fluid that occupies the subarachnoid space, the
ventricular system, the spinal cord, and infiltrates the brain tissue. Enlarged perivascular
spaces, Virchow-Robin spaces, filled with CSF are common findings in the putamen and
globus pallidus (Laitinen et al., 2000) in healthy individuals but may increase in size with
age as lost tissue is replaced with CSF. The conductivity of brain tissue, especially grey and
white matter, is frequency dependent due to the capacitive effects of e.g. thin cellular
membranes with a low conductivity. Thus, an increased frequency increases the electrical
conductivity. Typical electrical conductivity values of brain tissue are presented in Table
2.
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Table 2. Electrical conductivity for different brain tissue at 130 Hz (Andreuccetti et al., 2005).

Electrical conductivity (S m-1)
2.0
0.09
0.06
0.7

Brain matter
CSF
Grey matter
White matter
Blood

Conductivity values from the literature are isotropic. From impedance measurements in
the internal capsule of a cat, mainly containing myelinated axons, it has been suggested
that the impedance along axonal fibres is approximately nine times lower than
perpendicular to the fibres (Nicholson, 1965).

PERMITTIVITY AND PERMEABILITY
Permittivity is a measure of how an electric field affects, and is affected by a medium.
More specifically it is a measure of the degree of polarization within the medium due to
the electric field and the following reduction of the electric field inside the material.
Permeability is the magnetic equivalent of permittivity and is a measure of the ability of a
material to support the formation of a magnetic field, i.e. the degree of magnetization that
a material obtains in response to an applied magnetic field.
DBS is performed with alternating current with a typical frequency, (Hz), of 130 Hz.
However, in this thesis a static approximation was used for simulation of the electric field.
The rationale for this is that the phase velocity of an electromagnetic wave, (m s-1), in a
tissue medium can be calculated by:
√

[m s-1]

(8)

[m]

(9)

And the wavelength, (m), is defined by:

According to dielectric properties from Andreuccetti’s online database this results in wave
lengths for CSF, grey and white matter of 196, 832, and 1069 m, respectively. These
wavelengths are much larger than 2π times the length of the region of interest during DBS
simulations. Therefore, a change of the electric potential may be regarded as instant in the
whole region of interest, and a static approximation may be used.

GOVERNING EQUATION AND BOUNDARY CONDITIONS
The distribution of the electric field in the vicinity of the electrodes was calculated using
the equation of continuity for steady currents (Cheng, 1989):
·

·

0
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[A m-3]

(10)
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where · is the divergence, (A m-2) the current density, (S m-1) the electrical
conductivity, the gradient, and (V) the electric potential. A trivial interpretation of
the equation of continuity for steady currents is that the total amount of current within a
region can only change by the amount that passes in or out of the region boundary. Thus,
the total amount of current is conserved and cannot increase or decrease, only move from
place to place. In homogeneous and isotropic electrical conductivity the equation of
continuity for steady currents is reduced to Laplace’s equation (Cheng, 1989):
0
Where

[V m-2]

(11)

is the Laplace operator.

Monopolar electrode configuration may be simulated by setting the outer boundaries of
the model to anode and the active electrode contacts to cathode. In order not to influence
the results, the outer boundary should be located at a sufficient distance from the active
electrode contacts. Simulations showed that already at a distance of 20 mm between the
active electrode contact and the outer boundary the impact on the simulated electric field
was negligible.
In this thesis finite element models of DBS were developed for simulations of the spatial
distribution of the electric field during DBS. Tissue models of different complexities, from
general axially symmetric homogenous to more detailed 3D patient-specific
heterogeneous anisotropic were created for various rationales. Equation 10 and 11 were
used as governing equations for calculating the distribution of the electric field in the
vicinity of DBS electrodes.

32

A IM OF THESIS
The aim of this thesis was to investigate technical and clinical aspects of DBS by means of
modelling, simulation, and visualization of the electric field and tissue anatomy.
Specifically the aim was to:
‐
‐
‐
‐
‐
‐

Investigate the effects of cystic cavities on the spatial distribution of the electric
field.
Develop methods for patient-specific finite element modelling and simulation of
DBS for investigations of stimulation-induced therapeutic effects and side-effects.
Evaluate the influence of patient-specific heterogeneous isotropic and
heterogeneous anisotropic tissue on the electric field during DBS.
Investigate the spatial distribution of the electric field during DBS in relation to
effects on speech intelligibility and movement.
Develop methods for 3D visualization of atlas-based and patient-specific anatomy
to facilitate interpretation of anatomy.
Assess electrode contact locations in relation to stimulation-induced side-effects.
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In this thesis finite element models of DBS were developed for simulations of the spatial
distribution of the electric field. Tissue models of different complexities, from general
axially symmetric homogenous to more detailed 3D patient-specific heterogeneous
anisotropic were created for various rationales. General and idealized models were used
for studying general factors of DBS, while patient-specific models were connected to
individual stimulation-induced therapeutic effects and side effects.

G ENERAL MODELS AND SIMULATIONS
General finite element tissue models (axially symmetric and 3D) were used to study the
effect of cerebrospinal fluid filled cystic cavities on the electric field. Tissue anatomy was
simplified to simple shapes. In this thesis the anatomy of the GPi was simplified to a
sphere of grey matter with a radius of 3.635 mm surrounded by white matter. A DBS
electrode with a radius of 0.635 mm, contacts lengths of 1.5 mm, separated by 1.5 mm
(Model 3387, Medtronic Inc., USA) was modelled and positioned in the grey matter
together with cystic cavities of different shapes, sizes, and locations (Figure 13, page 29).
In order to simulate a monopolar electrode configuration, the active electrode contact was
set to cathode and the outer boundaries of the model to anode. The outer boundaries were
located at a sufficient distance in order not to influence the results.
An electric potential was applied to the active electrode contacts and the electric
conductivity was set to values from Andreuccettis online database (Table 2, Page 31). The
models were solved for approximately 80,000 elements and the electric field was
visualized with colour-coded slices and isolevels. Increasing the number of elements
further did not have an observable affect on the end results as presented by the graphs and
colour-coded slices of the electric field. These models were created and solved in
FEMLAB 3.1 (Comsol AB, Sweden). An example is shown in Figure 14.

35

Modelling, simulation, and visualization of DBS

Figure 14. Axially symmetric simulation of DBS during 3V monopolar stimulation. a) Slice plot of
the electric field with a marked contour of the isolevel 500 V m -1 without a cyst, (b) with a cyst
with a radial extension of 1 mm surrounding the active contact. c) The cyst was moved 3 mm
downwards the electrode-shaft. d)A cystic cavity with a radial extension of 2 mm surrounding the
active element. e) A cyst with a radial extension of 1 mm and a longitudinal extension of 5 mm
surrounding the active element. (colour online)
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P ATIENT - SPECIFIC MODELS AND SIMULATIONS
“Other than choosing the most appropriate patient, perhaps the most important
determinant of success in patients undergoing deep brain stimulation (DBS) surgery is the
optimal placement of the electrode. In this respect in functional neurosurgery, like in real
estate, it could be said that the three most important things are location, location, and
location.”
Andres M. Lozano, 2010 (Lozano et al., 2010)
Knowledge of the anatomical locations of the DBS electrodes is crucial for understanding
the clinical outcome of stimulation. Of equal importance is detailed knowledge of the
anatomical distribution of the electric field surrounding the active electrode contacts. In
this thesis a method was developed for creating isotropic heterogeneous tissue models
based on pre- and postoperative MRI of patients undergoing DBS surgery Paper II. Later
this method was extended to include also anisotropic heterogeneous models based on
diffusion tensor magnetic resonance imaging (DTI). Ethical permission was received for
all the studies of the present thesis that included patient data.

TISSUE MODELS BASED ON MRI
Patient-specific tissue models were based on preoperative stereotactic MRI of patients
undergoing DBS surgery. First, a volume of interest was decided and extracted from the
MRI (Figure 15).

Figure 15. Relevant volume of interest was extracted from the preoperative MRI and used to
model the tissue. Here with a size of 60 × 40 × 40 mm.

Within the volume of interest typical intensity values for grey and white matter, CSF, and
blood were derived. This classification was performed by segmentation of the MRI at
different thresholds and 3D surface plots of MRI intensity (Figure 16).
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Figure 16.a) Axial MRI of volume of interest. b) Intensity contour plot superimposed on axial
MRI. c) 3D intensity surface plot.

Electrical conductivity values from Andreuccetti’s online database for the clinically used
frequency (often 130 Hz) were allotted to each classified MRI voxel (Table 2, Page 31). In
order to account for partial volume effects in the preoperative images a linear
interpolation function was used to allot electrical properties to each voxel. Thus, MRI
voxels with an intensity on the level in between e.g. grey and white matter received an
electrical conductivity value in between that of grey and white matter (Figure 17).
Each classified MRI intensity data value were then allotted its physical property and
mapped in the finite element model at coordinates corresponding to their original
location in the MRI data set. The result was a model with the same resolution as the MRI
data set (Figure 18).
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Figure 17. a) Each voxel was classified according to its intensity. b) Histogram of MRI intensity
for the modelled volume. c) A linear interpolation function was used to allot electrical properties
to each voxel. * When tissue models were based on T2 weighted MRI the linear interpolation
function was compensated for grey matter containing iron.

Figure 18. Electrical conductivity maps for tissue models based on MRI and DTI. Axial and
coronal views with electric conductivity displayed with colour-maps and superquadric glyphs. (A
description of superquadric glyphs is found on page 49). (colour online)
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TISSUE MODELS BASED ON DTI
Brain tissue may be anisotropic in regions of myelinated fibre bundles (Nicholson, 1965).
Tuch and others (Tuch et al., 2001, Tuch et al., 1999, Haueisen et al., 2002, Wang et al.,
2008) have suggested that diffusion tensor magnetic resonance images can be used to
noninvasively calculate anisotropic electrical conductivity tensors in patient-specific
anatomy. The foundation for a relationship between diffusion of water and electrical
conductivity in biological tissue is the shared geometrical restrictions for both ionic and
water mobility (Tuch et al., 1999). Due to the effective electrical shielding of the neuronal
membranes, both the electric conductivity and water diffusion are assumed to be mainly
mediated in the extracellular pathways. This predicts a linear scaling relationship between
water diffusion and electrical conductivity. Diffusion tensors can be represented by a
symmetric positive definite 3 by 3 matrix, D:
[m2 s-1]

(12)

where the subscripts describes each direction. A software tool DtiStudio Version 2.40
(Jiang et al., 2006) was used to extract the tensors from the DTI dataset. Tuch et al. (1999,
Tuch et al., 2001) showed that the diffusion and electrical conductivity tensors may be
linearly related by:
[S m-1]

(13)

where is the electrical conductivity tensor, is the effective extracellular electrical
conductivity, is the effective extracellular diffusivity (Tuch et al., 1999). In this thesis
the ratio of / was set to 0.844 Ss mm-3 as empirically derived by Tuch et al. (Tuch et
al., 2001). Thus, with a common in vivo diffusion coefficient for CSF of 3 μm2 ms-1 an
electrical conductivity of ~2.5 S m-1 is derived. Electrical conductivity tensors were
mapped in the finite element model at coordinates corresponding to their original
location in the DTI data set. The result was a tissue property matrix with the same
resolution as the DTI dataset containing electrical anisotropic conductivity properties
(Figure 18).

ELECTRODE LOCATION
Postoperative MRI or CT images may be used to position modelled DBS electrodes at
their patient-specific locations. DBS electrodes produce artefacts in postoperative
MRI/CT that may be used to identify the locations and the angles of the electrodes. The
electrode artefacts may be visualized with isosurfaces and the modelled electrodes may be
manually positioned in the centre of the isosurfaces (Figure 19). Once the electrodes are
located at their patient-specific locations and angles they should be translated to the tissue
model, which is based on preoperative images. Thus, a software tool was developed for
co-registration of the pre- and postoperative images. The software tool resampled the
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voxel size of the post- or preoperative images into the voxelsize of the dataset with the
higher resolution. When the stereotactic fiducial landmarks were visible in both the preand postoperative images, point-based registration was used. The coordinates of all the
landmarks were recorded by marking the fiducials in several images in both pre- and
postoperative data sets. A linear translation matrix was then generated that described how
to move and rotate the postoperative data set in 3D to fit with the preoperative data set.
The translation matrix was applied onto the modelled electrodes in order to position
them at their patient-specific location in the tissue model.

Figure 19. Modelled DBS electrodes positioned in the centre of the electrode artefacts visible in the
postoperative MRI/CT.

SIMULATIONS
The electric field was simulated in the vicinity of the DBS electrodes using the FEM. A
commercial software tool, Comsol Multiphysics 3.1-3.5 (Comsol AB, Sweden) was used to
solve the patient-specific models. For the patient-specific investigations bilateral
monopolar electrode configuration was used according to clinical settings. Monopolar
electrode configuration was mimicked by setting the outer boundaries of the model to
anode and the active electrode contacts to cathode. Before solving the models, the
geometrical domains were divided into mesh elements with a denser distribution of
elements around edges and corners. The patient-specific models were created in 3D and
tetrahedral mesh elements were used. A 64-bit Linux computer (3.6 GHz Intel Xeon
processor, 16 GB RAM) was used for solving models with ~2,500,000 degrees of freedom
using Comsol Multiphysics’ iterative linear system solver GMRES (generalized minimal
residual method) with the pre-conditioner Incomplete LU. Smaller models with <100,000
degrees of freedom were solved on a standard personal computer with an Intel Pentium
1.7 GHz processor and 4 GB internal memory using Comsol Multiphysics’ direct solvers
such as umfpack (unsymmetric multifrontal method) or spooles (sparse object oriented
linear equations solver). An example of a patient specific simulation is presented in Figure
20, page 44.
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Clear and intuitive visualization is central for accurate interpretation of DBS simulations.
In this thesis electrical entities and tissue anatomy was visualized using various
techniques.

E LECTRIC FIELD
Normally, the electric field was visualized with 3D isolvels together with patient anatomy.
During standard DBS settings it has been suggested that the outer boundary of the
volume of influence can be roughly estimated to a 2 to 5 mm radius from the electrode
contact (Volkmann et al., 2006, Kuncel et al., 2008). The electric field isolevel at 0.2 V
mm-1 lies within this radius and was commonly used for visualization of the electric field.
This isolevel was also used in several other studies (Hemm et al., 2005b, Vasques et al.,
2010, Vasques et al., 2009). During simulations of DBS with a homogeneous tissue-model
where the electric potential was set to 3 V, the average diameter of the 0.2 V mm-1 isolevel
was 6.7 mm (paper IV). In paper IV, an isolevel at 0.05 V mm-1 was also visualized.
During simulations with a homogeneous tissue-model and an electric potential of 3 V, the
average diameter of the 0.05 V mm-1 isolevel reached 13.4 mm (paper IV), which is
considered to reach outside of the region where the major effect is taking place.
In order to visualize the anatomy, the tissue properties were replaced with the original
MRI intensity data after the model was solved. The MRI intensity data was colour-coded
in grey scale slices together with the distribution of the electric field. Axial and coronal
views of the MRI data were preferred by the clinicians although any oblique slice could be
rendered. In order to get a clear view of the anatomy, the intersection of the electric field
isolevels and the MRI slices were traced and the 3D electric field isolevel was removed
(Figure 20).
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Figure 20. Patient-specific simulation of the electric field during bilateral DBS in the subthalamic
nucleus. a) The electric field was visualized with isolevels at 0.2 V mm -1 and the anatomy with
colour-coded axial slices of MRI intensity data. b) The intersection of the electric field isolevels at
0.2 V mm -1 and the axial MRI slice were traced. c) The 3D electric field isolevel was removed in
order to get a clear view of the anatomy.

The connection between the electric field isolevel in 3D and neural activation is complex.
According to the activating function (Eq. 5, page 25) polarization of a neuron at a node is
dependent also on the electric potential at the two adjacent nodes on either side of the
node. If the electric potential is equal at all the three nodes, the node is not polarized even
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though the electric potential is large. The electric field was chosen as the main parameter
for visualization since it reflects how the electric potential is changing. In areas with a
large electric field, there is a large probability that the electric potential at adjacent nodes
of a straight neuron is different than at the node, and the probability for polarization of
the neuron is high. In addition, according the activating function the electric field also
needs to be inhomogeneous along the neuron in order to polarize it. Polarization of axons
in the vicinity of a DBS electrode is illustrated in (Figure 21).

Figure 21. Schematic illustration of axons in the vicinity of a DBS electrode. During regular DBS
stimulation (cathodic monopolar) at contact 1, axon A will not be polarized, B depolarized, and C
even more depolarized.

Thus, in order to study polarization of single neurons the electric potential or the electric
field is relevant in one direction only; in the direction along the neural component. In this
thesis investigations of DBS were performed on a macroscopic level where electrical
properties were visualized in 3D over a volume of tissue of more than one hundred cubic
millimetres. Such a volume of tissue obviously contains a large amount of neurons with
different thresholds for activation depending on their locations, orientations, shapes, and
sizes. Thus, when considering extracellular stimulation in 3D there is no simple
relationship between the electric potential or the electric field and the neural response in
general. Furthermore, it is not known what types of neurons are responsible for the
therapeutic effects during DBS.

A CTIVATING FUNCTION
In paper II, an attempt was made to visualize polarisation of multiple straight axons in the
vicinity of a DBS electrode by visualization of the activating function in 3D. A software
tool was developed for calculation of the activating function from the simulated electric
field. In three dimensions the activating function is a second order tensor field where each
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tensor can be represented by a symmetric positive definite 3 by 3 matrix, D (Eq. 12, page
40). Second order tensors may be visualized with glyphs which are geometrical objects
such as ellipses or cylinders (Sigfridsson et al., 2002, Wiklund et al., 2006). In order to
generate glyphs the tensors were decomposed from the 3 by 3 matrix, D, into a local
eigensystem of three mutually orthogonal eigenvectors and three eigenvalues. The
eigenvectors were used as the principal axes of the glyph, and the eigenvalues for the
radius of the ellipsoids. In the following example two elliptic glyphs were rendered in 48
locations with a sampling distance of 2 by 2 mm. One glyph represented depolarisation of
a straight axon, and the other glyph represented hyperpolarisation of a straight axon
(Figure 22).

Figure 22. a)Two elliptic glyphs illustrated depolarization (red) and hyperpolarization (white) of
straight axons. b) Axial MRI together with a DBS electrode, an oversized straight myelinated
axon, a tensor field of the activating function visualized with glyphs. (colour online)

The activating function is very different when visualized for multiple axon orientations in
3D than for one single orientation. For comparison, the electric potential, the electric
field, and the activating function were plotted along a straight axon in order to illustrate
their corresponding relationships (Figure 23).
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Figure 23. The electric potential, the electric field, and the activating function were visualized
with graphs along a straight axon in the vicinity of a DBS electrode. An illustration of an axon
was added to the graphs in order to visualize areas of depolarisation (red) and hyperpolarisation
(white). (colour online)
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ACTIVATING FUNCTION IN 3D
In paper II a generalization of the activating function was visualized with two glyphs in
every point representing depolarization and hyperpolarisation of straight axons,
respectively. However, this approach only provided a general understanding of where
straight axons are depolarized and hyperpolarized. In an attempt to visualize the
activating function in 3D for specific axon sizes in multiple orientations the second spatial
derivative of the electric potential was discretisized:
2
(14)
2
Where V (V) is the electric potential and x (m) is the spatial internodal distances. By
varying the internodal distance, x, the activating function may be visualized for axons of
different sizes. Based on the discretization of the second spatial derivative of the electric
potential the activating function was visualized for axons with an internodal distance of
0.25, 0.5, and 1 mm. The orientations of the axons considered were limited to xx, xy, xz,
yy, yz, and zz. The electric potential was set to 3 V, the pulse width to 60 μs, and the
threshold for activation to 20 mV. For illustrative purposes a tissue model on the same
detail level as Model V in the work presented by Chaturvedi et al. (Chaturvedi et al., 2010)
(except for the influence of the capacitive effects) was created. Thus, a 0.5 mm tissue
encapsulation layer around the DBS electrode with a conductivity of 0.18 S m-1, a 42%
voltage drop at the electrode-tissue interface, and diffusion tensor based tissue
conductivities to represent heterogeneous and anisotropic tissue in the pallidum were
incorporated (Figure 24).
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Figure 24. a) An electrode model surrounded by a 0.5 mm encapsulation layer was located in
anisotropic tissue in the right pallidum. Tissue conductivity was visualized with superquadric
glyphs. b) The activating function was visualized in 3D for optimally oriented axons with an
internodal distance of 0.25 mm, c) 0.5 mm, and d) 1 mm.

T ISSUE MICRO - STRUCTURE
DTI hold information of the tissue micro-structural characteristics related to water
diffusion. Basically, water diffuses more rapidly in the direction aligned with the internal
structures of the tissue and slower perpendicular to the preferred direction. DTI is
sometimes acquired during the preoperative planning of DBS surgery in order to analyse
the white mater fascicles (Lemaire et al., 2007). In this thesis patient DTI was visualized in
order to add micro-structural information of white mater fascicles to the structural
anatomical information provided by MRI.
Diffusion tensors may be visualized with cylindrical, cubical or ellipsoidal shaped glyphs
where the eigenvalues are represented by the shape of the glyph and the tensor by the
orientation of the glyph (paper II). However, these types of glyphs have problems of visual
ambiguity under certain conditions. In order to overcome these limitations Kindlmann
(2004) proposed a new tuneable continuum of glyphs called superquadric glyphs which
combined the strengths of cylindrical, cubical, and ellipsoidal shaped glyphs. In paper IV,
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a software tool was developed for visualization of diffusion tensors with superquadric
glyphs together with axial and coronal MRI (Figure 26, Page 51).

ANATOMY
Recent progress in MRI quality allows for visualization of some of the common DBS
targets and landmarks in the vicinity of the targets. Even so, these images only provide
approximate contours of e.g. the boundaries of the STN and the sub-nuclei of the
thalamus are not well defined. Thus, indirect anatomical information is still very much
needed for tutorial purposes as well as during interpretation of patient-specific DBS
simulations. For this purpose a two dimensional (2D) atlas was used and a 3D atlas was
created. In addition, patient specific anatomy based on MRI was visualized in 3D.

2D ATLAS
In this thesis anatomical information was provided by axial and coronal MRI. Anatomical
structures and fibre paths in the vicinity of the DBS electrodes were identified based on a
2D stereotactic atlas of the human thalamus and basal ganglia by Anne Morel (Morel,
2007). This atlas is created from seven post-mortem autopsy brains. All brains come from
normal subjects of an age between 46 and 74 years. Tissue anatomy was stained and
divided into coronal, axial, and saggital slices with a thickness of 0.9 mm. In paper II, III,
and V anatomical structures and fibre paths were identified based on information
provided by the atlas. In some cases the atlas was manually co-registered and fused with
the MRI and simulated electric field (Figure 25).

Figure 25. a) Axial, and b) coronal view of simulated electric field together with fused 2D atlas.
The electric field was simulated during stimulation of 2 and 4 V, respectively. Electric field
solevels at 0.20 V mm -1 was visualized and colour-coded according to effect on speech
intelligibility, where black was substantially impaired and white improved speech intelligibility
compare to off stimulation. The subthalamic nucleus, fasciculus cerebello-thalamicus, and red
nucleus was outlined in white.

3D ATLAS
From a series of 2D atlas slices it is not trivial to mentally visualize the 3D geometry of the
structures and fibre paths. This may be limiting during the interpretation of patient-
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specific models that are solved and visualized in 3D. For that reason a 3D atlas of relevant
deep brain structures was created.

Figure 26. a) Axial and b) coronal view of MRI and DTI data visualized with superquadric glyphs.
Modelled DBS electrodes were positioned in the subthalamic area and the simulated electric field
was visualized with isolevels at 0.20 V mm -1 , and 0.05 V mm -1 . c) Superquadric glyphs were used
to visualize tissue micro-structure on a patient-specific basis. The glyphs were colour-coded
according to their deviation from the isotropic case where blue was isotropic and red was highly
anisotropic.

Figure 27. a) Posterior oblique view of the 3D atlas based on a stereotactic atlas by Anne Morel
(Morel, 2007). An axial atlas slice at 3.6 mm ventral to AC-PC from Morel’s atlas was added for
reference. b) Medial view of some of the structures and fibre paths included in the 3D atlas. c) Co-
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registered 3D atlas and MRI together with modelled DBS electrodes in the STN. d) Co-registered
3D atlas and simulated electric field.

A software tool was developed for the creation of the 3D atlas. The 3D atlas was based on
axial images from Morel’s atlas (Morel, 2007). In each atlas slice most of the structures
and fibre paths were segmented and extracted. In order to remove rough edges and
corners, each extracted slice was filtered by convolution smoothing. Three dimensional
surface objects of each structure and fibre path were then generated by combining several
aligned images. A threshold for generation of 3D surface objects was set manually in
order to get adjacent structures to fit to each other without overlap. The 3D objects were
then converted into stereolithography format for allowing visualization of 3D anatomy
with freely available viewers for computer aided design (CAD). Colours and shadows
were added for a clear visualization of each object. In paper III, the 3D atlas was used to
improve our general understanding of the anatomy of the thalamus and basal ganglia, and
specifically to identify anatomical structures and fibre-paths during the interpretation of
patient-specific simulations of DBS. In some cases 3D atlas structures in the vicinity of the
electrodes were manually co-registered with patient MRI for improving the anatomic
information (Figure 27). In paper V, the 3D atlas was used to visualize the location of
active electrode contacts in relation to anatomy. Electrode contacts located in the
posterior subthalamic area were visualized with spheres with a radius of 0.3 mm to study
contact location in relation to stimulation-induced side-effects, e.g. muscular affection,
dysarthria, and paresthesia. The surfaces of the 3D atlas objects were made into wireframe
in order to visualize contacts inside anatomical structure (Figure 28).

Figure 28. Contacts eliciting stimulation-induced side effects were visualized with spheres on axial
slices and 3D models of the Morel Atlas. a) Axial view at the level of the AC-PC plane. b) Medial
view of contacts that induced dysarthria. (colour online)
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PATIENT-SPECIFIC 3D ANATOMY
Atlases in 2D as well as 3D are potentially useful for tutorial purposes and for anatomical
identification of structures and fibre tracts during pre-, intra-, and postoperative
investigations of DBS. However, when related to patient-specific anatomy atlases are
limited by co-registration errors between atlases and patient images due to individual
anatomical variability. With the realization of enhanced MRI quality it is possible to
directly obtain anatomical information of some of the structures in the basal ganglia from
patient MRI. In order to extend the anatomical information provided by MRI slices while
eliminating the co-registration errors between 3D atlases and patient images, an attempt
was made to visualize patient-specific anatomy in 3D based on patient-specific MRI.

Figure 29. a) Posterior oblique view of axial T2-weighted MRI. b) Filtered and segmented MRI, c)
together with 3D objects of STN and RN. d) T2-weighted MRI together with 3D objects of STN and
RN.

A software tool for visualization of the subthalamic area in 3D was developed. The
software tool was specifically designed for T2 weighted MRI, optimized for visualization
of the STN. Images were acquired on a 3 Tesla scanner (Magnetom Trio Tim, Siemens
AG, Germany) prior to DBS surgery in the STN area. The software tool included semi
automatic intensity based segmentation and Gaussian filtering of axial stereotactic MRI.
After filtering and segmentation of the MRI, 3D surface objects were created very much
like the 3D atlas objects. Colours and lightning were added in order to display the depth
of the geometrical shapes (Figure 29).
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The rendered 3D geometry corresponded to hypo-intense voxels of the T2 weighted MRI.
In order to understand what anatomical structures this corresponded to, the previously
developed 3D atlas was co-registered with patient-specific 3D anatomy. The 3D atlas
showed that the rendered patient-specific 3D anatomy corresponded well with the STN,
RN, and part of the SNr, and SNc (Figure 30).
The patient-specific 3D anatomy was used for postoperative evaluation of the position of
the implanted DBS electrodes. Postoperative images acquired on a 1.5 T scanner were coregistered with the preoperative images. Modelled DBS electrodes were then positioned in
the centre of the electrode artefacts visible in the postoperative MRI. By visualizing the coregistered preoperative MRI together with 3D anatomy a detailed assessment of the
electrode locations could be performed.

Figure 30. a) Patient-specific 3D anatomy, b) together with 3D atlas of the STN, RN, SNr, and
SNc. Modelled DBS electrodes were positioned in the dorsal area of the STN. STN, Subthalamic
nucleus; RN, red nucleus; SNr, substantia nigra pars reticulate; SNc, substantia nigra pars
compacta. (colour online)
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Figure 31. a) Modelled DBS electrodes positioned in the centre of the electrode artefacts in
postoperative MRI. b) DBS electrodes together with co-registered preoperative MRI. c) DBS
electrodes located at their patient-specific (blue) and intended positions (white). d) 3D anatomy
and electrodes for assessment of their anatomic locations. (colour online)

As an alternative to finite element modelling and simulations, the mean effective radius of
activation as presented by Kuncel et al. (2008) was combined with patient-specific 3D
anatomy. An attempt was made to illustrate the potential use of the effective radius of
activation in one PD patient. One year post surgery this patient was followed up regarding
effects and side-effects of stimulation and scored according to UPDRS-III (Table 3).
Table 3. Assesment of stimulation-induced effects and side-effects.

Medication

Left contact
(amplitude)

Right contact
(amplitude)

UPDRS-III

Side-effects

Off
Off
On
Off
Off
Off

1 (3.0)
1 (3.0)
2 (1.5)

5 (3.0)
5 (3.0)
4 (1.0)
4 (>1.0)
Off

22
11
7
-

Paresthesia left hand
Dyskinesia
Muscular affection right lip

An approximation of the volume of tissue activated for each electrical setting was
visualized. The volume of tissue activated was animated with spherical objects with a
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radius according to Eq. 6 (page 26). For amplitudes of 1.0, 1.5, and 3.0 V the
corresponding radius was 2.0, 2.5, and 3.6 mm, respectively (Figure 32).

Figure 32. MRI and 3D anatomy together with animated volume of tissue activated. a)
Therapeutic electrical settings. b) Electrical settings that induced paresthesia in left hand and
muscular affection of right side of lip. When the electric potential was increased >1 V on the right
contact (4) the patient experienced dyskinesia.
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P APER I: T HE EFFECT OF CYSTIC CAVITIES ON DEEP
BRAIN STIMULATION IN THE BASAL GANGLIA :
A SIMULATION - BASED STUDY .
Previous studies have highlighted the occurrence of dilated perivascular spaces filled with
cerebrospinal fluid in the putamen and pallidum in patients with Parkinson’s disease
(Laitinen et al., 2000). The pallidum is a well known target for DBS where electrodes are
positioned in the posterior and inferior region of the GPi for PD (Svennilson et al., 1960).
The substantially higher electrical conductivity of CSF compared to grey and white matter
warrants some special attention during DBS. In the present study finite element models
and simulations were used to study the impact of CSF filled cystic cavities on the spatial
distribution of the electric field during DBS.
General idealized finite element tissue models (axially symmetric and 3D) were set up of a
nucleus of grey matter surrounded by white matter using FEMLAB 3.1 (Comsol AB,
Sweden). A DBS electrode was modelled and positioned in the grey matter together with
CSF filled cystic cavities of different shapes, sizes, and locations. The electric field was
simulated and the result was analyzed by calculations of extension factors and
amplification factors.
Simulations showed that cystic cavities can affect the shape and size of the electric field.
Cystic cavities penetrated by the DBS electrode substantially altered the spatial
distribution of the electric field. The electric field isolevel at 0.5 V mm-1 was further
extended by up to 80% of the radial size of the penetrated cyst, and the electric field
strength was amplified by up ~3 times at the farther end of the cystic cavities. Simulations
showed that also the longitudinal size of the cystic cavity influenced the electric field
where a large longitudinal size reduced the extension in the radial direction. Cystic
cavities located adjacent to the electrode had a smaller effect on the electric field due to
the generally lower current density away from the active electrode contact. However, from
the simulation of an ellipsoid cystic cavity it was shown that the electric field strength was
increased to above 1 V mm-1, which in this case would be sufficient for activation of
neural tissue, more than 4 mm away from the active electrode contact. It was concluded
that the influence of cystic cavities on the spatial distribution of the electric field may be
substantial and clinically relevant during DBS in the GPi.
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P APER II: M ETHOD FOR PATIENT - SPECIFIC FINITE
ELEMENT MODELLING AND SIMULATION OF DEEP BRAIN
STIMULATION
The aim of this study was to develop a general method for setting up patient-specific finite
element models of DBS for clinical investigations of effects and side-effects. The method
was applied and validated in one PD patient treated with bilateral STN DBS to assess the
position of the electrode contacts and the distribution of the electric field in relation to
individual patient anatomy.
A software tool was developed for patient-specific finite element modelling of the tissue
medium. The tissue was modelled based on preoperative T2 weighted stereotactic MRI.
The preoperative MRI voxels were classified according to the intensity of each voxel and
were allotted isotropic electrical conductivity properties from the litterature (Andreuccetti
et al., 2005). The resulting finite element tissue model included a matrix of electrical tissue
properties located at coordinates corresponding to the centre of each voxel in the MRI
dataset. Postoperative MRI, where the DBS electrodes were visible as artefacts, was coregistered with preoperative MRI and used to position the modelled DBS electrodes at
their patient-specific locations. Electrical settings were implemented in the model and the
distribution of the electric field generated by DBS was simulated with Comsol
Multiphysics 3.2.
The accuracy of the co-registration of pre- and postoperative MRI was evaluated and
compared to a commercially available software tool FrameLink Planning StationTM
(Medtronic, USA). The electric potential, electric field, and second difference of the
electric potential were visualized together with patient anatomy in 3D. Electric field
isolevel at 0.2 V mm-1 were visualized in order to make relative investigations between
hemispheres or patients, while colour-coded coronal and axial slices were used for a
general presentation of the distribution electric potential. The second order difference of
the electric potential was visualized with glyphs in order to connect the simulated electric
field to neural activation in 3D. The results showed that the anatomical distribution of the
simulated electric field corresponded well with reported effects and side effects of
stimulation. It was demonstrated that the method for patient-specific finite element
modelling and simulation of DBS may be used in clinical investigations of DBS.
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P APER III: P ATIENT - SPECIFIC MODEL - BASED
INVESTIGATION OF SPEECH INTELLIGIBILITY AND
MOVEMENT DURING DEEP BRAIN STIMULATION
Deep brain stimulation in the subthalamic nucleus is often used for symptomatic
treatment in medically refractory PD patients. However, therapeutic stimulation, with a
significant improvement of the motor symptoms such as tremor, rigidity, and
bradykinesia may sometimes be accompanied by independent negative effects on speech.
The aim of this study was to investigate the anatomical distribution of the electric field in
relation to effects on speech and movement during DBS in the STN. Patient-specific finite
element models of DBS were developed for simulation of the electric field in 10 patients.
For each patient, speech intelligibility and movement were assessed during two electrical
settings, 4 V (high) and 2 V (low) and the electric field was simulated for each electrical
setting. The electric field isolevel at 0.2 V mm-1 was visualized in 3D for each electrical
setting together with anatomy on axial and coronal MRI. Atlases in 2D and 3D were coregistered with the simulations and used to aid the interpretation of anatomy.
Movement was improved in all patients during both high and low electrical settings. In
general, high amplitude stimulation was more consistent in improving motor scores than
low amplitude stimulation. However, high amplitude stimulation did also impair speech
intelligibility more frequently. In six cases, speech intelligibility was impaired during high
amplitude electrical settings. In all of these patients the simulated electric field isolevel
from at least one of the bilateral electrodes covered part of the fasciculus cerebellothalamicus (fct) from electrodes located medial and/or posterior to the centre of the STN.
Generally, patients that did not suffer from stimulation induced adverse effects on speech
intelligibility had active electrodes located more dorsal in the STN area, and the electric
field did not cover part of the fct. No association between speech impairment and motor
outcome was found. Stimulation of part of the fct from electrodes positioned medial
and/or posterior to the centre of the STN was recognized as a possible cause of the
stimulation-induced dysarthria. The results showed that special attention to stimulation
induced speech-impairments should be taken in cases when active electrodes are
positioned medial and/or posterior to the centre of the STN. Patient-specific models and
simulations proved to be a useful tool for clinical investigations of DBS.
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P APER IV: I NFLUENCE OF HETEROGENEOUS AND
ANISOTROPIC TISSUE CONDUCTIVITY ON ELECTRIC
FIELD DISTRIBUTION IN DEEP BRAIN STIMULATION
During DBS the electrode location, electrical parameter settings together with tissue
properties affect the amount of tissue modulated (activated or deactivated). The aim of
the present study was to quantify the influence of heterogeneous isotropic and
heterogeneous anisotropic tissue on the spatial distribution of the electric field during
DBS. Three finite element tissue models were created of one patient treated with DBS.
Tissue conductivity (σ) was modelled as I) homogeneous isotropic, σ = 0.075 S m-1, II)
heterogeneous isotropic based on T2 weighted MRI, and III) heterogeneous anisotropic
based on DTI. Modelled DBS electrodes were positioned bilaterally in each tissue model
in the subthalamic area, the GPi, and the anterior limb of the IC. Electric fields generated
during DBS were simulated for each model and target-combination (n = 9), and
visualized in 3D with isolevels at 0.20 V mm-1 (inner) and 0.05 V mm-1 (outer). The
diameters of the inner and outer isolevels were approximately 6.7 and 13.4 mm.
The spatial distribution of the electric field isolevels were quantified by measuring the
isolevel diameters in 9 orientations: x, xy, xz, -xy, y, yz, -xz, -yz, and z (n = 162).
Descriptive statistics and vector analysis were used for evaluation and comparison of the
distribution of the electric field between baseline model, and model II and III. Mean and
standard deviation of the measured diameters were calculated for each isolevel, anatomic
region, and model combination. In addition, the diameters of Model II and III were
directly compared with the corresponding diameters of baseline model by calculating the
difference between each corresponding diameter. Vector analysis was also performed in
order to derive a scalar value of the overall alteration of the shape of the electric field
isolevels between baseline model, and Model II and III.
The results showed that heterogeneous isotropic tissue altered the spatial distribution of
the electric field by up to 4% at the inner isolevel, and up to 10% at the outer isolevel.
Heterogeneous anisotropic tissue had a larger impact on the distribution of the electric
field with an influence of up to 18% and 15% at the inner and outer isolevel, respectively.
It was concluded that the influence of heterogeneous and anisotropic tissue on the electric
field may be clinically relevant, especially in anatomic regions that are functionally
subdivided and surrounded by multiple fibres of passage.
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P APER V: S TIMULATION - INDUCED SIDE EFFECTS IN THE
POSTERIOR SUBTHALAMIC AREA : DISTRIBUTION ,
CHARACTERISTICS AND VISUALIZATION
Deep brain stimulation in the posterior subthalamic area (PSA) is an emerging treatment
for patients with essential tremor. The PSA has been used extensively as a target within
functional neurosurgery during the lesional era (Blomstedt et al., 2009). However, it is a
new target for DBS and the optimal location for stimulation within the PSA remains to be
determined. The aim of the present study was to evaluate the spatial distribution and
characteristics of stimulation-induced side effects in the PSA and their potential value for
target localization. Twenty-eight patients with essential tremor implanted with 33 DBS
electrodes with a total of 132 contacts were evaluated. Each contact was tested separately
regarding stimulation-induced side-effects one year post surgery. Electrical stimulation
parameters were set to pulse width, 60 μs and frequency, 145 Hz while the electric
potential was gradually increased until the appearance of intolerable side-effects, or up to
a maximum threshold of 4.5 V. Stimulation-induced side-effects included parestheisas,
dizziness, blurred vision, muscular affection, dysarthria, ataxia/dysmetria, diploplia,
ptosis, and hyperhidrosis (n=331). The locations of contacts eliciting side-effects were
plotted on axial images of a stereotactic atlas by Anne Morel . In order to enhance the
anatomical information provided by the atlas, a 3D atlas of the thalamus and basal ganglia
was also created from the same atlas. Contacts eliciting side-effects were visualized with
colour-coded spherical objects (radius 0.3 mm) in the 3D atlas.
Stimulation-induced paresthesias were frequently occurring and were often accompanied
by other stimulation induced side-effects. Parestehsia was not regarded as a threat to the
therapeutic outcome as there normally is a high degree of habituation over time. This is
normally not the case with motor side-effects, such as muscular affection which
previously have been attributed to stimulation of the IC. If side effects attributed to
stimulation of the IC are encountered at a subtherapeutic amplitude, a more medial
relocation of the electrode should be considered. In this series, the anatomical location of
contacts that induced muscular affection were not a response of stimulation of the
internal capsule, but as dystonic phenomena. Dysarthria has also been attributed to
stimulation of the IC. In the present series only one contact could be related to capsular
response, while the majority of the contacts were located at the fasciculus cerebellothalamicus or at its connection with the ventral lateral posterior nucleus of the thalamus.
Stimulation-induced side-effects were frequently observed from electrodes located in the
PSA. Side-effects were elicited from multiple locations in the PSA and its vicinity, and are
therefore of limited localizing value. The occurrence of stimulation-induced side-effects
was seldom a threat to the long-term result as long as an accurate position of the electrode
could be verified in postoperative images.

61

D ISCUSSION AND CONCLUSIONS
Modelling, simulation, and visualization were used throughout this thesis for assessing
clinical and technical aspects of the electric field and brain anatomy related to DBS. In the
following subsections the utility of such models, simulations, and visualization of DBS are
discussed.

M ODELS AND SIMULATIONS
In this thesis finite element models of different complexities were used to study DBS. In
paper I, general idealized models were created to investigate the relative changes of the
electric field surrounding a DBS-electrode positioned in grey matter with and without
CSF filled cystic cavities. These simplified models provided an indication of how cystic
cavities placed in the vicinity of a DBS electrode substantially could alter the shape of the
electrical field, and thus making surgeons, DBS programmers, and users of DBS aware of
cystic cavities as a possible reason for suboptimal clinical effects or stimulation-induced
side effects. General and idealized models may be used for studying general factors of DBS
in a most controlled environment which is not possible during experimental
investigations.
General and idealized finite element models of DBS have been used in a number of other
studies for investigations of DBS. McIntyre et al. (2004a) used finite element models
together with a multi-compartment cable model of a thalamocortical relay neuron to
study the response of such neurons during DBS. From the same research group, Butson et
al. (2006)evaluated the effects of various electrical tissue properties and electrode-tissue
interface during DBS. In addition, Wei and Grill (2005), used finite element models to
study the effects of varying electrode characteristics on the current density and field
distributions in an idealized electrolytic medium. In 2008, Yousif et al. (2008) simulated
the electric field during DBS for investigation of the voltage drop at the electrode-tissue
interface at the acute, transitional, and chronic post-implantation stages of DBS. Johnson
and McIntyre (2008) used general finite element models together with a more detailed
neuron model to examined how various stimulation paradigms affected the neural output
of the pallidum, and the resulting stimulation-induced network-effects within the basal
ganglia. General models were also used by Grant and Lowery (2009) to examine the effect
of electrical grounding and the conducting volume of the head on the electric potential,
electric field and the activating function.
In this thesis finite element models and simulations of DBS were also used for patientspecific investigations of DBS. A method for creating DBS models with patient-specific
tissue properties and electrode locations was developed. The models were based on
various types of medical images such as preoperative MRI or DTI, and postoperative MRI
or CT. The ability to use different types of images made it possible to use available images
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from different clinical centres or from future imaging modalities to come. Electrical
properties were derived from the images, patient-specific electrical settings were
implemented, and the electric field was simulated. The result was a visual feedback of the
electric field generated during DBS in relation to patient-specific anatomy. This allowed
for clinical investigations of stimulation-induced effects and side-effects. Relative
comparisons of the spatial distribution of the electric field were made between different
electrical settings in particular patients, as well as between different patients. The
therapeutic effects and side effects were connected to the spatial distribution of the
electric field, which in turn were connected to specific anatomical structures and fibre
paths that may be responsible for the clinical outcome. Thus, the models and simulations
may be used as a tool for stimulation-induced functional mapping of the brain.
Patient-related or patient-specific models have been used by several other groups. Hemm
et al. (2005a) used patient-related models and simulations to visualize the electric field
from a DBS electrode that were correlated with GPi anatomy. Vasques et al. (2010) used
patient-related finite element models to investigate a target-specific electrode and lead
design for DBS in the GPi. Patient-specific models of DBS was created by Butson et al.
(2007). They presented a methodology to predict a volume of tissue activated by DBS on a
patient-specific basis. Their approach was to deform a 3D brain atlas based on a
stereotactic atlas of the human brain by Schaltenbrandt and Wahren (1977) to fit with
patient MRI for visualization of thalamus and the STN. Tissue electrical properties were
derived from a 3D atlas based on diffusion tensor MRI by Wanaka and colleagues (2004)
which was co-registered with the preoperative MRI. Pre- and postoperative MRI was coregistered in order to position the DBS electrodes at their patient-specific locations. This
modelling approach, where tissue properties were based on a DTI atlas and the 3D
anatomical information was based on Schaltenbrandt and Wahren atlas, has later been
used in a number of studies by the Cleveland unit for investigation of various factors
influencing the volume of tissue activated during DBS. It was used by Chaturvedi and
colleagues (2010) to evaluate the quantitative impact of incrementally incorporating
increasing levels of complexity into computer models of STN DBS. It was used by Maks et
al. (2009) together with neurostimulation data sets from 10 patients with PD, to identify
the theoretical volume of tissue activated by clinically defined therapeutic stimulation
parameters. Mikos et al. (2011) also used this modelling approach to investigate the effects
of stimulation on verbal fluency. Furthermore, Butson et al. (2011) investigated activation
volumes generated during DBS in relation to the clinical outcome as measured by UPDRS
item 22 and 23 (rigidity and bradykinesia) using the atlas-based approach for creating
patient-specific models. Moreover, non-human primate-specific models was created by
Miocinovic et al. (2009) together with experimental voltage recordings of DBS to
characterize the spatial and temporal characteristics of the voltage distribution generated
during DBS. Finally, Walckiers and colleagues (2010) evaluated the influence of location
and surface of the reference electrode on the electric potential distribution during DBS.
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Despite the importance and potentials of general and idealized as well as patient-specific
models and simulations it is important to recognize that they are accompanied by
limitations, known and unknown, that substantially may influence the results. A major
source of error is the tissue electrical conductivity derived from the literature or diffusion
tensor data. The conductivity of grey and white matter tissue is dependent on frequency
and measurements are substantially different in the literature. Tissue conductivity from
standard references such as Geddes and Baker (1967) or Schwan and Kay (Schwan and
Kay, 1957) are measured in tissue samples at frequencies way beyond standard DBS
frequencies. Other factors that may influence measurements performed in vivo is the
tissue temperature, bleeding, leakage of CSF, decreased blood-flow due to anaesthetic
agents, or increased pressure caused by the probe (Latikka et al., 2001). In addition,
Hemm et al. (2004) showed significant individual variations between patients during
impedance measurements in the pallidum. In 1996 Gabriel at al. (1996a) extracted
dielectric properties of tissues from the literature of the past five decades. These values
together with new measurements (Gabriel et al., 1996b) were used to described dielectric
tissue properties for any frequency in the range of 10 Hz to 100 GHz (Gabriel et al.,
1996c). The data was made available online by Andreuccetti et al. (2005). In this thesis
tissue conductivity at 130 Hz from that database was used when modelling heterogeneous
isotropic tissue (grey matter, 0.09 Sm-1; white matter 0.06 Sm-1; CSF, 2.0 Sm-1. Other
groups have used different conductivity values. For bulk tissue, Yousif et al. (2008) used
conductivity values from Geddes and Baker, (0.2 Sm-1), while McIntyre et al. commonly
used conductivity values from Sanses and Larson (0.3 Sm-1). According to Andreuccetti’s
online database, these values correspond to the electrical conductivity of grey matter at a
frequency of ~3 MHz, and ~10 MHz, respectively. However, for homogeneous isotropic
models the electric potential distribution in the tissue depends solely on the amount of
applied voltage and not the tissue conductivity (Hemm et al., 2005b) (Eq. 11, page 32).
However, when more than one tissue is included in the model, e.g. inclusion of electrode
encapsulation tissue or CSF-filled cystic cavities, the conductivity of tissue is necessary to
take into account.
In paper II-III, tissue conductivities from the literature were allotted to voxels that were
manually classified according to intensity. Intensity based classification is complicated by
the possibility that two different voxels with the same intensity may not necessarily
contain the same tissue. Moreover, when targeting the STN area, T2 weighted MRI
optimized for visualization of the STN are acquired (Hariz et al., 2003). In T2 weighted
MRI the STN is hypointense due to the presence of iron, particularly in the anteromedial
part of the nucleus. The nucleus is even more hypointense than white matter. In order to
assign realistic electrical conductivity properties to the STN the linear interpolation
function was compensated for grey matter containing iron (Figure 17).
In paper IV, tissue conductivity was derived also from DTI which has the advantage to
account for the anisotropy of tissue conductivity. A strong linear relationship between
tissue electric conductivity and DTI was indicated by Tuch et al. (2001). However, this
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relationship has not been thoroughly evaluated, and in particular it has not been
evaluated for different frequencies.
The resolution of MRI and DTI, which were the base for the tissue conductivity maps
during patient-specific modelling, is poor in relation to the size of the electrode and the
estimated volume of tissue influenced during DBS. In paper II-III, patient-specific
electrical tissue properties were derived from MRI often acquired on a 1.5 T scanner with
an MRI voxel volume of 0.49 × 0.49 × 2.0 mm3. In paper IV, electrical tissue properties
were derived from DTI with a voxel size of 1.8 × 1.8 × 3 mm3 acquired on a 1.5 Tesla
machine. Due to the large voxelsize of in particular DTI, tissue properties only from a few
voxels close to the active electrode contact will be responsible of the main effect on the
electric field during simulations. This may considerably limit the accuracy of the models,
especially in combination with other limitations such as co-registration errors of pre- and
postoperative MRI used for determining electrode locations.
Moreover, the MRI and DTI contained anisotropic voxels with a geometrical ratio of
(1:1:4.1) and (1:1:1.7), respectively. Anisotropic voxels provided a higher spatial
resolution in the axial plane at the cost of resolution in the inferior-superior direction.
The conductivity properties were resampled by linear interpolation to every calculation
point in the finite element mesh during simulation. However, the resolution of the tissue
conductivity properties were still 4.1 (MRI) and 1.7 (DTI) times lower in the superiorinferior orientation. The resolution may be improved in future models by combining
information from both axial and coronal datasets.
Another major limitation of current models and simulations that may be difficult to
account for is the varying voltage drop at the electrode-tissue interface at different
implantation stages (Yousif et al., 2008, Miocinovic et al., 2009). A voltage drop of 42% at
the electrode interface was predicted by Chaturvedi et al. (2010) using Medtronic
(Minneapolis, MN) 3387 DBS electrode. Moreover, substantial stimulation dependent
influence on impedance measurements was reported by Hemm et al. (2004) who
unexpectedly found that impedance decreased during stimulation and increased during
off stimulation. These effects was regarded and discussed in a study by Lempka et al.
(2010) who experimentally evaluated the theoretical advantages of using currentcontrolled pulse generators for DBS applications.
In this thesis quasistatic (electrostatic) simulations were performed as opposed to the
actual biphasic alternating waveforms that are generated during DBS. The influence of
electrode and tissue capacitance on the volume of tissue activated have previously been
studied where inclusion of a realistic 3.3 μF capacitance had only a minor effect on the
stimulation waveform (Butson and McIntyre, 2005, Grant and Lowery, 2009, Chaturvedi
et al., 2010). Thus, for macro-simulations of DBS an electrostatic approximation is
sufficient.
Models and simulations have recently become an important tool for improving the
knowledge of technical and clinical aspects of DBS. However, the validity of current finite
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element models and simulations is an issue of concern. A major constraint is the
difficulties in experimental validation of the results. Nevertheless, when the results are
regarded on a rough level they provide insights of general as well as patient-specific
factors that influence the clinical outcome of DBS.

V ISUALIZATION
Electrical properties, anatomy, tissue micro-structure, and electrode locations were
visualized with various techniques. In paper I-IV, electrical properties, as well as the
activating function were visualized in various ways. In paper II-V, anatomy was visualized
in 2D and 3D with atlases and patient MRI.

ELECTRICAL PROPERTIES
The electric field have previously been visualized in other model-based studies of DBS
(Hemm et al., 2005a, Grant and Lowery, 2009, Vasques et al., 2010). In this thesis the
electric field was chosen as the main property to visualize due to its connection to neural
activation without restricting the interpretation of the results to specific axon orientations
and diameters. In order to allow for relative comparisons, isolevels were considered for
the most part as opposed to colour-coded field maps.
In other studies, the results of model-based investigations have frequently been presented
with the activating function, often denoted the volume of tissue activated. This volume
has often been defined by activation of myelinated axons with a diameter of 5 or 10 μm
(Butson et al., 2007, Butson and McIntyre, 2005, Butson and McIntyre, 2006, Chaturvedi
et al., 2010). Calculation and presentation of the activating function is appealing since it
reflects the axonal response to stimulation, which is fundamental during DBS. However, it
is important to note that the activating function is specific and highly dependent on size,
shape and orientation of the axon. During DBS it is still not known what sizes of neurons
that are responsible of the clinical effects and side effects of stimulation. The diameter of
CNS axons range from large myelinated type A, 4-20 μm; medium myelinated type B, 2-4
μm; and small unmyelinated type C, 0.5-2 μm (Tortora and Grabowski, 2000).
Considering the strong dependence of axon diameter size on activation, the volume of
tissue activated does not represent a volume of tissue where neural tissue in general is
activated, but merely a volume within which straight axons of one specific size is
activated. In addition, when determining the volume of tissue activated, optimal
orientation of the axons is considered. Finally, within the volume of tissue activated close
to the electrode contact there is a possibility to deactivate axons due to cathodic block
during high amplitude stimulation (Figure 11, page 26). Thus, the volume of tissue
activated is most likely a volume of tissue heterogeneously activated.
In addition to the activating function, the mean effective radius of activation may be
visualized (Kuncel et al., 2008). However, this approach is limited by not being patientspecific, for being specifically derived for activation in the thalamus, and by several
67

Modelling, simulation, and visualization of DBS
potential errors in the clinical and spatial measurements when the mean effective radius
of activation was derived. However, the general idea is appealing and provides a simple
and quick way to present an approximation of the volume of tissue activated without
finite element modelling and simulation.

It may be concluded that visualization of the activation function for straight axons or the
mean effective radius of activation is appealing alternatives to visualization of the electric
field. However, the relationship between the activating function or the mean effective
radius of activation and the therapeutic effects of DBS is still elusive.

ANATOMY
Patient anatomy was visualized with axial and coronal MRI as well as in 3D. In order to
facilitate identification of the STN and adjacent structures and fibre paths an atlas by
Anne Morel (2007) was used. Tissue micro-structure based on DTI was visualized with
superquadric glyphs in order to aid identification of white matter fascicles.
The atlas by Morel was preferred over the widely used atlas of the human brain by
Schaltenbrand and Wahren (Schaltenbrand and Wahren, 1977) due to the uneven and
coarse spacing between slides, as well as the non-orthogonal axial, coronal, and sagittal
slices of the Schaltenbrand and Wahren atlas. In addition, the nomenclature of Morel’s
atlas was preferred since it follows the nomenclature initially introduced by Walker
(Walker, 1938). This nomenclature has been used extensively in studies with nonhuman
primates regarding anatomy and functional models of PD.
Morel’s atlas was used for learning the anatomy of the thalamus and basal ganglia, and for
identifying and displaying structures and fibre paths in the vicinity of the DBS electrodes
in paper II, III, and V. After identifying structures and landmarks in patient MRI the
appropriate atlas slice was sometimes fused with the MRI. Normally, several consecutive
T2 weighted MRI slices had to be studied in order to locate the STN and enough
landmarks for choosing the correct atlas slice to fuse with the MRI. The STN was
identified as the hypointense MRI voxels located anterolateral to the red nucleus (also
hypointense in the MRI), and dosolateral to the substantia nigra. However, it should be
noted that it is not evident that the whole volume of the STN always is well represented by
the hypointensity in the T2 weighted MRI, especially not the posterior part of the nucleus
(Dormont et al., 2004). As previously stated, the usefulness of atlases is limited by
registration errors between atlases and patient images due to individual anatomical
variability. Thus, the atlas was only regarded as a complement to patient MRI during the
interpretation of the simulations.
A 3D atlas was created based on Morel’s atlas for learning the anatomy of the basal
ganglia and the thalamus. It provided an increased understanding of the extension of the
anatomical structures and their relative locations that were not provided by the 2D atlas
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slices. The 3D atlas was also used to study the location of electrode contacts with regards
to angle of the electrode trajectory.
The origin (0, 0, 0) of the 3D atlas was located at the midcommissural point and
stereotactic coordinates of electrode contacts were visualized with spheres in paper V.
Due to the flexible design of the 3D atlas, the origin could be moved to any point in space.
In an attempt to reduce the potential errors due to patient anatomical variability, the
origin was moved to the posterior tip of the STN, at the level of the largest diameter of the
RN. This point was located closer to the electrode contacts located in the PSA, and the
error due to individual patient anatomy was potentially reduced. The influence of the
location of the origin on the spatial error due to individual anatomy differences is a
subject for future investigations.
Patient-specific anatomy was visualized in 3D in order to extend the anatomical
information provided by the MRI. 3D models of the subthalamic area was generated and
displayed together with patient MRI. The combination of patient-specific 3D models and
MRI provided a comprehensible view of the subthalamic area superior to MRI alone.
When creating the 3D of the subthalamic area, the STN was identified as the hypointense
MRI voxels located anterolateral to the red nucleus. However, as previously stated the
whole volume of the STN is not always represented by the hypointensity in the T2
weighted MRI. Thus, knowledge of how to interpret MRI as well as 3D models based on
MRI is fundamental.
Diffusion tensor data were used to visualize the tissue-micro structure on a patientspecific basis. The eigenvectors and eigenvalues were presented with superquadric glyphs
and colour-coded according to overall anisotropy. Ellipsoids together with lighting,
surface textures, and specular highlights are commonly used for visualization of diffusion
tensors. In paper IV, superquadric glyphs were visualized in coronal and axial planes
together with simulated electric field and co-registered MRI. Superquadric glyphs with
sharp edges were preferred over ellipsoids due to the suggestion that sharp edges generate
a strong visual cue for orientation (Kindlmann, 2004). Diffusion tensor tractography is
commonly used for 3D visualization of connecting anisotropic voxels related to white
matter fibre tracts. Superquadric glyphs were preferred also over diffusion tensor
tractography due to its gradual representation of anisotropy that could be related to the
electrical conductivity derived from the diffusion tensors.

F UTURE DIRECTIONS
The interest in DBS has increased tremendously over the past decade. Closed loop
stimulation systems for treatment of epilepsy are being developed by NeuroPace
(Mountain View, USA) that monitor the electrical brain activity. DBS devices that allow
asymmetric steering of the electric field (Martens et al., 2010) are being developed by
Sapiens Steering Brain Stimulation (Eindhoven, The Netherlands). Such devices may
provide clinicians with improved opportunities for optimizing DBS therapy and to
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correct for small electrode misplacements. Advanced DBS devices are likely to increase
the need for computational models and simulations in the clinical practice e.g. during
programming of the DBS device. Models and simulations together with clinical data have
the potential to enhance the programming procedure of the DBS device from its current
trial-and-error based approach by providing a visual feedback of the electric field or the
neural response of stimulation. In addition, models and simulations of DBS may also
become an important tool for stimulation-based functional mapping of DBS target areas
(Figure 33).

Figure 33. Animation of steering brain stimulation. Models, simulations, and visualization may
become an important tool during programming of future DBS devices.

In conclusion, software tools for modelling, simulations, and visualization of DBS were
developed and used for assessment of clinical and technical aspects of the electric field
and brain anatomy related to DBS. While the current models and simulations were
limited by known and unknown factors, the results still provided insights that may help to
improve DBS as a treatment for movement disorders as well as for other neurological
diseases in the future.
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