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Abstract

Individualized mathematical modeling of neural
activation in electric field

Helena Andersson

Deep Brain Stimulation (DBS) is a  treatment of movement disorders such as
Parkinson's disease and essential tremor. Today it has been used in more than 80.000
patients. Electrical stimulation is administered by an implanted pulse generator
through an electrode surgically placed in a target brain area specific to the treated
disease. Opposed to alternative purely surgical treatment procedures, DBS is
reversible and can be turned off.

In this project, the aim is to individualise an already existing computational model of
DBS, but also to look at optimisation of the treatment by developing a neuron model.
It has been executed the following way. To localise the target area for the electrode,
Magnetic Resonance Imaging (MRI) is used. An MRI  image consists of volume
elements called voxels. By analysing  these voxels, it is possible to set up a coordinate
system for the position of different parts of the brain. To build up an individualised 
model of the DBS,  an MRI image is segmented into  tissues of different conductivity
thus resulting in a more accurate description of the electrical field around the
electrode.  To visualize  the stimuli coverage for the medical staff,  the MRI image of
the target area, the electrode, and the electrical field produced by the stimuli are
depicted in the same figure. From the results, we can draw the conclusion that this
method works well for individualising the computational model of DBS, but it has only
been used on one MRI scan so far so it needs further testing to obtain more data to
compare with.

The neuron model is a temporospatial mathematical model of a single neuron for the
prediction of activation by a given electrically applied field generated by a DBS lead.
The activation model is intended to be part of a patient-specific model of an already
existing computational model of DBS. The model originate from a neuron model
developed by Hodgkin and Huxley (HH). The original HH model only takes into
account one compartment and, to make the neuron model more accurate, it is
combined with a cable model.  The simulation results obtained with the model have
been validated against an established and widely accepted neuron model. The results
correlated highly to each other with only minor differences. To see how position and
orientation impact on activation, the developed HH model was tested for different
pulse widths, distances from the lead, and rotations of the neuron relative to the lead.
A larger pulse width makes activation more likely and so does a larger amplitude.
Thicker neurons are more likely to get activated, neurons closer to the lead and also
neurons perpendicular to the lead. From the results we can draw the conclusion that
this method is a good way to stimulate neural activation of a single neuron.  In future
research, it might be possible to compare results from the neuron model with
patient's response to treatment.
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Populärvetenskaplig sammanfattning

I det här examensarbetet har det undersökts hur man kan individanpassa

Deep Brain Stimulation (DBS). DBS är en e�ektiv behandlingsform och lin-

drar symtomen för patienter med neurologiska sjukdomar till exempel Parkin-

sons sjukdom och essentiell tremor.

Stimuleringen sker med hjälp av en elektrod som är inopererad i hjärnan.

Den sänder ut mild elektrisk stimulering till det område i hjärnan som berörs

av sjukdomen. Elektroden sitter ihop med en stimulator som är inopererad

nära nyckelbenet. Dessa är ihopkopplade med en förlängningssladd.

Eftersom alla individer är olika är det viktigt att individanpassa stimulerin-

gen. Detta görs bland annat med hjälp av en apparat som är i kontakt med

stimulatorn och kan på så sätt stänga på/av och ändra stimuleringens styrka.

En annan viktig sak för att individanpassa modellen över stimuleringen är

att ha i åtanke anatomin i hjärnan. Individanpassningen har skett på föl-

jande sätt. Med hjälp av Magnetisk resonanstomogra� (MRI) kan man för

varje enskild patient sätta upp ett koordinatsystem utifrån hjärnans uppbyg-

gnad. Koordinatsystemet kan i sin tur användas som utgångspunkt för att

lokalisera andra områden i hjärnan till exempel var elektroden ska placeras

och verka.

MRI är även ett bra verktyg för att särskilja mellan hjärnans olika vävnader

då de har olika egenskaper när det kommer till elektrisk ledningsförmåga.

Dessa vävnader tilldelas respektive värde på ledningsförmågan.

När man vet placeringen av elektroden och ledningsförmågan i de olika väv-

naderna kan man använda detta till en modell för att se om den elektiska

stimuleringen täcker det område i hjärnan som ska stimuleras och eventuellt

om stimuleringen är utanför stimuleringsområdet.

Med hjälp av MRI-bilderna kan man också visa hur stimuleringen ser ut

genom att ha en av bilderna som bakgrund med stimuleringsområdet och

elektroden framför.



Resultaten av individualiseringen visar att det här är ett bra sätt att indivi-

danpassa modellen över stimuleringen. Det behövs dock mer data över �era

olika patienter för att säkerhetsställa resultaten och dra en slutsats från dem.

I examensarbetet har det även undersökts hur man kan förutspå om nervceller

akriveras i ett elektriskt fält genererat av en DBS elektrod. En matematisk

modell över en cylinderformad nervcell har utvecklats.

Nervcellen delas upp i ett givet antal lika stora delar. I varje del mäter man

potentialskillnaden mellan insidan av nervcellen och utsidan av nervcellen.

När ett elektriskt fält adderas till modellen kommer en ström �öda genom

nervcellen från ena änden till den andra och potentialskillnaden mellan insi-

dan och utsidan kommer att variera. Om det elektriska fältet är tillräckligt

starkt kommer potentialskillnaden mellan in- och utsidan vara stor nog för

att nervcellen ska aktiveras.

För att validera modellen över nervcellen har den jämförts med en redan

existerade modell. Båda modellerna har stämt överens med varandra och

aktiverats för samma styrka på det elektriska fältet.

Det har även undersökts hur aktivering påverkas av nervcellens position i

jämförelse med elektroden som genererar det elektriska fältet. Resultaten

visar att längre bort från elektroden, där det elektriska fältet är svagare, är

det lägre sannolikhet att nervcellen aktiveras. Om nervcellen är vinkelrät

mot elektroden är det en högre sannolikhet att nervcellen aktiveras än om

den är roterad parallell.

Modellen behöver testas för �er positioner och rotationer för att vidare under-

söka nervcellens beteende i olika elektriska fält. I framtiden kan man jämföra

resultat från nervcells modellen med hur patienten reagerar på behandlingen.



Abbreviations

1D One dimension

2D Two dimensions

3D Three dimensions

AC Anterior commissure

CSF Cerebrospinal �uid

CT Computer Tomography

DBS Deep Brain Stimulation

DTI Di�usion tensor imaging

ET Essential tremor

FEM Finite element method

HH Hodgkin-Huxley

IPG Implanted Pulse Generator

K+ Potassium ion

MRI Magnetic resonance imaging

Na+ Sodium ion

ODE Ordinary di�erential equation

PC Posterior commissure

PD Parkinson's disease

STN Subthalamic nucleus

TE Echo time

TR Repetition time

UU Uppsala University

ZI Zona Incerta
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1. Introduction

1 Introduction

DBS is an e�ective treatment technique for patients with neurological disor-
ders such as Parkinson's Disease (PD) and Essential Tremor (ET) [1]. DBS is
an established therapy and is used to alleviate the symptoms of neurological
disorders [2]. The technique uses an electrode that is implanted in the brain
and delivers mild electrical stimuli to a certain area of the brain depending
on the disorder. Figure 1 shows what a DBS installation looks like after
surgery.

Figure 1: X-ray showing patient with implanted electrodes and stimulator

In recent years, mathematical models of DBS have been developed to re-
late the stimuli with medical bene�ts and to facilitate the tuning to achieve
the best therapeutical e�ect. The therapeutic e�ect is highly dependent on
the shape and amplitude of the stimulation impulses. Since all humans are
di�erent, it is important to individualise the treatment. The tuning is cur-
rently performed manually in a trial and error procedure and it is both time
consuming and an unintuitive task.

1.1 Aim of thesis

The aim of the thesis is to set up an individualised system that can be
used together with a mathematical model of Deep Brain Stimulation (DBS)
and to develop a temporospatial mathematical model of a single neuron.
The thesis examines how to individualise the DBS model using MRI and,
therefore, make it more accurate in calculating the DBS stimuli that achieve
the best results for each patient via the prediction of neuron activation by
a given electric �eld. The electric �eld is generated by a DBS lead and
both the individualised system and the activation model are intended to be
part of a patient-speci�c model of DBS previously developed at System and
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1. Introduction

Control, Uppsala University (UU) in cooperation with the Uppsala University
Hospital [3].

1.2 First part of study

The electrical �eld generated by the stimuli and delivered through the elec-
trode implanted in the target area can be calculated using a mathematical
model. The electrical �eld gives then information about the coverage of the
target area and stimuli overspill, i.e. the stimulation reaching beyond it.

The e�ect of the DBS is speci�c to each patient and it is the target position.
To localize the target position in an individual, medical imaging is used.
Anatomical properties of the brain can be obtained by Magnetic Resonance
Imaging (MRI).

To individualise the mathematical model of DBS, the coordinates of di�erent
areas of the brain must be known. MRI provides good anatomical images
to distinguish between the di�erent tissues and parts of the brain. Two
positions that set up the coordinate system are the anterior commissure (AC)
and posterior commissure (PC). Both are located in the middle of the brain
and, to obtain a coordinate system, a line is drawn between them. In this
reference system, the position of the electrode or electrodes can be decided
from the target positions and used in the model.

Di�erent types of brain tissue have di�erent conductivity. To include this
information in the model, it must be possible to distinguish between the
di�erent tissues in the brain. This process of separating and distinguishing
between di�erent image areas is called segmentation. The segmentation can
be done manually or with specialised software. Software that can be used
for segmentation are MATLAB, FSL, SPM, FreeSurfer, etc. Segmentation
depends on what the target area in question is. To individualise the DBS
model, segmentation is executed on the patient-speci�c MRI images and the
di�erent detected areas are assigned the respective conductivity values.

1.3 Second part of study

We will also look at how to individualise the treatment by looking at the
activation of a single neuron from an applied electrical �eld. The neuron
model will take the pulse generated by the DBS lead as an input to the
system and the output will be a binary variable indicating whether or not
the neuron is activated, i.e. �res. The pulse that is used in DBS is a time-
varying inhomogeneous pulse.

2



1. Introduction

As a starting point, a model proposed by Pavol Bauer and Stefan Engblom
at Scienti�c Computing, UU will be used [4] [5]. It is an extracellular neural
�eld model that evaluates the electrical �eld produced by a �ring neuron.
The model consists of a �ring mechanism described by Hodgkin-Huxley (HH)
model and the three-dimensional (3D) geometry of the neuron is implemented
with a �nite-element part. Since the aim of modeling in this thesis is to decide
whether or not the neuron �res, the dynamics of the original model need to
be inverted as the electrical �eld is readily de�ned by the DBS stimulation.

The model of the neuron is built up by the electrical circuit of the original
HH model. The geometry of the neuron is assumed to be in one dimension
(1D) and the ion channels are simulated with a stochastic part. The model
is built up by ordinary di�erential equations (ODEs) describing the change
in membrane potential and number of open ion channels will vary depending
on the membrane potential.

To �nd out if the neuron is activated by the externally generated �eld, the
original HH model needs to be modi�ed. The original HH model is a sin-
gle compartment model. For the model to be more accurate, the neuron is
divided into n compartments and, therefore, an axial current part needs to
be added to the model. Since the extracellular space is not isopotential and
an electric �eld generated by the DBS lead is present, an externally injected
current also needs to be added to the original model. The generated stim-
ulation is seen as a time-varying potential whose magnitude decays further
away from the lead. For this reason the potential outside the neuron will
vary depending on the rotation and the distance away from the DBS lead.

1.4 Layout of thesis

The rest of this thesis is composed as follows. To start with in Section 2, some
relevant background to DBS is provided. A section about individualisation
describes the DBS system and the DBS model used to generate the electric
�eld. Medical imaging techniques, MRI, and computer tomography (CT)
will be explained more in detail. The segmentation section goes through how
the segmentation of the medical images is performed and how to compare the
segmentation result with the original images. An individualised coordinate
system needs to be set up and aligned with the position of the AC and PC.
The last part of the section describes the DBS system and model that is used
for simulating the DBS and the calculation of the electrical �eld. To continue
with, the thesis will examine how to modify the original HH model by adding
an external potential, generated by the individualised DBS model, and cable
theory to make the model more accurate. The section about neurons goes
through basic knowledge about how neuron activation works and what is
needed to make the neuron �re. The last section under Theory describes

3



1. Introduction

the neuron activation model used and how it is modi�ed. The report will
then outline the method used in Section 3, followed by results of the study
in Section 4. These results will further be analysed in the discussion Section
5 and �nally conclusions will be made in Section 6.
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2. Theory

2 Theory

2.1 Deep Brain Stimulation

DBS is an e�ective treatment technique for patients with neurological disor-
ders. DBS is an established therapy and is used to alleviate the symptoms
of neurological disorders such as PD and ET.

2.1.1 Neurological disorders

The function of nervous system can be compromised by disease and hundreds
of millions of people are a�ected [6]. These diseases are called neurological
disorders. Neurological disorders a�ect the nervous system including the
brain, spinal cord, and nerves that connect the brain and spine. PD, dys-
tonia, ET and epilepsy are all examples of neurological movement disorders.
Other neurological disorders are Alzheimer disease, stroke, migraine, multiple
sclerosis. PD and ET is described more in detail below.

PD is a chronic neurological disorder a�ecting 0.3 percent of the population
[1]. Some of the symptoms are tremor, inability to move, and sti�ness. Since
not everyone experience the same symptoms, it is in some cases hard to
diagnose [7].

The underlying reason for PD is that the neurons in the brain that produce
dopamine lose their function [8][9]. Dopamine has a great importance for the
brain's control of the movement. When the production of dopamine drops
to less than a half of the normal one, the symptoms of PD occur.

ET is, similarly to PD, a chronic neurological disorder where 0.9 percent of
the population is a�ected. It is most common with tremor in the hands, but
for some people it occurs in areas as the head, voice, chest and legs [10][11].
The tremor appears when the speci�c part of the body is activated.

The reason for getting ET is yet not discovered, but it might have to do with
imbalance in motor components in the nervous system. What is known is
that it is inheritable.

2.1.2 What is DBS

Nowadays, there are di�erent ways of treating neurological diseases such as
PD and ET. The most common ways are medical treatment with drugs and,
if that does not work, DBS might be an alternative [3].

5



2. Theory

DBS is a surgical treatment for neurological diseases. Electrical brain stimu-
lation was �rst performed on an awake human in the 1870 by Bartholow [1].
In the 1950 and 1960, it was discovered that electrical stimulation in speci�c
areas of the brain could alleviate the symptoms in neurological disorders.
Opposed to surgical treatment, electrical stimulation is reversible and can be
turned o�. The method is adjustable to the individual. Today it has been
used in more than 80.000 patients worldwide and makes an interesting area
for more research [12]. It is an approved treatment for PD, ET, epilepsy,
dystonia and obsessive-compulsive disorder.

The DBS system for DBS is built up by the electrodes, a stimulator, and a
wire that connects the two. The stimulator is similar to the cardiac pace-
maker and is implanted under the skin close to the collar bone, see Fig-
ure 2. The DBS is presumed to block the signals that create the motor
symptoms with the electric stimulation. After the surgery, the stimulation
is programmed to give each individual the best possible results. This device
can be used to turn the stimulator on and o�.

Figure 2: Patient with implanted electrodes and stimulators

For PD patients, the electrodes are placed in an area in the brain called the
subthalamic nucleus (STN) or the internal segment of globus pallidus. If
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2. Theory

the surgery is successful, it can reduce all symptoms of PD [1]. With DBS
active, the medicine intake is decreased which minimises some side e�ects of
the latter. For ET patients, the electrodes are placed in the Zona Incerta
(ZI) or in the posterior STN.

At the surgery, a stereotactical frame is �xed around the patient's head and
magnetic resonance imaging (MRI) or computer tomography (CT) is used to
localize the exact point for the stimulation. The electrode is placed in the
side of the brain that is opposite to the side of the body where the symptoms
are observed. This is due to the fact that one side of the brain controls the
opposite side of the body. If the symptoms are on both sides, electrodes are
placed in both sides of the brain as seen in Figure 2.

2.2 Individualisation of DBS

Since all humans are di�erent, the anatomy of the human brain varies. There-
fore, it is important to individualise the DBS treatment to each individual.
The best therapeutical e�ect is achieved by adjusting the treatment to each
patient and their symptoms. Finding the correct settings is a slow process,
which makes the stimulation tuning time-consuming, but also painstaking
due to many parameters [13].

To relate the stimulation with medical bene�ts and to facilitate the tuning,
individualised DBS models have been developed. To localise the target area
for the electrode, MRI is used. An MRI image consists of volume elements
called voxels. By analyzing these voxels, it is possible to tell the position and
geometry of di�erent parts of the brain. To build up an individualised model
of the DBS, an MRI image is segmented into tissues of di�erent conductivity
thus resulting in a more accurate description of the electrical �eld around
the electrode. The electrode is localised from either coordinates of target
position or post-surgery CT imaging. The DBS system consists of lead,
pulse generator, and a programming platform to set the stimulation values.
Lastly, the DBS model incorporates mathematical descriptions of the lead,
the encapsulation layer surrounding the lead, and the brain tissue.

2.2.1 MRI

MRI is a non-ionising radiation technique that uses magnetic �elds and radio
frequencies to obtain images from inside the body [14]. The discover of MRI
by Bloch and Purcell was awarded the Nobel Prize in 1952 and since then it
is a very important technique in medical imaging [15].

The human body is built up by di�erent elements and one of them is hydro-
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2. Theory

gen. In ionic state the hydrogen atoms can be viewed as protons [16][17].
These protons generate small magnetic �elds and the �elds are randomly
oriented, i.e. not aligned [18]. MRI is a scanner that is built up by a strong
magnet. When the patient is placed in the strong magnetic �eld generated
by the scanner, the protons align with the magnetic �eld [19]. They now spin
in sequence, but due to di�erent composition of body tissues, for example fat
and water, they are out of phase. To bring the spinning protons into phase,
the scanner emits radio frequency waves into the body. The radio frequency
forces the protons out of their normal positions which makes the protons
emit energy from the examined tissues when the radio frequency pulse is
removed. Since di�erent tissues behave di�erently they send back di�erent
signals. These signals are then used to produce two dimensional (2D) images
with a computer [20].

The images can be obtained from almost all parts of the body and in di�erent
planes. The planes are called axial, coronal and sagittal. Examples of brain
images obtained by MRI can be seen in Figure 3 below.

Figure 3: MRI images of the brain. Axial view (left), Coronal view (middle),
Sagittal view (right)

In Figure 3, the �rst image to the left represents the axial view. The axial
view is seen from above. The image in the middle is the coronal view and
is seen from behind or in front of the patient. Lastly the image to the right
represents the sagittal view. The sagittal view is seen from the side of the
head.

MRI allows the user to change the intensity of di�erent tissues according to
area of interest [14]. To manipulate the contrast, the pulse sequence parame-
ters of the radio frequency pulse are changed. Repetition time (TR) and echo
time (TE) are the parameters that e�ect the contrast of the images the most.
TR are the time of repetition between subsequent radio frequency pulses and
TE is the time allowed for collection of the emitted signal. There are two
pulse sequences that are more common, T1-weighted and T2-weighted. A
short TR and TE is used for T1-weighted imaging and long TR and TE for
T2-weighted imaging [21][22].

8



2. Theory

MRI images show the contrasts of soft tissue inside the body, typically fat
or water components. In the images, the signals are shown as di�erent in-
tensities of colour. To di�erentiate tissues mainly on the basis of T1 values,
T1-weighted imaging is used [23]. This makes white matter and other tissues
with high fat content to appear bright and CSF and tissues �lled with water
to appear dark.

To di�erentiate tissues mainly on the basis of T2 values, T2-weighted imaging
is used. This technique makes areas �lled with water to appear bright and
areas with high fat content to appear dark.

Anatomy is best demonstrated by T1-weighted imaging and pathology is
best demonstrated with T2-weighted imaging. The di�erence between T1-
weighted imaging and T2-weighted imaging can be seen in Figure 4.

Figure 4: T1-weighted image (left), T2-weighted image (right)

2.2.2 CT

Unlike MRI, CT is an ionising radiation technique. CT uses X-rays to obtain
images form inside the body [24]. It was invented by Godfrey Houns�eld and
Allan Cormack in 1972 [25]. They were in 1979 awarded the Nobel Prize
for their invention [26] [27]. CT di�ers from the conventional x-ray [28]. A
conventional x-ray only outlines the bones and organs and the structures
overlap each other. In a CT scan, it is possible to di�erentiate between
soft tissues, skeleton, organs and any abnormalities. The CT images can be
obtained from all parts of the body.

The technique uses several x-ray images taken from di�erent angles to pro-
duce cross-sectional images of the body. At a CT scan, several narrow x-ray
beams and digital x-ray detectors rotate around the patient. Di�erent body
parts have di�erent ability to absorb x-rays. This implies that the amount of
radiation passing through the body will di�er. Some x-rays pass through the

9



2. Theory

body and are therfore detected and some are absorbed in the body and not
detected. The amount of radiation absorbed by the di�erent body parts are
measured by the detectors located on the opposite side of the x-ray source.
The signals picked up by the detectors are sent to a computer that produces
the images. A 2D image slice of the patient is constructed after each full
rotation. Although, multiple slices can be obtained in a single rotation. In
Figure 5, a 2D image slice of the brain is depicted. The 2D images can be
used to generate a 3D image of the inside of a patient to help with diagnostic.

Figure 5: 2D CT image slice showing axial view of brain

Some structures within the body are more di�cult to visualise, for example
soft tissues due to their ability to absorb x-rays. To get a better image
contrast agents can be used. This makes it easier to di�erentiate between
di�erent parts of the body since the agents are hightly visible in an x-ray.

2.2.3 Voxels

In a 2D space, the picture element is called a pixel [29]. It de�nes a point in
the 2D space with coordinates x and y [30]. For example, an MRI image is
built up by pixels. To describe the MRI scans in a 3D space, voxels are used.
The voxel de�nes a volume element in the 3D space with coordinates x, y
and z. Therefore a voxel can be described as a pixel but in 3D. This makes
it possible to view a 3D image in 2D from di�erent angles i.e. axial, sagittal,
and coronal. A voxel is illustrated in Figure 6 below, where each corner of
the cubes is a pixel, and the size of the voxel is determined by the distance
between the corners.

10



2. Theory

Figure 6: Illustration of a voxel (grey cube)

Each MRI slice is built up by these volume elements and it is a tool used in
visualisation and analysis of medical data. In medical imaging, the size of the
voxel depends on the thickness of the slices, �eld of view, and the matrix size.
The �eld of view is the area that the matrix covers. All these determine the
resolution [31]. If the size of the matrix is increased, the resolution improves,
and if the size of the viewed �eld is decreased, the resolution increases, since
the voxel size decreases. The thickness of the slices determines the depth of
the voxels and therefore contributes to the resolution.

2.2.4 Segmentation

Segmentation is a way of separating a big amount of data into smaller groups.
Brain segmentation is therefore a way to distinguish between di�erent mat-
ters in the brain. It is a very important tool in medical image processing
[32]. The segmentation can be done by identifying all voxels for speci�c tis-
sues in the brain. Di�erent tissues that are to distinguish between are grey
matter, white matter, cerebrospinal �uid (CSF), bone and air/background
[18]. Figure 3 shows an MRI image that is not segmented.

During MRI, all structures of the brain are captured [18]. Since the brain is
of interest, it should be separated from the skull. This can be done with a
software called FSL BET. This is a brain extraction tool. The input for the
algorithm is a T1 MRI. Since the T2 images are aligned with the T1, the T1
is more suitable to use for segmentation [33]. There are di�erent parameters
that can be changed, threshold and one or several iterations to �nd the best
extraction. An image after the extraction can be seen in Figure 7.

11



2. Theory

Figure 7: Axial, coronal, sagittal view after brain extraction

As described above, the brain can be segmented into di�erent areas. Areas
of interest depend on the purpose of analysis. For PD, the area of interest
might be close to the STN or the internal segment of globus pallidus. For an
ET patient, the ventral intermediate nucleus of thalamus or in the posterior
STN are relevant. In these two cases, the mentioned areas can be segmented
and used for further analysis.

In a more general case, the extracted brain can be segmented into images
that distinguish between CSF, white matter, and grey matter. In the software
package FSL, there is a tool called FAST. This is a automated segmentation
tool. Here the input is the output of the BET, i.e. the extracted brain images
in Figure 7. The result of the segmentation can be seen in Figure 8.

Figure 8: Axial caption of the segmented areas. White matter (left), grey
matter (middle), CSF (right)

The FAST tool is based on histogram. Since the areas can overlap, a proba-
bility model, that describes the probability of the di�erent tissues to be found
in that area, is used. The output can be seen in Figure 8. The �rst image
to the left is the segmented white matter area, the middle image is the grey
matter and the left image is CSF. All images are viewed from an axial view.

In Figure 9, all three di�erent tissues can be seen in the same image from
di�erent point of view. The colour white in the images in Figure 9 represents
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white matter, light grey represents grey matter, and the dark grey represents
CSF.

Figure 9: Axial, coronal, sagittal view of segmented brain (white matter,
grey matter, CSF)

To control the segmentation quality, a software called Mango can be used.
Mango stands for Multi-Image Analysis GUI. It is used for viewing, editing
and analysing volumetric medical images [34]. With Mango, the segmenta-
tion images can overlay the original images to check the boundaries between
white matter, grey matter and CSF. For example, in Figure 10, the original
image with the segmented white matter is shown as an overlay.

Figure 10: Axial, coronal, sagittal view of white matter overlay on original
image

They can be compared next to each other with something called linked nav-
igation. Linked navigation shows the same image as both the segmented
image and the original one at the same time. If the segmented images view-
ing is changed, the same view is applied to the original images. In Figure 11
below the comparison can be seen.
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Figure 11: Axial view of segmented image (left) and original image (right)

2.2.5 Coordinate system AC-PC line

The Anterior and Posterior Commissure (AC-PC) is a way of setting up a
reference system in the obtained brain images, in this case � MRI images.
Finding AC-PC can be done both automatically and manually, but it is in
most cases determined manually on MRI scans in neuroimaging applications
[35]. The manual approach is described below.

One way to normalise brain anatomy is called the Talairach transformation
[36]. To align the MRI images, the location of the AC, PC and the midsagittal
plane must be known. In the brain, the two hemispheres are connected with
�ber tracts and these �bre tracts are the commissures [37]. The AC and
the PC are both located in the deep brain, in the front and in the back,
respectively. The coordinate system that can be created from the AC and
PC is called the Talairach coordinate system. The idea is illustrated in
Figure 12 below.

Figure 12: Axial, coronal, sagittal view of the Talairach coordinate system

Figure 13 shows that the AC-PC line is drawn between the AC and the PC.
The AC and PC lie on a straight horizontal line and are both located on the
midsagittal plane which should be vertical. The origin is placed in the AC
and distances are measured from it.
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Figure 13: AC and PC with reference system

In Figure 13, the red point represents the AC and the yellow point indicates
the PC.

2.2.6 Aligning AC-PC

When performing MRI scanning, the position of AC and that of PC are
aligned in the midsagittal plane, but there might be some displacement. To
perform further analysis, the AC and PC must be aligned [38]. This is done
by changing origin to the position of the AC and rotating the coordinate
system so the two positions are aligned.

Firstly, the origin in moved to the AC. If the coordinates for the AC are
known, all x, y, and z coordinates can be moved with respect to those. The
coordinate system is given by a matrix of points. The distances between the
points are given by the voxel size. So, to set up the coordinate system, the
distances between the points are multiplied with the voxel size.

When the origin is moved, the coordinate system needs to be rotated with
regard to the AC and PC position.

The AC-PC aligning procedure is as follows. Start by computing the vector
between the AC and PC and normalise the vector. Find a unit vector in the
new system so the AC-PC line coincides with the new positive y-axis. The
crossproduct of the two vectors is used to �nd the rotation vector that the
system rotates around. The dot product of the two vectors is used to �nd the
angle for which the system rotates. With these two results, it is possible to
set up a rotation matrix. The rotation matrix is then multiplied with the old

15



2. Theory

x, y and z positions, i.e. a vector containing all the coordinates of the points
in the system, to obtain new coordinates. The rotated vector, consisting of
the new coordinates, represents the rotated system. This system are aligned
with the AC-PC line.

For example, in 2D, the system is rotating around the z-axis [39]. If the
rotation is counterclockwise, the rotation matrix is given by the following:

R(θ) =

ñ
cos θ sin θ
− sin θ cos θ

ô
.

The rotated vector is then given by the rotation matrix multiplied with the
original x, y and z position column vector:ñ

x′

y′

ô
=

ñ
cos θ sin θ
− sin θ cos θ

ô ñ
x
y

ô
.

As can be seen above, the coordinates of the new position after rotation are
x′ and y′. With a counterclockwise rotation θ = +90◦, the new coordinates
should become [y −x]T and this is also what is obtained when multiplying
the original coordinates [x y]T with the rotation matrix for θ = +90◦. The
counterclockwise rotation is illustrated in Figure 14.

Figure 14: Illustration of counterclockwise rotation

In 3D, this is a bit more complicated. For example the rotation matrix about
the z axis is given by:
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Rz(θ) =

 cos θz sin θz 0
− sin θz cos θz 0

0 0 1

 .
General rotation matrices are obtained by matrix multiplication of the rota-
tion matrices about the x, y and z axis

R = Rz(α)Ry(β)Rx(γ),

where α, β, and γ are the angles of the rotation around the di�erent axis.

2.2.7 DBS system

The DBS system consists of multiple technology components that interact
with each other. The electric �eld is generated by the pulse generators and
delivered by the leads. User interfaces are used to display information about
the system status and communicate the proper settings to the pulse genera-
tor. The interfaces are called programming platforms and are controlled by
the physician and/or the patient.

In Figure 15, two di�erent leads are illustrated: Medtronics 3390 and Sapiens
d4 [40]. Depending on whether the analysis is pre- or post-surgery, the
position of the lead can be given by either the coordinates of the target
position or those from post-surgery images. The leads can be viewed in
Figure 15 below. The black and red areas represent the contacts delivering
the stimuli and the red are active contacts.

Figure 15: Medtronic 3389 (left), Sapiens d4 (right)

In Figure 15, the lead to the left has four cylindrical contacts. All contacts are
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connected to the pulse generator. This type of contacts produces a symmetric
electric �eld to stimulate the target. Due to a possible asymmetry of the
target, the �eld does not necessarily cover the target area. The target can be
covered by increasing the pulse amplitude. Unfortunately, undesirable side
e�ects may occur since the stimulation then often reaches areas outside the
target.

Until recently, this type of leads were widely used by physicians, but now
new lead designs have been introduced to cover the stimulation targets with
as minimal spill outside the target as possible. This type of lead design can
be seen to the right in Figure 15. The lead has contacts that activate inde-
pendently and can therefore produce an asymmetrical electric �eld to cover
the target area and reduce the risk of side e�ects occurring from stimulation
outside the target.

Surrounding the lead is an encapsulation layer. The layer is formed around
the lead due to the reaction of the body to a foreign object. The thickness
and conductivity of the layer are di�erent depending on the lead and can be
individually decided to make the model more individulised to each patient.

The pulses delivered by the leads are generated by stimulators surgically
implanted under the skin close to the collarbone as seen in Figure 2. An-
other name for the stimulators are Implanted Pulse Generators (IPG). The
rectangular pulse from the electrical stimuli can be viewed in Figure 16.

Time

PW

0V

V

Figure 16: Sketch of the stimulation signal

Either the potential or the current can be controlled to produce the correct
pulses. Parameters that can be tuned are the stimulus amplitude (V) and
the pulse width (PW), together with the frequency. As seen in Figure 16, the
pulse is biphasic and made up by a negative high-amplitude potential with a
short pulse width followed by a longer positive low-amplitude potential. This
type of biphasic pulses is used to minimise charge injection inside the brain.
Charge injection can be hazardous to the patient and lead to corrosion of
metal of the lead. Cathodic pulses are preferred in practice since neurons
have been shown to �re more easily with a negative pulse.

The treatment needs to be adjusted to achieve the best possible results for
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each individual. As mentioned above, the parameters that can be adjusted
are the amplitude, frequency, and pulse width. The process of �nding suit-
able parameter values is called programming and can either be done by the
physician or, in principle, by appropriate software in case of a closed-loop
stimulation system. Typical values are 0-5 [V] for the amplitude, 60-120 [ms]
for the pulse width and 100-250 [Hz] for the frequency. The most important
parameter, when it comes to stimulation, is the amplitude. The pulse width
is another important parameter to tune. It also has a great impact on neu-
ron �ring. Though, a too large pulse width might stimulate areas outside
the target. As mentioned before, the pulse should be biphasic so that no net
current is injected. The impact from the frequency is not known yet, but it
has been found that lower frequency increase the risk of side e�ects and a
high frequency is less e�ective.

2.2.8 DBS model

Di�erent models describing the stimulation have been proposed to predict the
outcome from di�erent stimulation settings [13]. The mathematical model
that is being used for DBS consists of three di�erent parts: the lead, the
encapsulation layer surrounding the lead, and the brain tissue [40].

As mentioned in Section 2.1.2, where PD and ET were described, the stim-
ulation target varies depending on the disease. STN is a common target for
PD and STN or ZI targets are stimulated in ET. To model the stimulation,
the target needs to be registered in MRI and CT images and segmented. As
described above, the images have to be in the same reference frame and the
segmentation can be performed by either software or manually. The brain
is represented by an MRI image that is segmented into white matter, grey
matter, and CSF, to give a more realistic point of view. The corresponding
conductivity values are as in Table 1.

Conductivity
White matter 0.058093 S/m
Grey matter 0.089018 S/m
CSF 2 S/m

Table 1: Conductivity values of di�erent tissues

To locate the electrode, either the coordinates of the target position or post-
surgery images are used. MRI with the segmented lead overlaid can be seen
in Figure 17 and in Figure 18 CT images with the electrode are shown.
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Figure 17: MRI with the segmented lead overlaid

Figure 18: CT axial images with the electrode overlaid (right)

The stimulation can be modeled as either stationary or time-varying. In this
thesis, a time-varying stimulation has been considered. It captures both the
form of the pulse signal and its propagation in space. The pulse used for the
simulations can be seen in Figure 16.

The DBS model is given by (1). Solve the equation of steady currents to
obtain the electrical potential:

∇ · (σ∇u) = 0, (1)

20



2. Theory

where ∇ is the gradient, σ is the electric conductivity and u is the electrical
potential. To evaluate the electric �eld E around the electrode, the negative
gradient of u is calculated the following way:

E = −∇u. (2)

The model is implemented in COMSOL and solved by the Finite Element
Method (FEM) solver.

2.3 Neurons

The nervous system senses, integrates, and responds to changes in the body's
environment. It consists of billions of nerve cells called neurons [41] [42]. The
neurons are organised into networks and are the main signaling unit of the
nervous system. Figure 19 shows a neuron with its di�erent parts [43]. The
main parts are cell body, dendrites, and axon.

Figure 19: The anatomy of the neuron. The neuron consists of a cell body
with dendrites and an axon.

2.3.1 Neural signaling

Neural signaling consists of the generation and the propagation of electrical
signals [42] [44]. The information inside the neurons is transmitted by elec-
trical potentials. The electrical potential propagates throughout the cell. A
presence or movement of charge is required for electrical signals to exist and,
if there is a potential di�erence between two places connected by a conductor,
a current will �ow.
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The electrical signals are carried by ions. The intracellular cytoplasm and
the extracellular space both regulate ion concentrations. This enables the
propagation of the potentials and creates a potential di�erence between the
outside of the neuron and the inside of the neuron. The di�erence is the po-
tential di�erence over the membrane and it is called the membrane potential.
The cell membrane restricts the movement of ions and charged ions cannot
di�use through the bilayer. Therefore, the ion concentration is regulated by
membrane proteins called ion channel gates and ion pumps. The ion channels
can either be gated, which means they open when they are stimulated, or be
leak channels, which means they are open all the time.

2.3.2 Ion channels

The ion channels activate when there is a change in membrane potential
close to the channel [45] [46] [47]. Therefore, they are called voltage-gated
ion channels. Two forces determine the movement of ions, the chemical gra-
dient and the electrical gradient [48]. The two gradients are combined called
the electrochemical gradient and determine the direction in which the ions
move [49]. Ion movement between the inside and outside of the cell creates a
membrane current that leads to a change in the membrane potential. When
the ion channels open and close, the number and type of ions moving in and
out of the cell will change, which will change the membrane potential. The
membrane potential is continuously varying in excitable cells. By chang-
ing the membrane potential, the cell transmit electrical signals. Figure 20
demonstrates how ions �ow through the open ion channel.

Figure 20: Neuron cell membrane with two ion channels. No ions can �ow
through the closed channel. The open channel lets ions �ow through the
membrane.
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The leak channels, on the other hand, are channels where the ions can pass
through without a change in membrane potential. Potassium and sodium
ions pass through the channel in the direction of the concentration gradient
[50].

2.3.3 Reversal potential

In this thesis, we consider two types of ions, namely sodium and potassium
ions, and therefore only include sodium and potassium ion channels. Both
types of channels can either be active, let ions �ow through, or inactive, and
not allow ions through. Reversal potential describes a state where the speci�c
ion net �ux is zero at a particular membrane potential [51]. For example,
in (3), we can see that when the reversal potential equals the membrane
potential, the product becomes zero. This means that, from one side of
the membrane to the other, there is no net �ow of that ion. The reversal
potential for sodium is +50 [mV] and for potassium -77 [mV] [52]. The
reversal potential for a single ion system is the equivalent to the equilibrium
potential.

2.3.4 Resting membrane potential

When the cell is not transmitting an electrical signal, the overall voltage
across the cell membrane is called the resting membrane potential [53]. In
most cells, more potassium leak channels than sodium leak channels are
present [54]. The potassium ion e�ux is therefore greater than the sodium
ion in�ux. That creates a di�erence in potential over the membrane and this
di�erence is the resting potential. The resting membrane potential will be
determined by the reversal potential of the ion with the greatest number of
ion channels. Since there are more potassium channels, the resting potential
is close to the reversal potential for potassium. A typical value for the resting
membrane potential is around -70 [mV].

2.3.5 Graded potential

Two types of electrical signals are propagated throughout a neuron: graded
potentials and action potentials [55] [56]. Graded potentials occur as a re-
action from an input signal and the amplitude is proportional to the input
stimulation. A summation of the graded potentials might trigger an action
potential [57].

Di�erent types of stimuli acting on the cell, like an injected current or an
electric �eld, will create small changes in the membrane potential close to

23



2. Theory

the stimuli called a graded potential. The change in potential occurs since
the stimulus opens ion channels and the ions can move through. Graded
potentials occur in the dendrites or soma, see Figure 19. The amplitude of
the potential depends on the strength of the stimulus and the distance from
the stimulation. Therefore, a stronger stimulus will open more channels
which will allow more ions to �ow through and result in a bigger graded
potential. If the sum of the graded potentials are above threshold an action
potential will be generated. The threshold potential refers to a critical level
of the membrane potential where the neuron will �re an action potential.
This usually occurs around -55 [mV].

2.3.6 Action potential

The neurons are connected with synapses. The neurotransmitters are re-
leased via the synapses in order to transmit the signal required to generate
an action potential. When the sum of graded potentials exceeds thresh-
old, an action potential, also called �ring, occurs. Every time the threshold
is reached, the opening of the ion channels and the movement of the ions
happen in the exact same way each time and the amplitude of the action po-
tential is the same. As seen in Figure 21, the action potential consists of three
phases, the depolarisation, the repolarisation and the hyperpolarisation.

2.3.7 Depolarisation, Repolarisation, Refractory period

The �rst phase, depolarisation of a nerve cell, occurs when the cell undergoes
an electrical change [58] [59]. Sodium ions (Na+) �ow inside the neuron via
the open sodium ion channel gates in the cell membrane due to the di�erence
in ion concentration. Since the sodium ions are positively charged, the cell
will be depolarised. Therefore, the membrane potential increases and shifts
from being negative to positive, i.e. approaching the reversal potential for
sodium.

At a certain value of the positive potential, an electrical impulse is transmit-
ted throughout the cell. Due to the depolarisation, speci�c potassium ion
(K+) channels will open and let potassium ions to start �owing out of the
neuron and the sodium channels that originally opened are inactivated. The
second phase, called the repolarisation, will result in a change in membrane
potential once again caused by e�ux of the positively charged potassium
ions. It will restore the negative resting potential.

During the last part of the repolarisation, the membrane potential reaches its
minimum value, this is called hyperpolarisation. It occurs in the third and
last phase of the action potential called the refractory period. The hyperpo-
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lation is only brief and is caused by the permeability of the potassium ions.
Even though it is brief, it is an important part of the action potential. At this
time, the neuron cannot receive another stimuli and therefore it prevents the
neuron from sending an action potential in the opposite direction triggered
by an already sent stimulus. This assures the signal to only propagate in one
direction. The cell will go back to its normal resting potential shortly after,
as seen in the Figure 21.

Figure 21: Plot showing the di�erent steps of an action potential. It starts of
at a resting potential at -70 [mV] and stimulus raises the membrane potential
past the threshold and the neuron �res. The action potential consists of
three di�erent parts: depolarisation, repolarisation, and refractory period.
After �ring the membrane potential goes back to its initial state, the resting
potential.

The resting membrane potential, action potential, and graded membrane
potential all have to do with speci�c changes in membrane permeabilities
for sodium ions, potassium ions etc. This will activate and/or inactivate the
ion channels for the di�erent ions and result in changes in the membrane
potential speci�c to the di�erent states in the cell.
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2.4 Neural models of activation

How a neuron reacts to an injected current or an externally applied electric
�eld depends on the characteristics of the neuron and the stimulation [60].
One way to describe the activation of neurons is to use a model called the
Hodgkin-Huxley (HH) model. The original HH model is here modi�ed with
added external potential and combined with a cable model that includes
a component for the axial current propagating between the compartments.
This is done to measure the e�ect of stimulation in a more accurate way.

2.4.1 The original HH model

The original HH model is a conductance-based single compartment model.
It was developed in the 1950's by Hodgkin and Huxley and is still today one
of the most accurate neuronal models [61]. Hodgkin and Huxley found how
ionic currents pass through the membrane and how an action potential is
produced [60] [62] [63]. In the standard HH model, only three types of ion
channels are present; sodium channel, potassium channel, and leak channel.
An electric circuit for the HH model representing the membrane can be seen
in Figure 22.

Figure 22: Basic components of a HH electric current model representing the
characteristics of the cell membrane.

The electrical conductances gNa and gK represent the voltage-gated ion chan-
nels for sodium and potassium. They are dependent on both voltage and
time. The conductance of the leak channel is denoted gl. The capacitance
Cm represents the capacitance of the membrane. The equilibrium potentials
EK , ENa and El are represented by batteries.
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The original HH model can be written with the following ODEs:

Im = Cm
dVm
dt

+ gK(Vm − VK) + gNa(Vm − VNa) + gl(Vm − Vl). (3)

The membrane potential Vm is created from the �ow of potassium and sodium
ions across the membrane which in turn will create a membrane current Im
passing through the membrane. The parameters VK , VNa, Vl are the reversal
potentials. gK , gNa, gl are values of the conductance of the corresponding
ion channels. Since gK , gNa, gl are dependent on both voltage and time, (3)
can be rewritten as a system of four ODEs:

Im = Cm
dVm
dt

+ ḡKn
4(Vm − VK) + ḡNam

3h(Vm − VNa) + ḡl(Vm − Vl),

dn

dt
= αn(Vm)(1− n)− βn(Vm)n,

dm

dt
= αm(Vm)(1−m)− βm(Vm)m,

dh

dt
= αh(Vm)(1− h)− βh(Vm)h.

(4)

In (4), ḡK , ḡNa, ḡl are the maximum values of the conductances and αn, αm,
αh, βn, βm, βh are the voltage-dependent rate constants. The gating variables
n,m and h are dimensionless quantities between 0 and 1, where n represents
the potassium channel activation,m is the sodium channel activation and h is
the sodium channel inactivation. The rate constants are calculated according
to (5):

αn(Vm) =
0.01(10− Vm)

exp(10−Vm

10
)− 1

, βn(Vm) = 0.125 exp(
−Vm
80

),

αm(Vm) =
0.1(25− Vm)

exp(25−Vm

10
)− 1

, βm(Vm) = 4 exp(
−Vm
18

),

αh(Vm) = 0.07 exp(
−Vm
20

), βh(Vm) =
1

exp(30−Vm

10
) + 1

.

(5)

2.4.2 Cable theory

Previously, we have looked at a single compartment model as in the original
HH model. By doing so, the neuron is assumed to have the same membrane
potential everywhere and be electrically compact [64] [65]. This assumption
is not correct since the membrane potential di�ers substantially along the
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neuron. Therefore we need to introduce a cable model that takes into account
the axial currents, described more in detail below.

  

I m
(1) I m

(2) I m
(3)

I axial
(1) I axial

(2) I axial
(3)

I m
(2)

I axial
(1)

I axial
(2) I axial

(3)

ϕ(inside1)=ϕ(1) ϕ(2) ϕ(3)

Cm

ϕ(outside1)=ϕ(o(1)) ϕ(o(2)) ϕ(o(3))

G3
2G2

1

Figure 23: Part of axon divided into three sub-cylinders. The axial current
I
(a)
axial and membrane current Iam for compartment a are shown next to the
arrows, here a = 1, 2, 3. φ(a) and φ(o(a)) are the potentials inside and
outside compartment a. G

(a)
(b) is the conductance between two connected

compartments a and b. Cm is membrane capacitance. Circuits for the boxes
#1, #2, #3 are shown in Figure 22.

As seen in Figure 23, a part of the neuron is chosen. In this thesis, we are
interested in the �ring in the axons. Therefore, the part is assumed to be the
axon and is approximated as a one-dimensional cylinder. To understand the
electrical behavior and get a more accurate model, the axon is divided into
n compartments. In Figure 23, the axon is divided into three compartments
#1, #2, #3. The boxes with the compartment numbers represent what is
seen in the single compartment model in Figure 22. I(a)axial is the axial current
and the index a which compartment. G(a)

(b) is the conductance between two

connected compartments a and b. For example, in Figure 23, G(1)
(2) is the
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conductance between compartment #1 and #2 and G(2)
(3) between #2 and #3,

φ(inside a) = φ(a) is the potential inside compartment a and φ(outside a) =
φ(o(a)) the potential outside compartment a, here a = 1, 2, 3. The potential
outside the neuron is called the external potential and is a time-varying
inhomogeneous potential generated by a DBS lead.

2.4.3 The modi�ed HH model exposed to external stimulation

The original HH model, (4) does not take into account neither the axial
current nor the external potential. We are interested in a time-varying inho-
mogeneous potential as an external potential surrounding the neuron. This
put together with the cable model can be illustrated in Figure 24.

1 2 3 4 ····· n-1 n 

Iaxial 

Im Iext 

Figure 24: Cable model with n compartments. Axial current Iaxial, mem-
brane current Im, and external current Iext are shown. Iext comes from the
inhomogeneous potential outside the neuron generated by a DBS lead.

In Figure 24, there are n compartments, Iaxial the axial current and Im
the membrane current. Due to external stimulation, an external potential is
introduced. It is treated as a current injection in each of the n compartments
Iext. The modi�ed HH model results in (6)

C(a)
m

d

dt
V

(a)
out,(a) = −I(a)m − I

(a)
axial − I

(a)
ext,

= (G
(a)
L E

(a)
L +

∑
T

G
(a)
T E(T ))− (G

(a)
L +

∑
T

G
(a)
T )V

(a)
out,(a),

−
∑
b

G
(a)
(b)V

(a)
(b) +

∑
b

G
(a)
(b)V

out,(a)
out,(b) .

(6)

In (6), a, b represent two connected compartments. I(a)m , I(a)axial , I
(a)
ext are

the membrane current, axial current, and externally injected current in com-
partment a. The potential di�erence over the membrane of compartment a is
V

(a)
out,(a) = φ(a)− φ(o(a)) = V (a)

m . The potential di�erence between the inside
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of a and inside of b is V (a)
(b) = φ(a) − φ(b), and V out,(a)

out,(b) = φ(o(a)) − φ(o(b))
is the potential di�erence between outside of a and outside of b. The capac-
itance over the membrane for compartment a is represented by C(a)

m . The
conductance of the leak channel and ion channels are represented as G(a)

L ,
G

(a)
T , where T is the type of ion channel. G(a)

(b) is conductance between two

connected compartments, compartment a and b. E(a)
L represents the reversal

potential for the leak channel and E(T ) represents the reversal potential for
the di�erent ion channels.
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3 Method

The �rst part of the study used the software FSL 5.0 (Analysis Group, FM-
RIB, Oxford, UK) for segmentation. FSL BET was used for brain extraction
and FSL FAST was used for the segmentation of white matter, grey matter,
and CSF in the brain.

To compare the original images with the segmented and brain extracted ones,
the software Mango 3.6 (Jack L. Lancaster, Ph.D., Michael J. Martinez,
UTHSCSA) was used. Mango stands for Multi-Image Analysis GUI. The
segmented images were compared with the original ones next to each other
and as an overlay.

MATLAB R2015b (The MathWorks, Inc) was used to load the segmented
NIFTI �les as matrices. The matrices were given the correct conductiv-
ity value for each tissue, as described in Section 2.2.8, Table 1. The three
matrices were then combined together to form the segmented brain images.
MATLAB was used to change origin from the left top corner to the AC and
to rotate the coordinate system to align the position of the anterior and PC.
The matrix with the rotated x, y, z coordinates and the conductivity value
for that position was exported to a CSV �le. The position and direction of
the leads were calculated the same way, to know where the stimulation took
place, and then exported to a CSV �le.

The same procedure was done for the original brain images to obtain 2D
images for visualisation of the brain tissue close to the target area. The
target areas and the electrodes were put in the same coordinate system as
the brain images to set up visualisation images with everything combined.

The CSV �les of the segmented brain 3D image and the leads were imple-
mented in COMSOL 4.3b (Comsol AB, Sweden) together with the model of
the lead and solved by the FEM solver. COMSOL was used to visualise a
2D brain image slice as background with a lead and a target area in front of
the slice. This can be seen in Figure 31.

The second part of the study used the software MATLAB R2016a to run the
developed HH model. The model proposed at Scienti�c Computing, UU is
used as a foundation for the project. The model is used to set up the neuron
geometry and characteristics.

The neuron geometry used in the thesis is a simple 1D neuron geometry. The
neuron is divided into n equally sized compartments with the same neuron
properties.

To validate the model the results obtained by the developed model at UU
have been compared with a neuron model in NEURON 7.4 (Yale University).
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The models were run with the same number of compartments, time, time
step, electric pulse and �xed parameters as seen in Table 1.

To start with, the developed HH model was tested with di�erent pulse inputs
to see whether or not an action potential is created, i.e. whether a neuron is
�ring or not. The pulses had di�erent amplitudes and pulse widths and were
compared with the same settings in NEURON. The next step was to validate
the developed model with input from patient data generated by COMSOL
4.3b.

The developed HH model was tested for di�erent pulse widths and distances
from the lead to look at its impact on �ring. In this test, the 1D neurons
were perpendicular to the lead. Lastly, the HH model was tested for di�erent
rotations and pulse widths.
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4 Results

The results for the �rst part of the study are presented in Section 4.1 -
Section 4.2. Here, all results have used the sample data set that can be
found in 3D Slicer 4.4.0 (BWH and 3D Slicer contributors). The downloaded
sample image is called MRHead and is a 3D image.

The results for the second part of the study are summarised in Section 4.3
- Section 4.5. Firstly, a steady-state analysis of the neuron model developed
is performed. Secondly, the validation is carried out by comparing di�erent
square pulses with di�erent amplitudes and pulse widths. The third step is
to validate results from a pulse generated by the DBS lead. Lastly, di�erent
locations and rotations of the neuron in regards to the lead are investigated.

4.1 Segmentation

Figure 25 shows MRHead images after brain extraction.

Figure 25: Axial, coronal, sagittal view after brain extraction

Figure 26 depicts MRHead images after segmentation. The segmentation is
done on T1-weighted images and segmented into white matter, grey matter,
and CSF.

33



4. Results

Figure 26: Axial, coronal, sagittal view of segmented brain (white matter,
grey matter, CSF)

Figure 27 provides an example on how it looks like in Mango when comparing
the images next to each other with linked navigation. Here the segmented
MRHead images are compared with the brain extracted images viewed from
an axial view.

Figure 27: Segmented brain (left), original brain extracted image (right)

Figure 28 shows the original image with white matter as an overlay in Mango.

Figure 28: White matter overlay on original image
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Figure 29 shows the original image with grey matter as an overlay in Mango.

Figure 29: Grey matter overlay on original image

Figure 30 shows the original image with CSF as an overlay in Mango.

Figure 30: CSF overlay on original image

4.2 Visualisation in 2D with lead

Figure 31 shows how the stimuli produced by the lead (in green) cover the
target area (in red). The stimuli are produced by the electric �eld calculated
in COMSOL and the target area is obtained from segmented MRI scans. The
target area has been manually segmented. The backgrounds are slices from
the original images viewed from di�erent angles.

35



4. Results

Figure 31: Stimuli (green) from lead covering the target area (red)

4.3 Analytically derived steady state

The steady state was derived analytically to �nd the equilibrium potential for
the neuron characteristics and neuron activation mode, but also to compare
the resting membrane potential obtained by the developed model in Matlab
at UU with the model in NEURON.

To start with, we have (6):

C(a)
m

d

dt
V

(a)
out,(a) = −I(a)m − I

(a)
axial − I

(a)
ext. (7)

Since we are interested in the steady state value, (7) can be written the
following way:

(G
(a)
L E

(a)
L +

∑
T

G
(a)
T E(T ))− (G

(a)
L +

∑
T

G
(a)
T )V (a)

m − I(a)axial − I
(a)
ext = 0, (8)

where G(a)
L is the leak conductance, E(a)

L the leak reversal potential, G(a)
T the

ion channels conductance and E(T ) the ion channel reversal potential. The
underscript T stands for the type of ion channel, for example sodium and
potassium channels.

For the steady state solution, we do not have an externally applied current
Iext = 0. The axial current Iaxial = 0 since φ(a) = φ(b). This gives the
following equation to solve

(G
(a)
L E

(a)
L +

∑
T

G
(a)
T E(T ))− (G

(a)
L +

∑
T

G
(a)
T )V (a)

m = 0. (9)
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Solve for the membrane potential:

Vm = [G
(a)
L +

∑
T

G
(a)
T ]\[G(a)

L E
(a)
L +

∑
T

G
(a)
T E(T )]. (10)

From solving (10), the resting membrane potential Vm ≈ -73.15 [mV] is ob-
tained. It applies that a = 1, . . . , n where n is the number of compartments.
This is the same value as obtained in NEURON.

The steady state can be seen in Figure 32. Figure 32 depicts the membrane
potential of the �rst compartment, the middle compatment and the end
compartment for both the developed model in Matlab and the model in
NEURON. All these cases exhibit overlap. The models correlate highly with
each other and stabilise at the same resting potential -73.15 [mV].

Figure 32: Plot showing steady state, i.e. stabilising at the resting membrane
potential. Comparison between developed model in Matlab and NEURON.
v(0) is the �rst compartment, v(0.5) the middle compartment and v(1) the
end compartment. The solid lines represents the values obtained from the
developed model in Matlab and the dashed lines the model in NEURON.
Here, all cases demonstrate overlap.

4.4 Comparison between neuron models

The results obtained by the developed Matlab model have been compared
with results for the same simulation data in NEURON.
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Fixed parameters for the simulations can be seen in Table 2.

Parameters Values Units Variables
cm 1 µF (cm)−2 speci�c membrane capacitance
ρc 100 Ωcm cytoplasm resistivity
Er -65 mV Resting potential
ENa 50 mV Sodium reversal potential
EK -78 mV Potassium reversal potential
EL -65 mV Leak reversal potential
gNa 0.036 S(cm)−2 speci�c sodium conductance
gK 0.120 S(cm)−2 speci�c potassium conductance
gL 0.000025 S(cm)−2 speci�c leak conductance

Table 2: Fixed parameters for the simulation

4.4.1 Input: Square pulse

An 1D axon with cylindrical geometry of thickness 1 [µm], length 1 [mm]
is considered. The axon is divided into 20 sub-cylinders/compartments of
equal length.

Figure 33 illustrates an example of the stimulation amplitude applied to the
neuron. As seen, the external potential has a linear decay with the largest
amplitude in compartment 1 and lowest in compartment 20.

Figure 33: Example of simple square pulse input as a function of compart-
ments, here 20 compartments. Compartment 1 with the largest amplitude
and compartment 20 with the lowest.

Di�erent pulse widths and amplitudes were considered for validation of the
developed model. Figure 34 shows an example of a square input pulse with
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pulse width 0.25 [ms] and a decaying amplitude starting at 785 [mV] in
compartment one and linearly decaying down to 450 [mV] in compartment
20.

Figure 34: Example of simple square pulse input as a function of time. Here
the pulse width is 0.25 [ms] and the amplitude divided between the compart-
ments as shown in Figure 33. Here the amplitude for compartment 1 and 20
are illustrated.

Figure 35 - Figure 37 all have a linearly decaying amplitude between 588-450
[mV]. The simulations have been run with di�erent timespan.

In Figure 35 the pulse width is 0.8 [ms] and timespan 10 [ms]. The neuron
does not �re. It has a good matching with NEURON.
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Figure 35: Pulse amplitude 588-450 [mV] and pulse width 0.8 [ms]. Com-
parison between developed model in Matlab and NEURON. v(0) is the �rst
compartment, v(0.5) the middle compartment and v(1) the end compart-
ment. The solid lines represents the values obtained from the developed
model in Matlab and the dashed lines the model in NEURON.

In Figure 36, the pulse width is 1.0 [ms] and timespan 10 [ms]. The neuron
�res. It has a good matching, though a small phase shift between NEURON
and our model.

Figure 36: Pulse amplitude 588-450 [mV] and pulse width 1.0 [ms]. Com-
parison between developed model in Matlab and NEURON. v(0) is the �rst
compartment, v(0.5) the middle compartment and v(1) the end compart-
ment. The solid lines represents the values obtained from the developed
model in Matlab and the dashed lines the model in NEURON.
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In Figure 37, the pulse width is 48 [ms] and timespan 50 [ms]. The neuron
�res. It has a good matching with NEURON even though we can see that
the phase shifts are compounded with successive �rings.

Figure 37: Pulse amplitude 588-450 [mV] and pulse width 48 [ms]. Com-
parison between developed model in Matlab and NEURON. v(0) is the �rst
compartment, v(0.5) the middle compartment and v(1) the end compart-
ment. The solid lines represent the values obtained from the developed model
in Matlab and the dashed lines show the corresponding model variables in
NEURON.

Figure 38 - Figure 40 all have a linearly decaying amplitude between 785-450
[mV]. The simulations have been run with di�erent timespan.

In Figure 38, the pulse width is 0.25 [ms] and timespan 10 [ms]. The neuron
does not �re. It has a good matching with NEURON.
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Figure 38: Pulse amplitude 785-450 [mV] and pulse width 0.25 [ms]. Com-
parison between developed model in Matlab and NEURON. v(0) is the �rst
compartment, v(0.5) the middle compartment and v(1) the end compart-
ment. The solid lines represents the values obtained from the developed
model in Matlab and the dashed lines show the corresponding model vari-
ables in NEURON.

In Figure 39, the pulse width is 0.35 [ms] and timespan 10 [ms]. The neuron
�res. It has a good matching with NEURON, though a small phase shift
between NEURON and our model.

Figure 39: Pulse amplitude 785-450 [mV] and pulse width 0.35 [ms]. Com-
parison between developed model in Matlab and NEURON. v(0) is the �rst
compartment, v(0.5) the middle compartment and v(1) the end compart-
ment. The solid lines represents the values obtained from the developed
model in Matlab and the dashed lines show the corresponding model vari-
ables in NEURON.
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In Figure 40, the pulse width is 48 [ms] and timespan 50 [ms]. The neuron
�res. It has a good matching with NEURON even though we can see that
the phase shifts are accumulate with successive �rings.

Figure 40: Pulse amplitude 785-450 [mV] and pulse width 48 [ms]. Com-
parison between developed model in Matlab and NEURON. v(0) is the �rst
compartment, v(0.5) the middle compartment and v(1) the end compart-
ment. The solid lines represents the values obtained from the developed
model in Matlab and the dashed lines show the corresponding model vari-
ables in NEURON.

4.4.2 Input: DBS generated pulse

An 1D axon with cylindrical geometry of thickness 3.4 [µ m] and length 1
[mm] is considered. The axon is divided into 20 sub-cylinders/compartments
of equal length.

Here more realistic pulses are considered. They come from the DBS model
developed at System and Control, UU. Capacitive e�ects are present as well.
To begin with, the neuron is located 0.5 [mm] away from the lead and per-
pendicular to it. Pulse widths used in clinical practice are considered.
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Figure 41 shows an example of an input pulse of 240 [µs].

Figure 41: Example of square pulse input as a function of time generated
by DBS lead. The pulse width is 240 [µs]. The amplitude for the delivered
pulse generated by the DBS lead, compartment 1 and 20 are illustrated.

In Figure 42, the pulse width is 60 [µs]. The neuron �res. It has a perfect
matching with NEURON.

Figure 42: Pulse generated by DBS lead with pulse width 60 [µs]. Com-
parison between developed model in Matlab and NEURON. v(0) is the �rst
compartment, v(0.5) the middle compartment and v(1) the end compart-
ment. The solid lines represents the values obtained from the developed
model in Matlab and the dashed lines show the corresponding model vari-
ables in NEURON.

In Figure 43 the pulse width is 120 [µs]. The neuron �res. It has a perfect
matching with NEURON.
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Figure 43: Pulse generated by DBS lead with pulse width 120 [µs]. Com-
parison between developed model in Matlab and NEURON. v(0) is the �rst
compartment, v(0.5) the middle compartment and v(1) the end compart-
ment. The solid lines represents the values obtained from the developed
model in Matlab and the dashed lines show the corresponding model vari-
ables in NEURON.

In Figure 44, the pulse width is 240 [µs]. The neuron �res. It has a perfect
matching with NEURON.

Figure 44: Pulse generated by DBS lead with pulse width 240 [µs]. Com-
parison between developed model in Matlab and NEURON. v(0) is the �rst
compartment, v(0.5) the middle compartment and v(1) the end compart-
ment. The solid lines represents the values obtained from the developed
model in Matlab and the dashed lines show the corresponding model vari-
ables in NEURON.
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4.5 How distance and rotation impact on �ring

1D axons with cylindrical geometry of thickness 5.7 [µm] and length 1 [mm]
are considered. The axons are divided into 20 sub-cylinders/compartments
of equal length.

The pulse comes from the DBS model developed at System and Control, UU.
Capacitive e�ects are present as well.

In Figure 45 and Figure 46, there are 104 neurons located at di�erent dis-
tances from the lead. All neurons are perpendicular to the lead.

The �rst grouping of neurons is ordered with respect to the z coordinate (lead
axis) with positions between -0.25 and 2.75 mm and 0.25 mm increment.
Each group should therefore have only di�erent z coordinate but the same
distance to the lead in the x and y axis. The second grouping is ordered
with respect to the distance to the lead, which is the x or y coordinate. The
distances are 0.5 mm, 1.5 mm, 2.5 mm and 3.5 mm.

The �rst group of neurons is separated 0.5 mm from the lead with di�erent
z coordinates and the next group 1.5 mm and so on. A total of 8 groups of
13 neurons are present. The �rst four groups are oriented in the x axis and
the second four groups are oriented in the y axis.

In Figure 45, the pulse width is 120 [µs]. The neurons located as explained
above. Red markings mean the neuron �res and blue markings mean the
neuron does not �re. The neurons �re when they are closer to the lead.

Figure 45: Pulse generated by DBS lead with pulse width 120 [µs]. Lead
illustrated in �gure and the neurons are located at the markings. A red
marking means the neuron is �ring and a blue marking means the neuron is
not �ring.
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In Figure 46, the pulse width is 240 [µs]. The neurons located as explained
above. Red markings mean that the neuron �res and blue markings mean
the neuron does not �re. The neurons �re when they are closer to the lead.

Figure 46: Pulse generated by DBS lead with pulse width 240 [µs]. Lead
illustrated in �gure and the neurons are located at the markings. A red
marking means the neuron is �ring and a blue marking means the neuron is
not �ring.

In Figure 47 and Figure 48, 200 neurons located at two di�erent distances
from the lead are taken into account. The �rst group of 100 neurons are
located 1.5 mm away from the lead and the second group of 100 neurons are
located 3.5 mm away form the lead. Rotation of the neurons with respect to
the lead are taken into account in both locations.

In Figure 47, the pulse width is 120 [µs]. The neurons located as explained
above. The neurons are illustrated as red or blue lines where red lines mean
the neuron �res and blue lines mean the neuron does not �re. The neurons
are more likely to �re when they are closer to the lead and if they are rotated
perpendicular to the lead.
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Figure 47: Pulse generated by DBS lead with pulse width 120 [µs]. Lead
illustrated in �gure and the neurons are represented by the lines. A red line
means the neuron is �ring and a blue line means the neuron is not �ring.

In Figure 48, the pulse width is 240 [µs]. The neurons located as explained
above. The neurons are illustrated as red or blue lines where red lines mean
the neuron �res and blue lines mean the neuron does not �re. The neurons
are more likely to �re when they are closer to the lead and if they are rotated
perpendicular to the lead.

Figure 48: Pulse generated by DBS lead with pulse width 240 [µs]. Lead
illustrated in �gure and the neurons are represented by the lines. A red line
means the neuron is �ring and a blue line means the neuron is not �ring.
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5 Discussion

Figure 25 depicts the obtained brain extraction. Comparing this to the down-
loaded sample images from 3D slicer, it can be seen that the brain extraction
has been performed well and the skull has not been removed too much or too
little.

Figure 26 shows the segmented brain images. Here it is interesting to have
a closer look at both the linked comparison and the overlay in Mango. This
can be viewed in Figure 27 - Figure 30.

While performing linked comparison, it was viewed from di�erent angles and
perspectives to see whether the images looked similar or not. The similarities
were good and the segmentation was well executed by FSL, even though it
was in some cases hard to see since the original images does not have as sharp
boundaries as the segmented ones.

In overlay, the similarities and di�erences are highlighted as coloured areas.
Most of the area of the di�erent tissues were located in the correct place. In
Figure 28 � Figure 30 one can see that the similarities are very good even
though there are some coloured areas. Overall, it looked like the segmentation
was well executed.

The visualisation in 2D with the lead shows how the lead stimulates the tar-
get area. The target area and the placement were obtained from segmented
postoperative MRI. Figure 31 shows the stimulation of the target from di�er-
ent angles. From Figure 31, one can gather that the tip of the lead is located
very close to the target, which is good, and the stimuli covers the target.
The stimuli can then be tuned to obtain the best coverage of the target with
as little overspill as possible.

In Section 4.3, the steady state value of the developed HH model in MATLAB
and the model in NEURON are compared. The steady state value of the
developed HH model is calculated analytically and corresponds to the steady
state value in NEURON. Figure 32 shows the steady state solution for the
two neuron models. The results correlate highly with each other and stabilise
at the same resting potential.

To validate the developed HH model in MATLAB, the neuron model has
been compared to a neuron model in NEURON. The comparison has been
done in Section 4.4 and can be seen in Figure 35 - 40. As seen, the results
are very similar with only small deviations and the activation occur at the
same amplitudes and pulse widths. With a larger amplitude the neuron is
more likely to �re. Also, an increase of the pulse width makes activation
more likely. Hence a larger duty cycle will lower the threshold.
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In Figure 42 - Figure 44, the pulses are generated by the DBS lead. The
results from the developed HH model and the model in NEURON correlate
highly with each other with only minor di�erences.

The aim of the thesis is to develop a neural model predicting activation
of a single neuron. To do this, the developed HH model in MATLAB has
been compared to an already existing neural model in NEURON. Figure 32,
Figure 35 - Figure 40 and Figure 42 - Figure 44 show that this is a promising
approach. The phase shift in Figure 36 - Figure 37 and Figure 39 - Figure
40, even though it is small, seem to accumulate with successive �ring and
over a longer period of time. The developed model will be tested on short
period of time and the aim is to see whether or not the neuron is activated
and that is validated by the model in NEURON.

In Section 4.5, the developed model is used to see how location and rotation
relative to the lead impact on activation of the neuron. This is done in order
to see how inhomogeneous conductivity generated by the DBS lead a�ects
�ring. In Figure 45 and Figure 46, it can be seen that the closer the neuron
is to the lead, the more likely it is to �re. Since the pulse width is larger
in Figure 46, the neurons �re further away from the lead. In Figure 47 and
Figure 48, the same result is seen when it comes to location relative to the
lead, i.e. the neuron is more likely to �re closer to the lead. As seen in the
�gures, not only the location has an impact on �ring but also the rotation of
the neuron relative to the lead. The neurons are more likely to �re if the are
perpendicular to the lead than when they are parallel. It can be seen that
the neurons are more likely to �re when they are closer to the lead and if
they are rotated perpendicular to the lead.
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6 Conclusion

From a clinical point of view, the stimuli are decided from the patient's
response. On the one hand, if the stimuli are too small, the stimulation is
not going to do anything or just very little. On the other hand, if the stimuli
are too large, they might result in side e�ects of di�erent kinds. The exact
manifestation of side e�ects depends on which brain area that is stimulated.

The results of the individualisation show that this is a good way to individu-
alise the already existing computational model of the stimulation. However,
this has only been tested on one MRI scan so far and needs to be tested on
more scans to ensure that the results are reliable and to be able to draw a
conclusion from them.

To further investigate if this way of individualising the already existing model
is a good interpretation, the segmentation and the simulated calculation of
the electric stimulation need to be tested on more MRI scans. From the
results, the reliability of the model can be evaluated. Also, it is good to look
at how sensitive the result in the 2D visualisation is to perturbations in the
given conductivity values. To investigate if the model describes the reality,
the stimulation parameters for speci�c stimuli settings and descriptions of
the observed symptoms need to be compared to the simulation parameters
and the coverage of the target area.

The results show that the developed neuron model is a good way to simu-
late neural activation of a single neuron. However, to further investigate the
model, it needs to be tested for more locations of the neurons relative to the
lead and also at the same time have in mind the rotational impact on activa-
tion. A map showing where neurons �re and where they do not can be built.
Neurons are not oriented at random and, therefore, a probabilistic model
can be built where the probability of �ring will depend on the predominant
orientation of the neurons.

Another thing that can be studied is how the neuron geometry impacts on
�ring. In this thesis, a simpli�ed 1D axon with cylindrical geometry has
been used. Thicker neurons are more likely to �re which means that the
threshold is lower. To simulate the DBS target, the predominant type of
neurons within the target must be known. The problem is that the types of
neurons and where within the target they are located are not known. Also,
a neuron population with the �ring propagating from one neuron to another
can be investigated. Though, here a similar problem is encountered. The
connections between the neurons are not known.

The results from the neuron model can be compared with clinical results
and the patient's response to the treatment. The input to the model is
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generated by the DBS lead. The area around the lead is segmented manually,
at Uppsala University Hospital, into tissues of di�erent conductivity thus
resulting in a more accurate description of the electrical �eld around the
neuron. This gives a time-varying inhomogeneous pulse as the input to the
model. The segmentation is patient speci�c and the pulse input in Section
4.4.2 and Section 4.5 uses the same input as in clinical practice.
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