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“Just a bit of harmless brain alteration, that's all.” 
- The Curse of the Were-Rabbit 





Abstract 
Radio-Frequency (RF) lesioning, or RF ablation, is a method that uses high frequency 
currents for thermal coagulation of pathological tissue or signal pathways. The current 
is delivered from an electrode, which also contains a temperature sensor permitting 
control of the current at a desired target temperature. In the brain, RF lesioning can 
e.g. be used for treatment of severe chronic pain and movement disorders such as 
Parkinson’s disease. This thesis focuses on modelling and simulation with the aim of 
gaining better understanding and predictability of the lesioning process in the central 
brain.  
 
The finite element method (FEM), together with experimental comparisons, was used 
to study the effects of electric and thermal conductivity, blood perfusion (Paper I), 
and cerebrospinal fluid (CSF) filled cysts (Paper II) on resulting lesion volume and 
shape in brain tissue. The influence of blood perfusion was modelled as an increase in 
thermal conductivity in non-coagulated tissue. This model gave smaller simulated 
lesions with increasing blood perfusion as heat was more efficiently conducted from 
the rim of the lesion. If the coagulation was not taken into consideration, the lesion 
became larger with increasing thermal conductivity instead, as the increase in 
conducted heat was compensated for through an increased power output in order to 
maintain the target temperature. Simulated lesions corresponded well to experimental 
in-vivo lesions. The electric conductivity in a homogeneous surrounding had little 
impact but this was not true for a heterogeneous surrounding. CSF has a much higher 
electric conductivity than brain tissue, which focused the current to the cyst if the 
electrode tip was in contact with both a cyst and brain tissue. Heating of CSF could 
also cause considerable convective flow and as a result a very efficient heat transfer. 
This affected both simulated and experimental lesion sizes and shapes. As a result 
both very large and very small lesions could be obtained depending on whether 
sufficient power was supplied or if the heating was mitigated over a large volume. 
 
Clinical (Paper IV) and experimental (Paper III) measurements were used for 
investigation of changes in reflected light intensity from undamaged and coagulating 
brain tissue respectively. Monte Carlo (MC) simulations for light transport were made 
for comparison (Paper V). For the optical measurements, an RF electrode with 
adjacent optical fibres was used and this electrode was also modelled for the optical 
simulations. According to the MC simulations, coagulation should make grey matter 
lighter and white matter darker, while thalamic light grey should remain 
approximately the same. Experiments in ex-vivo porcine tissue gave an increase in 
reflected light intensity from grey matter at approximately 50 �C but the signal was 
very variable and the isotherm 60 �C gave better agreement between simulated and 
experimental lesions. No consistent decrease in reflected light intensity could be seen 
during coagulation of white matter. Clinical measurements were performed during the 
creation of 21 trajectories for deep brain stimulation electrodes. In agreement with the 
simulations, reflected light intensity was found to differentiate well between 
undamaged grey, light grey and white matter.  
 
In conclusion, blood perfusion and CSF in particular may greatly affect the lesioning 
process and can be important to consider when planning surgery. Reflected light 
intensity seems unreliable for the detection of coagulation in light grey brain matter 
such as the thalamus. However, it seems very promising for navigation in the brain 
and for detection of coagulation in other tissue types such as muscle.  



Sammanfattning 
Vid vissa sjukdomstillstånd, som exempelvis Parkinsons sjukdom, beror symptomen 
på att en del vävnad är överaktiv. Sådana symptom kan lindras genom att den 
överaktiva vävnaden värmekoaguleras med hjälp av en temperaturkontrollerad 
högfrekvent ström, s.k. radiofrekvenslesionering (RF-lesionering) eller 
radiofrekvensablation. I den här avhandlingen har datorsimuleringar med finita 
elementmetoden och experiment använts för att undersöka inverkan från elektrisk 
ledningsförmåga, värmeledningsförmåga, blodflöde samt eventuell närvaro av 
cerebrospinalvätska i hjärnvävnaden. Monte Carlo-simuleringar, experiment och 
kliniska mätningar vid stereotaktisk neurokirurgi har använts för att studera 
reflekterad ljusmängd från opåverkad och värmekoagulerad hjärnvävnad med hjälp av 
en RF-elektrod med optiska fibrer.  
 
Inverkan från blodflöde modellerades som en ökning av värmeledningsförmågan i ej 
koagulerad vävnad. Denna modell gav mindre lesioner med ökat blodflöde, då mer 
värme leddes bort från lesionens ytterkant. Ökad värmeledningsförmåga för själva 
vävnaden gav däremot större simulerade lesioner, då det ökade värmeflödet 
kompenserades av ökad elektrisk effekt för att bibehålla måltemperaturen. Den 
elektriska ledningsförmågan gav försumbar inverkan på simulerad lesionsstorlek för 
homogen vävnad. Cerebrospinalvätska har dock betydligt högre elektrisk 
ledningsförmåga än hjärnvävnad vilket koncentrerade den simulerade uppvärmningen 
till cerebrospinalvätska ifall sådan hade kontakt med elektrodspetsen. Uppvärmning 
av cerebrospinalvätska kunde även ge effektiv s.k. konvektiv värmespridning till följd 
av det flöde som uppstår p.g.a. densitetsvariationer i vätska som värms upp. Det 
konvektiva värmeflödet kunde ge både större och mindre simulerade lesioner 
beroende på geometri och inställningar. Experimenten gav liknande storlek och form 
på lesionerna som simuleringarna.  
 
Enligt både kliniska mätningar (n = 21) och simuleringar av RF-elektroden med 
optiska fibrer reflekterar vit vävnad mer ljus än den djupa hjärnstrukturen talamus, 
vilken i sin tur reflekterar mer än grå vävnad från hjärnbarken. Enligt simuleringarna 
bör vit vävnad reflektera mindre ljus när den koaguleras. Grå vävnad bör reflektera 
mer, medan talamus bör ge en relativt oförändrad ljusmängd. Experiment på grå 
vävnad i grishjärna gav en ökad reflekterad ljusmängd vid ungefär 50 �C men den 
reflekterade ljusmängden varierade kraftigt under uppvärmningen. Dessutom gav en 
koagulationstemperatur på 60 �C bättre överensstämmelse mellan simulerade och 
experimentella lesioner. Någon konsekvent minskning av reflekterad ljusmängd från 
vit vävnad kunde ej verifieras experimentellt.  
 
Sammanfattningsvis bör ökat blodflöde ge mindre lesioner och närvaro av 
cerebrospinalvätska bör kunna ge både större och mindre lesioner. Reflekterad 
ljusmängd verkar vara en högst osäker metod för att övervaka koagulation i ljusgrå 
hjärnvävnad, som exempelvis talamus. Den ser däremot ut att ha god potential för att 
särskilja mellan grå, ljusgrå och vit vävnad vid navigation i hjärnan och för att 
övervaka värmekoagulation av andra vävnader, som exempelvis muskelvävnad. 



Abbreviations 
AC Anterior commissure 
a.u. Dimensionless unit (“arbitrary unit”)  
CSF Cerebrospinal fluid  
CN Caudate nucleus 
CT Computed tomography  
DBS  Deep brain stimulation  
GPe  Globus pallidus externus 
GPi  Globus pallidus internus 
FEM  Finite element method  
IC Internal capsule 
LME Lamina medullaris externa 
LMI Lamina medullaris interna 
LNG  Leksell� Neuro Generator  
MC Monte Carlo 
MRI  Magnetic resonance imaging  
PD  Parkinson’s disease  
PET  Positron emission tomography  
PC  Posterior commissure  
RF  Radio-frequency  
SN  Substantia nigra  
SNc  Substantia nigra pars compacta  
SNr  Substantia nigra pars reticulata  
STN  Subthalamic nucleus 
VR Virchow-Robin  
(-) Dimensionless unit 



Physical symbols 
Scalar symbols are written in italics, e.g. T. 
Vector symbols are written in italics and bold, e.g. J 
Units are written normally, e.g. kg/m3.  
 
� Electric permittivity (A�s/V�m) 
� Dynamic viscosity (N�s/m2) 
� Wavelength in free space (m) 
�´ Wavelength in tissue (m) 
	 Magnetic permeability (V�s/A�m) 
	a Absorption coefficient (m-1) 
	s Scattering coefficient (m-1) 
	s´ Reduced scattering coefficient (m-1) 

 Mass density (kg/m3) 
�   Electric conductivity (S/m) 
c Specific heat capacity (J/(kg�K))  
c0 Speed of light in free space (m/s) 
d Layer thickness (m) 
f Frequency (Hz) 
F  Volume force (N/m3) 
g Anisotropy factor (-) 
g Acceleration of gravity (m/s2) 
I Light intensity (-), normalised to white matter 
I0 Light intensity (-)  
I573 Mean light intensity between 560 and 585 nm (-)  
I780 Mean light intensity between 770 and 790 nm (-) 
J Electric current density (A/m2)  
k  Thermal conductivity (W/(m�K)) 
kperf  Thermal conductivity added due to blood perfusion (W/(m�K)) 
ktiss  Thermal conductivity of tissue excluding blood perfusion (W/(m�K)) 
n Index of refraction (-)  
p Pressure (N/m2)  
Q�  Power density (W/m3) 
R2 Coefficient of determination (-) 
t  Time (s) 
T  Temperature  (�C) 
Tset   Preset electrode temperature (�C) 
u  Velocity (m/s) 
u Phase velocity of light 
V Electric potential (V)  
Z Electric impedance magnitude (�) 
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1 Introduction 
Thermal coagulation of tissue by the use of radio-frequency (RF) currents, 
RF lesioning, can be used to cure or relieve the symptoms for a number of conditions 
such as bleeding [1], cardiac arrhythmias [2], cancer metastases [3] and severe pain 
[4]. Another suitable area is symptom relief for movement disorders, in particular 
Parkinson’s disease (PD). Here the method is used to block hyperactive signal 
pathways in the central grey parts of the brain and it has been in use since the 1950s 
[4]. Contrary to what could be expected, a similar clinical effect as from RF lesioning 
in the brain can also be obtained by the use of negligibly heating, nerve-stimulating 
currents of much lower frequency in the same target, so called deep brain stimulation 
(DBS) [5]. DBS has become the more popular method for PD in the western world 
due to its reversibility. However, it is rather expensive and thus not always a viable 
option for medical care with limited funds, e.g. in developing countries. RF lesioning 
in the brain is thus still an interesting topic to study, especially since knowledge 
obtained might be useful in other wider areas of use.  
 
 
1.1 Tissues of the brain 
The brain is the main integrating centre of the body and is responsible for thoughts, 
emotions and subconscious reactions for maintenance of the body’s well-being. It 
comprises an immensely advanced network of neurons and cells called neuroglia that 
provide the neurons with nutrition, a good chemical environment, physical support 
and protection from microbes. The main tissue types in the brain are grey matter, 
white matter, cerebrospinal fluid and blood. Grey matter primarily consists of the 
neuroglia and the integrating parts of the neural cell bodies and forms the cortex 
around the brain. A small formation of grey matter is usually called a nucleus in the 
central nervous system and a ganglion outside it. The brain contains many paired 
nuclei, which means that there is one nucleus in the left side of the brain and one 
corresponding nucleus in the right side. Paired nuclei are nevertheless usually 
mentioned in singular form, e.g. the globus pallidus. White matter consists mostly of 
myelinated axons, which convey signals over longer distances e.g. between different 
parts of the brain [6]. The tissue is rather fatty, with a lipid content of about 18% 
compared to about 5% for grey matter [7]. White matter structures of particular 
interest in stereotactic neurosurgery are the anterior commissure (AC) and posterior 
commissure (PC) which, together with the corpus callosum, connect the sides of the 
cerebrum [6]. The AC-PC line is a useful imaginary line of about 23-28.5 mm 
between the two commissures [8] (Figure 1). Many important structures in the brain, 
e.g. the nuclei of the thalamus, are visually indistinguishable in ordinary MRI but the 
position of the structures in the brain usually relate to the AC-PC line in a fairly 
predictable manner in different individuals, making it possible to locate an invisible 
target for neurosurgery [9]. Another white matter structure of interest is the internal 
capsule (IC), which is a thick band of motor and sensory fibres that connect the cortex 
with the spinal cord and the brain stem (Figure 2). 
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Figure 1: Midsagittal plane of the brain showing the commissural fibres connecting 
the two halves of the brain: the corpus callosum, the anterior commissure and the 
posterior commissure. The anterior and posterior commisures form the imaginary 
AC-PC line, which is useful for navigation in the brain.  
 
Cerebrospinal fluid (CSF) is a clear liquid that can be found in and around the brain 
and around the spinal cord. It protects the brain from chemical and mechanical harm 
as well as providing it with nutrients and removing waste products. Most of the CSF 
can be found in the subarachnoid space, i.e. between the arachnoid and the pia mater 
meninges that encapsulate and protect the brain and spinal cord. It can also be found 
inside the brain in four small cavities called ventricles (= little cavities) that are 
connected to the subarachnoid space [10]. CSF consists of 99 % water [7] but also 
contains ions, proteins, glucose, lactic acid, urea and white blood cells [6]. The CSF is 
mostly produced in the ventricles and circulates around the brain and spinal cord until 
it drains from the subarachnoid space to the superior sagittal sinus, a venous cavity in 
the cranial meninx dura mater [10]. 
 
The brain uses about 20 % of the body’s oxygen consumption at rest, while only 
making up about 2 % of body mass. Most cells in the brain do not receive blood 
directly as the capillaries in the brain generally are surrounded by a continuous 
membrane making them much less permeable than those in the rest of the body. 
Instead the cells and capillaries are connected via a type of neuroglia called astrocytes 
that selectively pass certain substances, such as glucose, between them. This feature is 
called the blood-brain barrier and protects the brain from many harmful substances. 
Unfortunately, it also prevents many substances to pass that otherwise could have 
been used for the treatment of brain disorders. The blood perfusion in the brain is 
regulated locally so that active neurons and neuroglia receive more blood. [6] Grey 
matter has considerably higher blood perfusion with about 70 ml/(100g�min) at rest 
and maximal perfusion in the cortex of about 300-400 ml/(100g�min) compared to 
white matter with about 20 ml/(100g�min) at rest [11].  
 
Most of the larger vessels of the brain lie on the surface or in the fissures, i.e. the folds 
of the brain. Arterioles, i.e. small arteries, enter the brain from the larger surface 
vessels. The arterioles usually have a diameter of 0.4 mm or less, and are thus not 
detectable with ordinary clinical MRI [12]. They are surrounded by CSF-filled spaces 
called Virchow-Robin (VR) spaces or perivascular spaces. There is some controversy 
regarding whether these spaces are a part of the subarachnoid space or if they are 
closed compartments [13]. They can increase in size with age and may sometimes 
become quite large with a volume of several hundred mm3 [14].  
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1.2 The basal ganglia, thalamus and associated structures 
Despite their name (basal nuclei is a more correct term), the basal ganglia are a group 
of paired nuclei in the cerebrum surrounding the thalamus. The definition of the basal 
ganglia varies but nuclei usually included are the caudate (= tail) nuclei, the putamen 
(= shell) and the globus pallidus (= pale ball), which is divided into an external part, 
globus pallidus externus (GPe) and an internal part, globus pallidus internus (GPi). 
These nuclei are involved in a number of functions, such as movement control and 
cognition [15]. For the purpose of movement control the basal ganglia are connected 
with e.g. the substantia nigra, the thalamus and the subthalamic nucleus. The 
substantia nigra (SN, = black substance) is a paired nucleus in the midbrain and is 
responsible for subconscious muscle activity [6]. It consists of two principal parts: the 
cell-dense substantia nigra pars compacta (SNc) and the net-like substantia nigra pars 
reticulata (SNr, reticulum = tiny net) [15]. The thalamus (= inner chamber) consists of 
a pair of oval volumes of grey matter beneath the third ventricle. It is about 3 cm long 
and contains many smaller paired nuclei that are involved with emotions, awareness, 
knowledge acquisition, memory and relaying signals to the cerebral cortex. The 
subthalamus is located immediately beneath the thalamus and contains the 
subthalamic nucleus (STN), the zona incerta (ZI) and parts of the substantia nigra. 
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Figure 2: Principal sketch of the basal ganglia and associated structures 
(approximately frontal section in the middle of the brain). 
 
 
1.3 Parkinson’s disease 
Parkinson’s disease (PD) is a progressive disabling disease that is relatively common 
among older people, in Sweden affecting about 1% of the population over 50 years of 
age [16]. Other developed countries, as well as China, have a similar prevalence [17]. 
In PD neurons projecting from the substantia nigra to the putamen are lost. This 
causes disturbances in the neural activity of the basal ganglia and results in a number 
of movement problems. Examples are resting tremor where oscillatory muscle 
contractions cause the patient to shake, akinesia where the patient has trouble 
initiating movements, and bradykinesia where the patient’s movements are slowed 
and reduced in size. The lost neurons normally release dopamine in the putamen and a 
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therapeutic strategy may thus be to compensate for this. Dopamine itself cannot cross 
the blood-brain barrier but giving the patient a precursor substance called L-dopa can 
alleviate the symptoms.  [15] 
 
L-dopa can in time cause another disabling condition called dyskinesia where the 
patient instead suffers from involuntary or poorly controlled movements [16]. This 
condition can be alleviated by lesioning (pallidotomy) or DBS in the GPi. These 
surgical procedures can also improve symptoms of the disease itself, especially 
tremor, but results here have been more inconclusive [18, 19]. Lesioning or DBS in 
the STN can, like L-dopa, reduce the symptoms of the disease and thus allow a lower 
intake of L-dopa. This in turn may also reduce the dyskinesia caused by the 
medication [20, 21]. Lesioning (thalamotomy) or DBS can also be performed in the 
thalamus but these procedures are mostly effective against tremor [22]. Nuclei in the 
thalamus can also be the target for treatment of severe chronic pain [23]. Finally, 
many attempts have been made at implanting dopamine-producing cells of different 
kinds into the putamen but these tests so far have not been very successful [24]. 
 
It is not known in much detail how the therapies actually work. Modelling of the 
impact on excitatory and inhibitory signal pathways based on experiments in monkeys 
(Figure 3) does not fully explain, and sometimes even contradicts, results on humans. 
Based on this model it could be suspected that lesioning in the GPi would give similar 
results as lesioning in the STN or medication with L-dopa, as all procedures should 
reduce the inhibition of the thalamus. As mentioned however, lesioning in the GPi 
mainly relieves dyskinetic side effects from the L-dopa. [15]   
 
   (a)              (b) 

Excitatory
pathway:

Inhibitory
pathway:

STN
SNc

SNr GPi GPe

Putamen

Thalamus

 
Figure 3: Suggested pathways associated with PD through the basal ganglia. (a) The 
normal state. (b) In PD loss of projections from SNc causes lack of dopamine release 
in the putamen resulting in overinhibition of the thalamus and understimulation of the 
motor cortex. This can be alleviated by administration of L-dopa or lesioning or DBS 
in the STN. Lesioning in the GPi however is effective against dyskinesia induced by L-
dopa, which is contrary to what would be expected from the model above. Thin lines 
represent decreased and thick lines increased activity. Based on [15].     
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1.4 Surgical methods for symptom relief 

1.4.1 Radio-frequency lesioning 
Artificial lesions for the neutralisation of malfunctioning tissue or signals can be 
created using a number of methods. Thermal energy can be delivered by radio 
frequency (RF) currents, microwave radiation [25], laser radiation [26] and ultrasound 
[27]. Lesions can also be achieved by radiosurgery with ionising electromagnetic 
radiation [28], cryosurgery where tissue is frozen [29] or by the injection of toxic 
agents such as pure ethanol [30]. RF lesioning is a form of soft coagulation 
electrosurgery, i.e. the voltage is not high enough to cause sparks between the 
electrode and the tissue. This gives a slower but more controllable coagulation. The 
procedure is also known as RF ablation (ablatus = carry away), although no tissue is 
actually removed. In this case ablation refers to the removal of function. 
 
In RF lesioning a sinusoidal current causes heating of the tissue around a small 
monopolar electrode tip or around and between the contact surfaces of a bipolar 
electrode tip through collisions between its ions and other molecules. The tissue then 
heats the tip, which contains a thermocouple that in turn allows the power generator to 
control the current. A frequency of about 500 kHz is used in order to allow heating 
without triggering neural or muscle cells. For monopolar heating a neutral plate with 
good electric contact with the body is needed. When the tissue is sufficiently heated, 
to about 60 �C, it coagulates and becomes pale and stiff, as the tertiary bonds of its 
proteins break (denaturation) and the proteins stick to each other (Figure 4) [31]. 
  
    (a)       (b) 

Tertiary bonds

Heat breaks
tertiary bonds

Tertiary bonds
form between proteins

 
Figure 4: Coagulation of tissue as in the case of frying an egg. Heat breaks the 
tertiary protein bonds. The proteins will then stick to each other (agglutinate) and the 
tissue becomes stiffer and paler. 
 
Around the coagulum in a general thermal injury a zone of stasis, with partially 
damaged tissue and progressively reduced microcirculation, emerges and further out a 
zone of hyperaemia appears where blood perfusion instead increases. An oedema will 
also start to form in the zone of stasis [32]. If the tissue is allowed to reach a 
temperature of 100 �C its water content will vaporise. This is a condition that should 
be avoided as the tissue then may stick to the electrode [1] and boiling may cause 
small explosions [33]. Typical target temperatures are between 70 and 90 �C and in 
the brain the heating is usually performed for about 60 s. Sometimes, particularly in 
the case of liver metastases, a much larger coagulation zone is desired and longer 
heating times of up to 40 minutes are employed. The electrode can also be internally 
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cooled by e.g. water circulation in such a case, which will make temperature control 
impossible but allows more power to be delivered to the tissue without the electrode 
tip sticking to it [3]. In this thesis the lesion is defined as the coagulation zone, though 
the zone of stasis is also injured and the tissue here may or may not recover after 
some time [32]. RF electrodes for usage in the brain have a tip diameter of 1 – 2 mm 
and a tip length of 2 – 6 mm. Electrodes for blocking pain through lesioning in nerves 
or the spinal cord are smaller with a diameter of about 0.25 – 0.50 mm (examples 
from Elekta Instrument AB, Sweden). For liver metastases considerably longer 
electrode tips of e.g. 10 – 40 mm can be employed [3]. 
 

1.4.2 Deep brain stimulation 
Instead of creating irreversible lesions, pathological activity in the brain can be 
jammed with electrical square pulses in a procedure called deep brain stimulation 
(DBS). The pulses are delivered by a mm-sized multipolar electrode implanted in the 
brain and usually have a voltage of 1.0 – 3.5 V, a pulse duration of 60 - 210 �s, and a 
frequency of 130 – 185 Hz [24, 34]. The electrode is connected to a pulse generator 
placed under the skin of the patient who can use a magnet to turn the generator on and 
off when needed. Electric pulses with a frequency of 30 – 60 Hz are excitatory while 
pulses with a frequency above 100 Hz seem to provide an inhibitory effect, as DBS in 
e.g. GPi or STN provide the same symptom relief as lesioning [5]. Exactly how this 
inhibition works is not known however. It does not seem to be inhibition of the 
targeted structure itself and stimulation at 100 Hz in other structures, e.g. the internal 
capsule, can cause purely excitatory effects [35]. The great benefit of DBS compared 
to lesioning techniques is that it is adjustable and reversible, allowing for change of 
settings in case undesired side effects occur or if the desired effects falter. The 
multiple electrode surfaces allow alteration of the stimulation site without moving the 
electrode itself and the voltage and duration of the pulses can be varied. The 
drawbacks are that it is considerably more expensive and electrodes implanted in the 
body pose a risk for thermal injury if electrosurgery or MRI is used on the patient, 
limiting the power that can be used safely in such procedures. Electrosurgery, MRI 
and electromagnetic devices in general can also disturb or damage the pulse generator 
[36]. The implanted equipment can also break, move or cause infections [37].  
 
 
1.5 Stereotactic targeting 
In order to reach the mm-sized targets in the brain, very high precision and accuracy 
is required. This can be achieved by stereotactic (may refer to taxic = system, or 
tactus = to touch) techniques, where instruments can be mounted on an adjustable arc 
firmly attached to the skull or another part of the body. The instrument can then be 
brought to a well-defined point. For example, the Leksell Stereotactic System� model 
G (Elekta Intrument AB, Sweden) has a target accuracy of �1 mm [38]. In order to 
obtain the target point, imaging of the brain is needed. A box with, for the chosen 
imaging method, opaque reference lines called fiducials is mounted on a frame which 
in turn is firmly attached to the patient’s skull. Imaging of the brain is then performed 
through either computed tomography (CT) or magnetic resonance imaging (MRI). 
The fiducial box is then replaced with the arc (Figure 5) and the imaging can be used 
to calculate the desired coordinates in the frame. Examples of clinical applications 
where stereotaxy can be useful are the already mentioned symptom relief for 
movement disorders, pain relief, biopsy, tumour resection, aneurysm treatment, 
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diagnosis and treatment of epilepsy, hydrocephalus treatment, and psychosurgery. 
[39] 
 
                          (a)           (b) 

 
Figure 5: (a) Prior to surgery a box with opaque fiducials is used in order to 
determine the position of the target. (b) Leksell Stereotactic System�. The arc can be 
adjusted so that a point in the brain can be reached from a great range of angles. 
This allows the surgeon to pick a pathway with minimal risk of serious blood vessel 
disruption. (Images courtesy of Elekta Instrument AB) 
 
 
1.6 Guidance aid during stereotactic surgery  
It is important to verify that the correct target has been reached in stereotactic 
neurosurgery. The resolution and contrast of MRI and CT when using reasonable 
image acquisition time and power are rather limited. Errors may also occur after 
imaging; the brain may move a bit when changing the position of the head or when 
opening the skull [40], the frame might move if improperly attached, and erroneous 
coordinates can simply be used by mistake. For a non-destructive procedure such as 
DBS electrode implantation, post-operative CT or MRI may be used to confirm the 
correct target, but for a destructive procedure such as RF lesioning it is particularly 
important to verify the target before it is performed.  
 

1.6.1 Electric stimulation 
Electric stimulation of the target is usually performed before lesioning or final 
placement of a DBS electrode. Incorrect placement may result in characteristic side 
effects; e.g. stimulation of the optic nerve beneath the globus pallidus may cause the 
patient to experience visual sensations [9]. Electric stimulation can also be made 
along the tract towards the target in order to investigate which structures that are 
passed through [41]. It requires the patient to be awake in order to be useful and the 
effects in the desired target may be delayed or masked by stunning of the tissue due to 
electrode insertion. However, a desired therapeutic effect due to tissue stunning alone 
can also be an indication of proper placement [42].  
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1.6.2 Electric impedance 
The electric conductivity for grey matter is generally higher than for white brain 
matter while CSF lacks electrically insulating cell membranes and has a considerably 
higher electric conductivity than both grey and white matter. Electric impedance using 
an RF electrode is sometimes used for path verification, with the highest impedance 
expected from white matter and the lowest from CSF.  When entering e.g. the 
thalamus or putamen from the internal capsule (IC), a distinct drop in impedance is 
usually observed and a lack thereof indicates that the desired grey structure has been 
missed. There are a number of factors such as blood volume, myelin density and fibre 
direction influencing the impedance measurement of brain matter however [43]. This 
causes a lot of variability for measured impedance for one type of tissue in different 
parts of the brain for each individual. The IC has for example been found to generally 
have a higher electric impedance than surrounding white matter [44]. 
 

1.6.3 Microelectrode recording 
A popular method for verification of the correct path and target is microelectrode 
recording. Here, 2 - 5 very thin electrodes are inserted parallel into the brain and the 
surgeon studies the electric activity of different parts of the brain that have 
characteristic behaviours. Different stimuli to, or actions of, the patient may also 
cause characteristic responses called evoked potentials in associated structures of the 
brain. The method is very time consuming however and the thin electrodes may pose 
a greater risk for blood vessel rupture compared to the use of blunter electrodes with a 
larger diameter [9].  
 

1.6.4 Intra-operative imaging 
The target can also be confirmed using imaging techniques such as fluoroscopy, MRI, 
CT or ultrasound during the surgery itself. This requires bulky and expensive 
equipment but can be of great value during resection of e.g. tumours, as brain 
deformation can be quite large when tissue is removed. Such deformations can move 
the target considerably compared to coordinates from preoperative imaging [45].   
 

1.6.5 Reflected light intensity 
As the names imply, grey matter is darker than white. In clinical studies it has thus 
been possible to use fibre-optic probes to differentiate between grey and white matter 
using diffuse light reflectance. Giller et al. [46-48] have used a probe with parallel 
optical fibres for near infrared spectroscopy at 500 – 1000 nm in the brain towards the 
thalamus and the globus pallidus. As the probe passed from cortical grey matter to 
subcortical white matter the reflected light intensity increased. Entrance into 
ventricles or grey matter structures such as the thalamus could then be seen as a 
decrease in reflected light intensity. Reflected light intensity has also been used by 
Antonsson et al. in order to study the subthalamus, which was found to reflect more 
light than e.g. the GPi [49, 50]. In this thesis reflected light intensity is used to study 
brain tissue during navigation and coagulation (Papers III – V).   
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2 Aim 
The overall aim of this thesis was to investigate RF lesioning in the brain in order to 
improve understanding, monitoring and predictability of this electrosurgical 
coagulation technique. Specific aims were to: 
 

�	 Develop thermal modelling taking coagulation of blood into account. 
 
�	 Investigate the impact of target temperature and tissue characteristics such as 

electric conductivity, thermal conductivity, and blood perfusion on resulting 
lesion volume. 

 
�	 Investigate the impact from CSF on resulting lesion volume and shape.  
 
�	 Investigate the reflected light intensity during navigation and coagulation in 

brain tissue and estimate the temperature needed for coagulation of grey brain 
matter. 
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3 Material and methods 
3.1 Physics 
Electrosurgical thermocoagulation, such as RF lesioning, utilises electric currents to 
heat tissue. Equations for electric currents and heat transfer are thus needed in order to 
model and simulate the process. If fluids like CSF are present some appropriate 
variant of Navier-Stokes equations is needed to calculate fluid flow and resulting 
convective heat transfer. These equations are dependent on one another and it is 
necessary to solve them simultaneously (Figure 6). See Appendix A for a description 
of the nabla operator 
, gradient and divergence. 
 

Thermal boundary 
conditions (T)

Heat transfer 
equation (T)

Temperature dependence of 
electric conductivity

Equation for steady 
state currents (V)

Electric boundary 
conditions (V)

Heat source

Navier-Stokes
equation (u)

Temperature dependence of 
mass density and dynamic 
viscosity

Fluid boundary 
conditions (u)

Convection

 
Figure 6: Physical equations of importance in simulation of RF lesioning. The 
equations are dependent on one another and need to be solved together. The electric 
current causes heating but is also affected by the temperature and temperature 
gradients cause free convection, which in turn causes convective heat transfer. 
 

3.1.1 Electric currents in tissue 
A material’s ability to conduct electric currents is described by its electric 
conductivity, � (S/m). The electric resistance in a homogeneous object is inversely 
proportional to �. Metals have high electric conductivity in the order of 107 S/m due 
to easily accelerated valence electrons. In biological tissue, electric currents are 
mainly conducted by salt ions solved in water. Solid biological tissue is full of thin 
cell membranes with very low electric conductivity, effectively working as capacitors. 
This gives the tissue a very low electric conductivity for low frequencies, while higher 
frequency currents can pass with much less resistance [51]. As a consequence, 
biological fluids such as blood and CSF have much higher electric conductivity than 
solid tissue such as grey matter or kidney tissue, especially for low frequencies 
(Table I). Pure water is generally a very poor conductor but for microwave 
frequencies the polarity of water molecules will add to the conductivity. The electric 
conductivity increases with temperature (Figure 9c) up to approximately 100 �C, 
where vaporisation will cause a rapid decrease in conductivity [52]. The RF 
equipment used in this thesis measures the magnitude of the complex electric 
impedance, Z (�), rather than the resistance, but they are assumed to be 
approximately equal at this frequency.   
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Table I: Electric conductivity for ex-vivo biological tissue at 37 ��C [53, 54] 
Tissue �10 Hz (S/m) �100 Hz (S/m) �500 kHz (S/m) �900 MHz (S/m) 
Blood 0.70 0.70 0.75 1.54 
CSF 2.0 2.0 2.0 2.4 
Cortical bone 0.02 0.02 0.02 0.14 
Fat 0.01 0.02 0.02 0.05 
Grey matter 0.03 0.09 0.15 0.94 
Kidney 0.05 0.10 0.23 1.39 
Muscle 0.20 0.27 0.45 0.94 
White matter 0.03 0.06 0.09 0.59 
 
The phase velocity of an electromagnetic wave, u (m/s), is:   
 
(1)           u = �/1      (m/s)  
 
where  is the electric permittivity (A�s/V�m) and � the magnetic permeability 
(V�s/A�m). This description is usually used for frequencies, f (Hz), below infrared 
light. The wavelength, �´ (m), of the field in a medium is: 
 

(2)              
f
u���    (m) 

 
When �´ is much larger than 2� times the length of the region of interest, a change in 
electric potential can be seen instantaneously in the entire geometry and a static 
approximation may be used. For biological tissue, typical values of  at 512 kHz are 
in the order of 10-7 – 10-9 A�s/V�m, giving �´ in the order of meters. The equation of 
continuity for steady currents is thus used in order to calculate the electric currents 
during the lesioning of tissue [55]: 
 
(3)             
�J = -
�(�
V) = 0  (A/m3)    
 
Under the assumption of homogeneous and isotropic electric conductivity, this 
equation reduces to Laplace’s equation [55]: 
 
(4)             
2V = 0    (V/m2)     
    
However, equation (4) is not used in this thesis, as the electric conductivity in 
electrosurgical procedures will not be homogeneous even if the tissue is due to the 
strong temperature dependency. Currents in a conductive media will cause resistive 
(Joule) heating, : RQ�
 
(5)          � � � �32 W/m        )( VVQR 
��
�� �J�    
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3.1.2 General heat transfer 
Heat within a porous body, e.g. tissue, can be transferred through thermal conduction 
and thermal convection. The way heat is conducted in a body is affected by its mass 
density, thermal conductivity and specific heat capacity. 
 
Most soft tissues and body fluids have a mass density, �, of about 1.0�103 to 1.1�103 
kg/m3, slightly higher than that of water. Hard tissues can be considerably denser. 
Pure bone tissue has a mass density of about 2.0�103 kg/m3 for example. Mass density 
usually decreases slightly with increasing temperature and it generally decreases 
faster for fats than water [7]. Everything else equal, a denser material will require 
more energy to heat to a certain temperature than the same volume of a less dense 
material. It has a greater storage capacity and can thus also deliver more thermal 
energy to its surroundings. For instance, a piece of metal will contain a lot more 
thermal energy than the same volume of air at the same temperature. This is one 
reason as to why it is possible to reach into an oven with an air temperature of 200 �C 
without burning the hand, while touching metal in the same oven can be very painful. 
 
Specific heat capacity, c (J/(kg�K)), describes how much energy is required to raise 
the temperature of a unit mass of the material. As with mass density, a higher specific 
heat means slower heating and a higher storage capacity for thermal energy. Common 
values for soft tissues lie between 3�103 and 4�103 J/(kg�K) and values for hard tissues 
typically lie around 1�103 J/(kg�K). Water has a fairly temperature independent 
specific heat capacity of 4.2�103 J/(kg�K) between the phase transitions at 0 and 
100 �C. Fats on the other hand have considerable and complex temperature 
dependencies. Phase transitions exist over a range of temperatures and are usually not 
as abrupt as for water. Furthermore, fats often show hysteresis, i.e. the properties are 
different during heating and cooling. [7] 
 
Thermal conductivity, k (W/(m�K)), describes a material’s ability to conduct thermal 
energy, i.e. heat, through conductive heat transfer. Metals have high thermal 
conductivity for the same reason that they have high electric conductivity: easily 
accelerated electrons. Gases have very low thermal conductivity, which is another 
reason as to why it is possible to reach into a hot oven without burning the hand. Most 
soft tissues have a thermal conductivity of about 0.5 W/(m�K) slightly lower than 
water, which has k = 0.6 W/(m�K). Fats have lower thermal conductivities, around 0.2 
to 0.3 W/(m�K). Thermal conductivity of tissue increases with water content. Ice and 
frozen tissue with high water content have a considerably higher thermal conductivity 
than non-frozen tissue and it increases with decreasing temperature. Thermal 
conductivity increases moderately with temperature for tissues above 0 �C. Increases 
of about 0.2 to 1 %/�C have been reported for soft tissues between 3 and 45 �C. [7] 
 
While fluids generally have a poor thermal conductivity compared to solids, heat 
transfer can still be much more efficient thanks to convection, i.e. fluid motion. Here 
heat is transferred through mass transfer. For instance, the temperature on a cold 
winter day will be perceived as much colder if a wind is blowing than if the air is still. 
This is because the body warms air close to the body. If still, this will limit heat loss 
to the air as it has very low mass density and thermal conductivity. The temperature 
difference between the air and the body is thus reduced. However, if a wind is 
blowing the warmed air will be replaced by cooler air, thus increasing heat loss. Heat 
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can also be transferred through electromagnetic radiation such as sunshine or laser 
light. This transfer is not considered in this thesis however. 
 
Thermal transport in a fluid can be described by the thermal transport equation [56]: 
 

(6)  � � )(W/m      3QcTTk
t
T�c ���
�
�
�
� u�

Temperature change Convective heat transfer

Heat source
(or sink)Conductive heat transfer

  
   
 
where u denotes the velocity field (m/s) in the fluid. In solids, where no internal 
convection occurs (u = 0 m/s), this reduces to the heat conduction equation: 
 

(7)         � � )(W/m       3QTk
t
T�c ��
�
�
�
�  

 
In this thesis the temperature dependence of mass density �, specific heat capacity c 
and thermal conductivity k are assumed to be small enough for relevant temperatures 
to be approximated as constants in equation (7). An exception is the modelling of 
blood perfusion (Paragraph 3.1.4).  
  

-k
T-k
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Figure 7: Conductive and convective heat transfer. In solid materials, e.g. a slice of 
meat, the heat transfer is dominated by conduction. Heat transfer can be greatly 
enhanced by convection, as in the case of stirring a stew. 
 
 

3.1.3 Free convection 
When boiling water, the heating will cause circulation and as a consequence even out 
the temperature distribution in the water. This effect is called free convection and is 
caused by mass density variations as heated water becomes lighter and floats 
upwards. Important material parameters for convection are mass density, which 
determines the inertia and gravity force, and dynamic viscosity, � (N�s/m2), which 
describes the internal resistance to flow through friction. The circulation can be 
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calculated using Navier-Stokes equations with incompressible flow and gravitational 
(buoyancy) force [57], [58]:      
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The dynamic viscosity of water has a strong non-linear temperature dependency in the 
range 37-100 �C (Figure 8). While the temperature dependency of mass density is 
small enough to be ignored in most cases here, it is the driving force for natural 
convection and must be included in order to cause convection in the simulations.    
 
 
         (a)   (b)     (c) 
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Figure 8: (a) Free convection is the driving force for the angel chimes Christmas 
decoration (though here without the chimes themselves). A lit candle beneath the 
decoration causes the air above it to flow upwards making the wheel and the angels 
rotate. (Photograph by Olena Johansson.) (b) Mass density for water as a function of 
temperature. Due to the difference in weight, heated water will become lighter and 
flow upwards if beneath cooler water. (c) Dynamic viscosity for water as a function of 
temperature. The two graphs are based on tabulated data [59]. 
 
There is also a strong relation between viscosity and the electric resistance of salt 
water. Four experiments were performed where the temperature and impedance of a 
bipolar electrode were measured in a slowly heated water bath. As expected, the 
experiments showed decreasing impedance with temperature, see Figure 9.  When the 
viscosity decreases with increasing temperature, the resistance to flow also decreases 
for the electrically charged salt ions and the impedance decreases. If the admittance, 
which is directly proportional to the electric conductivity and, if assumed real-valued 
(conductance), is the inverse of the impedance is plotted instead then a clear linear 
relation is shown against the temperature. This linear increase with temperature is the 
way the electric conductivity is modelled for all tissue in this thesis.  
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   (a)           (b) 

   
   (c) 

Figure 9: (a) Electric impedance 
versus temperature measured in four 
experiments (+, *, x and �) with a 
bipolar electrode in a slowly heated 
water bath. (b) Impedance versus 
dynamic viscosity as a function of the 
measured temperature, see Figure 8. 
Higher temperature gives lower 
viscosity and thus lower impedance. 
(c) The admittance, and hence 
conductivity, increases linearly with 
temperature.       

 

3.1.4 Influence of blood perfusion 
Blood perfusion in living tissue cools heated tissue and can thus cause lesions to 
become smaller [60]. The thermal impact of microcirculatory blood perfusion can be 
modelled as an addition, kperf, to the thermal conductivity of the tissue: 
 
(9)     keff = ktiss + kperf    (W/(m�K)) 
 
This model is believed to be appropriate if most of the perfusion in the tissue is 
through vessels with a diameter of 200 �m or less [61]. The blood coagulates at about 
60 �C and kperf should then become 0 W/(m�K). The following relation was thus 
introduced in Paper I: 
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Alternatively, the effect of blood perfusion can be modelled as a heat sink or as a 
combination of increased thermal conductivity and a heat sink. This approach is 
thought to be better if macroscopic vessels are present [61]. An approximation in all 
these models is that macroscopic direction of the blood perfusion is disregarded [62]. 
In order to be feasible for numerical solvers, steps as in equation (10) can be 
approximated with logistic functions, see Appendix C.   
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3.1.5 Diffuse optical reflectance 
Light is transverse electromagnetic waves with much higher frequencies than the 
radio-frequent electric fields used for lesioning. Visible light has frequencies, f, 
between about 4�1014 Hz (deep red) and 8�1014 Hz (violet) but traditionally the 
wavelength in free space, �, is used instead, giving a corresponding interval of about 
380 nm (violet) to 750 nm (deep red). At these frequencies the waves will interact 
with other molecules than the water-solved salt ions. Light waves consist of discrete 
energy packets called photons that can be scattered or absorbed by different structures 
such as proteins and melanin in the tissue. On a macroscopic scale the energy density 
of light is denoted irradiance (W/m2). The vague term “light intensity”, I, usually 
refers to irradiance or something that is proportional to the irradiance. The equipment 
used in the work of this thesis does not provide any normalisation to SI units and I 
will always be presented as a ratio, making it dimensionless.  
 
For visible and infrared light, the phase velocity in a medium is usually described by 
the index of refraction, n, which is the ratio between the speed of light in free space, 
c0, and the phase velocity of light in the medium, u: 
 

(11)         �0
0 c

u
c

n ��      (-) 

 
The electric permittivity, , and hence the index of refraction, increases with the 
density and polarisability1 (ability to be displaced) of tightly or loosely bound charged 
particles in the medium. For light, the charges of interest are the electron clouds 
around the atomic nuclei and ions bound in molecules; the former more pronounced 
for ultraviolet light and the latter more pronounced for infrared light [63]. The index 
of refraction for water decreases slightly with temperature in the same way as mass 
density [59]. 
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Figure 10 Index of refraction, n, at 589 nm for water as a function of (a) temperature, 
T, and (b) mass density, �. From tabulated values of n(T) and �(T) [59]. 
 
 
 

                                                 
1 Not to be confused with the ability of some anisotropic material to polarise light. 
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When a ray of light strikes a boundary between two media with different indices of 
refraction, a part of the ray will be reflected in the boundary while the rest is 
transmitted or absorbed. Direct reflectance in a smooth surface is called specular 
reflectance. Metals usually have a very high index of refraction (n >> 1) and reflect 
visible light and electromagnetic radiation of lower frequencies very effectively, once 
again thanks to the loosely bound electrons. The reflected intensity, Ir, of a ray 
striking a boundary perpendicularly is independent of whether the ray enters or exits 
the medium with a lower index of refraction. The reflected intensity of a ray striking 
the boundary with an oblique angle, �i, will however be different depending on 
direction and the transmitted ray will also bend (refract2) in the boundary (Figure 11). 
If a ray strikes a medium with a lower index of refraction sufficiently parallel to the 
boundary it will be completely reflected, a phenomenon called total internal 
reflection. The minimum angle for total internal reflection is called the critical angle 
of incidence, �c. A ray striking a medium with a higher index of refraction will not 
undergo total internal reflection, though metals often can be considered as 
approximately perfectly reflecting for single reflections. [64] 
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Figure 11 (a) Reflection and refraction. (b) Total internal reflection occurs when �i is 
equal to or greater than the critical angle �c. This can only happen when the ray 
strikes a medium with a higher speed of light than medium 1 (n2 < n1). 
     
For light that does not undergo total internal reflection, Snell’s law can be used to 
calculate the angle of the transmitted ray, �t: 
 
(12)          t2i1 sinsin �� nn �  (-)  
 
Total internal reflection occurs when:  
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Assuming unpolarised light, Fresnel’s equation can be used to calculate the ratio 
between the incident intensity, Ii, and the reflected intensity, Ir: 

                                                 
2 Hence the name “index of refraction”. 
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Optical fibres use total internal reflection to convey light over longer distances to 
small points. An optical fibre consists of a transparent core surrounded by a coating, 
with a lower index of refraction, called cladding. Depending on the materials used for 
core and cladding and the material ahead of the optical fibre, it will be able to receive 
and emit light within a limited acceptance angle. This is usually described by the 
numerical aperture, i.e. the sine of the largest allowed angle from the direction of the 
fibre in air. Light at a larger angle will not undergo total internal reflection in the fibre 
and will thus quickly leave it. Optical fibres are flexible but must not be bent too 
sharply as this may prevent total internal reflection through damage or the bending 
itself. Even tiny scratches on the fibres may greatly degrade their ability to convey 
light. [64]  
 
  

3.1.6 Optical properties of tissue 
The rate of absorption for light that passes a certain length through a medium is 
usually described by the absorption coefficient, �a (m-1). Absorption occurs when 
charged particles, such as electrons, are accelerated by the electromagnetic wave 
without immediately returning to their initial state3. For good electric conductors, 
where � >> 2�f, the absorption is mainly due to interaction with loosely bound 
charges, such as the valence electrons in metals or salt ions in water, and it is 
determined by ���� f2a � . However, visible light absorption in biological tissue is 
mainly due to interaction with tightly bound or polar charges acting as harmonic 
oscillators, which gives absorption at characteristic resonance peaks [55, 64]. 
Structures that absorb light, such as oxyhaemoglobin, deoxyhaemoglobin, and 
melanin, are called chromophores. The absorption coefficient can be highly dependant 
on wavelength giving characteristic spectral profiles to the chromophores [65]. 
Melanins have high �a for all visible wavelengths and are the cause of darkness in e.g. 
skin, hair and the substantia nigra, the part of the brain that actually is damaged in 
Parkinson’s disease. Brain tissue also contains a yellow-brown chromophore called 
lipofuscin, which accumulates with age [66]. Oxyhaemoglobin gives a red hue to 
tissue and makes e.g. grey matter pink in-vivo. �a for oxygenated and deoxygenated 
blood [67] in the visible and infrared range are presented in Figure 12. 
 

                                                 
3 This gives a rather interesting relation: The resistance to electromagnetic radiation increases as the 
resistance to electric current decreases. 
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Figure 12 Absorption coefficients, �a, for oxygenated and deoxygenated blood from 
tabulated data assuming a haemoglobin concentration of 150 g/l [67]. The high �a 
beneath 600 nm gives blood its red colour. A characteristic difference in the spectra 
is that oxygenated blood has peaks at 542 and 577 nm while deoxygenated blood has 
a single peak at 555 nm. Deoxygenated blood has higher �a above 600 nm than 
oxygenated blood, making it darker.     
 
 
When scattering can be neglected, the amount of light transmitted, It, through a 
medium with the thickness l (m) is given by the Beer-Lambert law: 
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This is often applicable to transmission spectroscopy through gases or thin layers of 
diluted liquids. However, a medium can contain many small structures with a 
different index of refraction that will cause scattering of light within the medium. The 
rate of scattering for light that passes a certain length through a medium is usually 
described by the scattering coefficient, �s (m-1). The distance a photon travels in a 
medium before it is absorbed or scattered, l (m), has an exponential probability 
density function [68]: 
 

(16)     (m� � lelf )( sa
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Of importance is also how much each scattering event changes the direction of the 
photon. This is often a complex stochastic distribution and is usually just described by 
the anisotropy factor [68]: 
 
(17)     )cos(��g  (-)  
 
where � is the deflection angle between the photon’s direction before and after 
scattering.  

 32



 
The combined effect of the scattering coefficient and anisotropy factor is often 
described by the reduced scattering coefficient: 
 
(18)       � � sgs �� ��� 1     (m-1). 
 
A simple probability density function for the cosine of deflection scattering angles is 
the Henyey-Greenstein phase distribution [68]: 
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The azimuthal scattering angle is usually assumed to be uniformly distributed 
between 0 and 2� rad. These distributions were used for the randomisation of 
scattering angles in Paper V.   
 
Biological tissue has a quite low index of refraction (n ( 1.3 – 1.7 [69]) for visible and 
infrared light and consequently reflects a limited amount of light directly. Most 
biological tissue is highly scattering however, as there are many structures with 
indices of refraction that differ from that of water, such as lipid cell membranes and 
proteins. Consequently, light that travels far enough in the tissue will spread 
diffusively, rather than radiate, in a manner similar to heat and electric currents and 
this causes a high amount of diffuse reflectance from the tissue. For certain short 
distances light transport is not properly described either as radiation, where scattering 
is negligible, or diffusion but as an intermediately scattering process. This makes the 
calculations rather complex and is usually the case when parallel adjacent optical 
fibres are used to study tissue. In this case one fibre is used to illuminate the tissue 
while another fibre is used to collect scattered light (Figure 13). Photons reflected 
directly in the tissue surface will not be detected when the fibres are in contact with 
the tissue, as the illuminating fibre is not connected to the detector.  
 

Illuminating
fibre

Receiving
fibre

Detectable
photon

Tissue

Directly reflected
photon

Absorbed
photon  

Figure 13 Diffuse reflectance probe using optical fibres. 
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Scattering coefficient and anisotropy factor for a material consisting of solid spheres 
diluted in another medium can be calculated with Mie’s solutions to Maxwell’s 
equations (Mie theory [70]). It is only approximately applicable to biological tissue, 
as scattering biological structures often have more complex shapes and are too 
densely packed. Mie calculations for spheres of fat and protein in water are 
nevertheless presented in Figure 14 for comparison. Many scattering structures in 
tissue have dimensions of the same order as the wavelengths for visible light. This 
gives scattering where most photons are scattered with a small angular change in 
direction (forward scattering) resulting in large values of the anisotropy factor g 
(Figure 14b). Typical values of g for soft tissue are between 0.7 and 0.995 depending 
on tissue composition and wavelength [69].  
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Figure 14: Mie calculations for solid spheres of fat (n = 1.45 [69]) and protein (n = 
1.6 [71]) in water (n = 1.33) at � = 780 nm. (a) Anisotropy factor, g, and (b) reduced 
scattering coefficient, �s�. The spheres have a constant volume fraction of 20 %, i.e. 
fewer spheres per unit volume with increasing diameter. Agglutination of small 
structures, such as proteins, should cause a rapid increase in �s�, blanching the tissue.      
 
 
In general higher �s´ gives more reflected light and less transmitted light making the 
medium whiter and more opaque. The reflected light will also, on average, have 
penetrated the tissue a shorter distance. For example, white brain matter has similar �a 
as grey brain matter for most wavelengths but much higher �s� [69]. Higher �s� does 
not guarantee more reflected light when using parallel optical fibres for diffuse 
reflectance measurements however, as the light always has to be transmitted a certain 
distance between sending and receiving fibre too. For a certain fibre separation, there 
is a �s� that will provide a maximal amount of reflected light. This �s� is higher for 
shorter fibre separations. Some examples of optical properties for tissue are given in 
Table II. 
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Table II: Optical properties for blood and native and coagulated human ex-vivo 
brain tissue (mean � s.d.) 
Tissue � 

(nm) 
�a  
(mm-1) 

�s 
(mm-1) 

g 
(-) 

�s� 
(mm-1) 

n 
(-) 

Grey matter a) 780 0.02 � 0.01 7.8 � 1.2  0.90 � 0.03  0.78 1.36 
Coagulated grey matter a) 780 0.07 � 0.01 26 � 2  0.88 � 0.02  3.1 1.36 
Thalamus a) 770 0.06 � 0.03 16 � 3  0.89 � 0.02  1.8 1.37 
Coagulated thalamus a) 780 0.11 � 0.03 28 � 4  0.93 � 0.01  2.0 1.37 
White matter a) 780 0.08 � 0.02 38 � 3  0.87 � 0.01  4.9 1.38 
Coagulated white matter a) 770 0.14 � 0.05 44 � 11  0.92 � 0.01  3.5 1.38 
Blood b) 780 0.5 222 0.991 2.0 1.4 
a: Values read from graph [72], except n [73]  
b: [74] 
 
 
3.2 Mathematical methods 

3.2.1 The finite element method 
The finite element method (FEM) is a numerical technique for calculating fields that 
may lack an analytical solution by dividing a complex geometry into simple elements.  
Solving problems with FEM requires a number of steps. First an appropriate 
mathematical model is constructed. This model consists of two parts: A geometric 
model of the studied object and appropriate physical equations, e.g. the heat 
conduction equation (7) or the equation for steady currents (3) described in the 
previous chapter. Coupled equations may be needed due to variable dependencies, as 
is the case in this thesis. The physical equations also need defined boundary 
conditions, e.g. a prescribed temperature or heat flow at an edge of the geometric 
model. Three-dimensional problems may often be reduced in dimension due to 
symmetry. This can greatly reduce the computational time and requirements though 
caution is needed as the use of inappropriate symmetry conditions can give gross 
errors. All models in this thesis have axial symmetry (Appendix B).  

 

Electrode tip

 
  
Figure 15: Mesh for an axi-symmetric 
model of a 1x4 mm electrode zoomed 
around the tip. In the finite element 
method, geometries are divided into many 
smaller elements. 
 
 
 
 
 
 

 
The geometric model is then divided into discrete elements of some simple shape, e.g. 
triangles. The physical equations are then applied to each element and assembled into 
a huge matrix for the computer to solve. The divided geometry is called a mesh. A 
dense mesh with many elements gives smaller numerical errors but requires more 
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computational time and power. FEM has a practically unlimited demand for available 
memory in the computer used and this is the main limitation to the mesh density. An 
appropriate approach is to start with a coarse mesh and then test finer meshes to see if 
the solution is affected considerably. After solving the problem it is important to 
check if the solution is reasonable. The user may have given incorrect inputs to the 
software, an inappropriate physical model may have been used, numerical errors may 
be unacceptably large and the software may contain bugs. Known measurements or 
analytical solutions of similar problems may be of use here. [75] FEM simulations 
were used in Papers I and II for simulation of temperature distributions. 
 

3.2.2 Monte Carlo simulations for light transport 
The finite element method can be used to simulate light transport in a turbid media, 
such as the brain, if the light can be assumed to obey the diffusion approximation. 
This is not the case for the electrode with optical fibres studied in this thesis however, 
as the sending and receiving fibres are too close to each other. Instead Monte Carlo 
(MC) simulations can be used where random walk of a large number of photons is 
used for the simulation. Modelling for MC simulations is performed similarly to FEM 
modelling. A geometry is created with sub-domains given the optical properties index 
of refraction, n, absorption coefficient, �a, scattering coefficient, �s, and probability 
distribution of scattering angles e.g. the anisotropy factor, g. Boundaries can be 
assigned as light sources or light detectors where photons are emitted or collected at 
some acceptance angle. The geometry for MC simulations cannot be reduced to two 
dimensions even if the geometry is e.g. axially symmetric. 
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Figure 16 Flow chart for Monte Carlo simulations. 
 
 
The simulation process is fundamentally different in MC compared to FEM however. 
In FEM, field equations are utilised in order to calculate the variables of interest in 
each point in the simulated geometry simultaneously, using one massive equation 
system. In MC the random movements of the photons are simulated one by one 
instead (Figure 16). The simulation starts with a photon being emitted from a random 
point on a light source surface and a random direction allowed by the numerical 
aperture of the source. A step size is then randomly generated based on the sum of �a 
and �s according to equation (16). If the photon hits a boundary between two 
subdomains with a different refractive index within this step size, it will either be 
reflected or refracted (Figure 11). The probability of reflection is calculated using 
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Fresnel’s equation (14) and if the photon is refracted instead, the new direction is 
calculated using Snell’s law (12). If the photon hits a detector at an angle allowed by 
its numerical aperture and it is not reflected, it will be considered detected and a new 
photon is generated. If the photon does not hit a boundary, it is randomised whether it 
is absorbed or scattered with the probability of absorption being �a/(�a + �s). If it is 
absorbed, the location for the absorption can be stored for connection with e.g. heat 
transfer simulations. If it is scattered, a new direction will be randomised based on 
e.g. the Henyey-Greenstein distribution (19) or some more complex distribution and 
then a new step size is randomised. In practice, the speed of MC simulations can be 
greatly increased by using photon weights and roulette termination where each photon 
is given a starting weight [76]. Instead of randomising between scatter and absorption, 
the photon is always scattered and has its weight reduced by the absorption 
probability. Once the weight has dropped below a selected threshold, it is randomised 
whether the photon is terminated or scattered (roulette). If the photon is scattered, its 
weight is increased as the results otherwise would be skewed. The process is repeated 
until a pre-defined number of photons have been sent.    
 
The individual simulation of each photon makes MC simulations considerably less 
demanding than FEM simulations on available memory and also multiple computers 
can be utilised to work in parallel on the same simulation. The large number of 
photons needed for a statistically accurate solution can make the simulations rather 
time-consuming however. MC simulations were used for the prediction of reflected 
light intensity at 780 nm, I780, from brain tissue in Paper V.  
 

3.2.3 Regression analysis 
It is often of interest to study how one or more factors, x, impact a certain result, y. A 
simple way to do this is linear regression: 
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Here  is the estimate of the factor y based on the factors x and * the regression 
coefficients calculated with least squares estimates. The regression coefficients * for k 
variables with n measurements are computed as: 
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Goodness of fit for a regression model is usually described by the coefficient of 
determination, R2        
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where y is the mean value of the results. An R2 value of 0 indicates that the regression 
model does not explain y at all and an R2 value of 1 indicates that the regression 
model completely explains y. The goodness of fit was used to compare diffusely 
reflected light intensity and electric impedance in Paper IV.  
 

3.2.4 2k factorial design 
The impact of a factor on some result is often dependent on the value of other factors. 
For instance, some medicines may be rendered useless or give unwanted side effects 
if taken in combination with each other or with alcohol. Such effects are called 
interactions and can be found with factorial designs. Studying the effect of one factor 
at a time while keeping all other factors constant will fail to reveal interactions and 
may cause the investigator to draw erroneous conclusions. Factorial design was used 
in Paper I in order to calculate effects. The 2k factorial design [77] is a way to find 
linear main effects of factors and their interactions. Each factor is given a high and a 
low level and a number of measurements are made with different combinations of the 
levels according to a design matrix, C. Factorial effects + for a 2k factorial design are 
computed as: 
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where yi is the result for measurement i and cij the contrast coefficient for effect j and 
measurement i. The contrast coefficient for a high level is +1 and for a low level -1. 
The contrast coefficients for interaction effects are given by multiplying the 
coefficients of the main effects. Assume two factors A and B. The interaction between 
the factors is given by:  
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A regression model can then be obtained using the calculated effects as regression 
coefficients: 
 
(26)                 12122211ˆ XXXyy +++ ����         
 
where XA is the coded variable for factor A:  
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The coded variables vary between –1 for the low levels and +1 for the high levels and 
are thus equivalent to the contrast coefficients. Coding the variables like this makes 
the regression coefficient estimates independent of each other, simplifying the 
mathematics. If more variables are included in the design, interactions between three 
or more variables may be found. These are seldom significant however. The 
regression model from a 2k design assumes linear main effects from each variable. 
The appropriateness of this assumption is easy to check by making a measurement 
with all variables at their mean level. The result should then be approximately y  if 
the assumption is good.  
 
A full regression model can become very large if many variables are tested and 
variables that do not affect the result should thus be omitted. A normal probability 
plot is an easy way to find the important effects. Unimportant effects will tend to align 
in an approximately straight line while important effects will tend to deviate from the 
normal distribution, see Figure 3 in Paper I. 
 

3.2.5 Quadratic regression 
If a linear model is deemed insufficient then quadratic or higher order terms can be 
added. 
 
A quadratic regression model, omitting interactions between three or more variables, 
can be given as: 
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The regression coefficients * are computed according to equation (22) with C as the 
design matrix for the contrast coefficients cij, see e.g. Table IV in Paper I. 
 
 
3.3 Equipment 

3.3.1 RF power generator 
The Leksell� Neuro Generator (LNG) is a power generator for temperature controlled 
RF lesioning in the brain using a current with a frequency of 512 kHz. The 
temperature of the tip is allowed to rise by a maximum of e.g. 6 �C/s and is stabilised 
at a target temperature determined by the user. The LNG can continuously measure 
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electric impedance between the electrode tip, the neutral plate or between the active 
surfaces of the bipolar electrode. It also has the capability to deliver stimulation pulses 
of considerably lower frequencies (20-200 Hz) in order to confirm if the right target 
position has been reached. The patient is often awake during the surgery and if he/she 
e.g. experiences visual disturbances during the stimulation, the positioning is too close 
to the optic nerve. This may be a risk when lesioning in the GPi [78].  
 

         (a)        (b)  

 
Figure 17: Leksell� Neuro Generator and examples of electrodes used for RF-
lesioning. (Images courtesy of Elekta Instrument AB) 
 
The LNG was used for the coagulation experiments in Papers I-III and for 
measurement of electric impedance in Paper IV. 
 

3.3.2 Optical systems 
A spectroscopy system and a laser Doppler perfusion monitoring system were used 
for measurements of reflected light intensity. Spectroscopy was used for measurement 
of diffusely reflected light intensity in Papers III and IV. The spectrometer used was 
AvaSpec-2048-2 (Avantes BV, The Netherlands), a diffraction grating based 
spectrometer for measurements with optical fibres. The grating splits the different 
spectral components of the incoming light into different directions and the split light 
is measured by a CCD array. The spectrometer can be installed with different gratings 
depending on desired spectral range and resolution. The grating used here gave the 
spectrometer a bandwidth of 460 – 990 nm in steps of 0.23 – 0.29 nm, with higher 
resolution (shorter steps) for longer wavelengths. 
 
The white halogen lamp AvaLight-Hal-S (Avantes BV) was used as light source.  It is 
temperature stabilised at 2850 K and emits incandescent light above 360 nm with an 
intensity peak at 1100 nm. It contains a shutter that can be used to block the light 
without turning off the lamp. The emission and sensitivity of the lamp and 
spectrometer respectively are non-linearly dependent on wavelength and a white 
reference tile made of BaSO4 (WS-2, Avantes BV) was thus used to normalise the 
measured intensities. The normalisation was carried out as: 
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where Iraw is the measured light intensity during the measurement, Idark the dark level 
signal from the spectrometer with the lamp shuttered, and Ical the light intensity from 
the reference tile. The reference tile was mounted in a holder specially built for the 
electrode in order to keep a fixed distance between the tile and the optical fibres. 
 
The PeriFlux System 5000 (Perimed AB, Sweden) is a module system for the study of 
e.g. microvascular blood perfusion using optical fibre probes. The main component is 
a solid-state laser delivering infrared light at the wavelength 780 nm with a maximum 
power of 1 mW from a compatible probe. A laser Doppler perfusion monitoring unit 
can be used to measure Doppler shifts and intensity of the reflected laser light. The 
Periflux was used for measurement of diffusely reflected light intensity in Paper IV. 
 

3.3.3 RF electrode with optical fibres 
RF electrodes with optical fibres have been developed at our department [79, 80]. The 
purpose of these electrodes is to be able to optically study the tissue in front of the 
electrode tip for trajectory guidance and verification of lesioning. The electrodes 
contain four optical fibres; two for spectroscopy and two for laser Doppler perfusion 
monitoring. One fibre can illuminate the tissue with laser light while an adjacent fibre 
collects the diffusively reflected light for LDPM. A third fibre can be connected to a 
white lamp and an adjacent fibre can collect the diffusively reflected light for 
spectroscopy. The fibre from the white lamp also has a split connection in order to 
make it possible to monitor spectral changes in the lamp during measurements. The 
electrodes used in this thesis have a tip length of 2 mm, a tip diameter of 1.6 mm and 
contain directly adjacent glass fibres with a core diameter of 200 �m, a cladding 
diameter of 230 �m and a numerical aperture of 0.22, see Figure 18. These electrodes 
were used for the experimental study of changes in reflected light intensity, I, during 
thermocoagulation in Paper III, for clinical study of I from different structures in the 
brain in Paper IV and they were modelled for corresponding simulation studies in 
Paper V. Antonsson et al. have earlier used an older version of the electrodes, with 
side-viewing optical fibres above the electrode tip, in order to study spectra [79] and 
blood perfusion changes [80] in-vivo during RF lesioning in porcine brain. The older 
construction had considerable internal reflection however.   
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Figure 18: RF electrode with optical fibres used or modelled in Papers III – V.  
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4 Studies and results 
4.1 FEM simulation studies of RF lesioning 
FEM models were created in order to simulate lesioning. The general geometry of 
most FEM models in this thesis is an axially symmetric (see Appendix B) model of an 
electrode surrounded by a sphere of grey matter with a radius of 30 mm (Figure 19a). 
The outer boundary of the sphere is set to a constant temperature of 37 �C and an 
electric potential of 0 V (ground). When the current is turned on very localised 
heating near the electrode tip occurs (Figure 19b). Temperature controlled heating 
during 60 s was simulated and the resulting lesions were assumed to consist of all 
solid tissue reaching a temperature of 60 �C or more. The reflected light intensity 
from grey matter was later found to increase at approximately 48 �C (Paper III). The 
48 �C isotherm is thus also visualised in the figures. 
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Figure 19: (a) General geometry of the FEM models. (b) Resistive heating around the 
electrode. The heating is focussed to the tissue very close to the tip, especially at the 
rounding and at the sharp edge to the insulation. The heat then spreads outwards to 
the surrounding tissue and inwards to the electrode tip. 
 

4.1.1 Impact of tissue characteristics with coagulation dependent 
thermal conductivity (Paper I) 

The influence of the surrounding tissue’s electric and thermal conductivity, blood 
perfusion and the electrode’s target temperature was investigated for an electrode with 
a diameter of 1 mm and a tip length of 4 mm (Paper I). Blood perfusion was modelled 
as an added thermal conductivity in non-coagulated tissue according to equation (10). 
The increase in thermal conductivity due to blood perfusion was set to zero in 
coagulated tissue and this made the simulated lesion smaller with increasing blood 
perfusion, as the coagulated tissue became relatively more insulating than the 
surrounding perfused tissue (Figure 20). The temperature control of the delivered 
power made the resulting lesion volume relatively independent of the electric 
conductivity while it increased with increasing thermal conductivity and target 
temperature (Figure 21).  
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Figure 20: The impact of coagulation dependent increase in thermal conductivity due 
to blood perfusion. The lesion is assumed to consist of all tissue reaching 60 �C. An 
increase in reflected light intensity from ex-vivo grey matter was later found around 
48� C (Paper III). (a) The thermal conductivity (scale capped at 1 W/(K�m)) is larger 
in the non-coagulated tissue than in the coagulated tissue and the removal of heat 
becomes more efficient at the lesion rim than adjacent to the electrode tip. (b) The 
temperature field in the same simulation visualised. (c) With no increase in thermal 
conductivity due to blood perfusion the lesion becomes larger.     
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          (c) 

Figure 21: (a) Effects of factors in the 2k 
factorial design. (b) Volume as a 
function of target temperature (Tset) and 
thermal conductivity of the tissue (ktiss) 
in the quadratic design (c) Volume as a 
function of Tset and added thermal 
conductivity due to blood perfusion 
(kperf) in the quadratic design.
 
 
 

 

 44



4.1.2 Required detail of the models 
The required detail of the model for the electrode was also studied [81]. A detailed 
model of the electrode with inner structures was compared to a simplified model 
where the electrode had been divided into three parts: a tip, an insulating layer and an 
upper electrode body. In the simplified model material parameters such as mass 
density and thermal conductivity were averaged by relative volume in each part of the 
electrode. The simulations for the simplified model were found to be more than four 
times faster than those for the detailed one. The results of the simulations were almost 
identical with differences of 0.4 to 3.3 mm3 compared to lesion volumes of about 30 
to 110 mm3. The simplified model was thus deemed better as it gives much faster 
simulation times with very little decrease in solution accuracy. 
 

             (a)          (b)  

 
Figure 22: (a) Detailed model used in Paper I and (b) simplified electrode models 
used in Paper II. 
 

4.1.3 Electrode tip dimensions 
Further, the effect of electrode tip dimensions was investigated [82]. The tip length 
and diameter were varied (2-4 mm and 0.5-2.5 mm respectively) and the resulting 
lesion volumes were used for a regression model. Lesion volume as a function of tip 
length and diameter can be seen in Figure 23. 
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Figure 23: (a) Variation of electrode tip dimensions and (b) resulting regression 
model. 
 

4.1.4 Impact of cysts (Paper II) 
The influence of CSF-filled cysts in the surrounding tissue was investigated for 
different geometry and position of the cysts (Figure 24 and Paper II). The simulations 
showed considerable convective flow due to the heating in the CSF. This gave very 
high heat transfer resulting in both larger and smaller lesions when the cyst was in 
contact with the electrode tip, depending on whether the electrode gave enough power 
to compensate for the increased heat transfer or not (Figure 25). Unlike the study in 
Paper I, the tissue was not homogeneous here. This resulted in focusing of the 
delivered power to the CSF since it has a much higher electric conductivity than grey 
matter (Figure 24). Cysts 1 mm away from the tip had little effect on the simulated 
lesions. 
 
       (a)             (b)      (c) 

  
Figure 24: (a) Shape and (b) position of the modelled cysts. (c) Resistive heating with 
a cyst present. The higher electric conductivity of the CSF focuses the heating to the 
cyst.  
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Figure 25: (a) Simulation of lesioning with a large cyst surrounding most of the 
electrode tip using a target temperature of 70�C. Most of the heat is spread in the 
CSF and little of the actual grey matter is coagulated so the lesion becomes very 
small (6.5 mm3). (b) With a higher target temperature, here 80�C, the efficient 
convective heat transfer may spread heat to a much larger volume and the lesion then 
becomes much larger (189.3 mm3).  
 
 
4.2 Experimental studies  
It is important to verify that the results from simulations are realistic. For this reason 
the simulation results in Paper I were compared to experimental results from an older 
in-vivo study by Eriksson et al [83] and new ex-vivo experiments were carried out for 
Papers II and III. Unfortunately, brain tissue is not a material that is easy to work 
with. It is very soft, deformable and rather sticky making accurate placement of the 
electrode and cutting out the tissue for subsequent studying of the created lesion 
difficult. 
 

4.2.1 Lesion reconstruction from histology (Paper I) 
In Eriksson’s study lesions had been made in living porcine central grey tissue using 
stereotactic neurosurgery (Paragraph 1.5) and different types of electrodes and target 
temperatures. The lesions had then been cut out from the brain, cryosectioned into 
100 �m-thick slices perpendicular to the electrode path and coloured with Thionin 
which adheres to the endoplasmic reticulum in the dendrites and cell bodies of the 
neurons (Nissl staining [84]). Four of these slice sets successfully covered most of the 
actual lesion. Two lesions were created with a 1x4 mm electrode at target 
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temperatures of 70 and 80 �C respectively, one lesion with a 1x2 mm electrode at a 
target temperature of 80 �C and one with a bipolar electrode with a diameter of 1 mm 
and contact surface lengths of 2 mm at a target temperature of 80 �C. The two lesions 
made with the 1x4 mm electrode were selected for comparison with the simulation 
results in Paper I. 
 

 
Figure 26: Histology slice with edges marked white. The shape of the lesion is 
approximately but not perfectly regular. The lesion was made with an electrode with a 
diameter of 1 mm and a tip length of 4 mm at a target temperature of 80 �C. 
 
 
In order to obtain the lesion volume the lesion area in each slice was now measured 
and the areas were multiplied with the slice thickness and added together. Some slices 
were missing or of too poor quality to be measured and in these cases interpolated 
values between the two closest measurable slices were used instead. For visualisation 
the radius corresponding to a perfect circle with the same area as the measured lesion 
slices was also calculated (Figure 27). Simulations predict a larger growth of the 
lesion around the upper active surface of the bipolar electrode compared to what was 
actually found in the experimental lesion. Examination of postoperative 3D-MRI 
revealed that the upper part of the lesion was near a ventricle. Modelling a large cyst 
in the same way as in Paper II, i.e. just above the upper active surface, gave a 
simulation result in better agreement with the experiment (Figure 28). The 
experimental lesions from the monopolar electrodes corresponded well to what is to 
be expected from the simulations. 
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          (a)      (b) 

   

 

(d) 

(c) 

Figure 27: Reconstruction of lesion volumes from an experimental in-vivo study by 
Eriksson et al [83]. The lines represent the radii of perfect circles with the same areas 
as the measured areas in the slices.  The pear shape of the lesion from the bipolar 
electrode differs from what is to be expected according to simulations in a 
homogeneous surrounding (Figure 28).  
 

 49



       (a)                     (b)            (c) 

Active
surfaces

100

90

80

70

60

50

40
0  1  2  3  4  50  1  2  3  4  50  1  2  3  4  5

(mm)

T
(°C

)
4

2

0

-2

-4

-6

4

2

0

-2

-4

-6

60 °C

48 °C

60 °C
60 °C

48 °C

48 °C
Active
surfaces

100

90

80

70

60

50

40
0  1  2  3  4  50  1  2  3  4  50  1  2  3  4  5

(mm)

T
(°C

)
4

2

0

-2

-4

-6

4

2

0

-2

-4

-6

60 °C

48 °C

60 °C
60 °C

48 °C

48 °C

 
Figure 28: Simulations using target temperature of 80 �C, ktiss of 0.5 W/(m�K) and 
kperf of 0.5 W/(m�K) (a) The simulated lesion from a 1x2 mm electrode. (b) The 
simulated lesion from a bipolar electrode with a diameter of 1 mm and length of 
active contact surfaces of 2 mm. This prediction clearly deviates from the actual in-
vivo result seen in Figure 27. (c) A CSF-filled ventricle placed just above the upper 
active surface of the electrode gives better agreement between experiment and 
simulation.  
 

4.2.2 RF lesioning in ex-vivo brain (Papers I and II) 
Attempts at creating lesions in central grey matter of dead porcine brain tissue were 
also made. These were conducted in tissue from deceased animals that had been used 
in other animal studies (approved by the Swedish Board of Agriculture D. No. 38-
8269/04) and in tissue obtained from an abattoir (approved by the Swedish Board of 
Agriculture D. No. 38-6097/05). The expected outcome according to Paper I was that 
lesions should be larger for dead tissue since there is no blood perfusion to cool the 
lesion. Accurate placement of the tip in grey matter without image guiding was 
unfortunately not successful. As the electric conductivity of grey matter is higher than 
white [7], electric impedance, Z, measurements were used in order to find zones with 
homogeneous grey matter with the assumption that Z should increase upon entry into 
white matter and decrease upon entry into grey matter. However, the lesions ended up 
being created in mixed or white tissue. Furthermore they shattered when being 
cryosectioned while surrounding, less thermally damaged, tissue further out held well. 
The coagulated zone from Eriksson’s study had held together well, while tissue 
surrounding it had tended to shatter.    
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    (a)      (b) 

             
Figure 29: Histology section of thermal lesion in white matter. (a) The lesion is very 
difficult to see compared to lesions in grey matter. There has evidently been 
coagulation though, as the hole from the electrode otherwise would have collapsed. 
(b) By enhancing the contrast of the image a rather irregular contour can be seen 
(marked).  
  
Thermocoagulation in white matter gave a lesion that was very difficult to see. With 
some contrast enhancement of the picture a rather irregular shape can nevertheless be 
seen in Figure 29. This could be due to the rather strong anisotropy of the white 
matter. The coagulated white matter did not show any considerable tendency to 
shatter.     
 

4.2.3 RF lesioning in ex-vivo kidney (Paper II) 
Kidney tissue is much easier to work with. As it has very similar electrical and 
thermal characteristics to grey matter it was used in Paper II as a substitute in order to 
gain better control of the tissue geometry in the experiments. A hole with a fairly flat 
bottom surface was cut into porcine kidneys at room temperature. An 1x4 mm 
electrode was inserted about 3 mm into the tissue and lesions were created without 
and with saline layers of 1 and 4 mm height above the kidney surface (Figure 30). 
Simulations with corresponding geometry were also performed (Figure 31). These 
experiments do not have the same geometry as real cysts but were made in order to 
investigate whether the computer models were realistic.  
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 (a)            (b) 

 
Figure 30: Lesions with contour marked white in kidney. (a) Lesion made with about 
1 mm saline on the kidney surface. Here the high electric conductivity of the saline 
has focussed the electric power to it and caused a lesion with a top-down pyramid 
shape. (b) With 4 mm saline above the kidney convective movements in the saline 
counters this effect by high convective thermal conduction of heat and a resulting 
cooling of the kidney surface.  
 

    (a)            (b) 

 
Figure 31: Simulations of lesions in kidney corresponding to the experiments in 
Figure 30. (a) 1 mm saline layer. (b) 4 mm saline layer. 
 

4.2.4 Reflected light intensity changes during heating (Paper III) 
The electrode with optical fibres (paragraph 3.3.3) was used together with the 
spectroscopy system (paragraph 3.3.2) for the study of diffuse reflectance spectra 
between 490 and 900 nm during heating of porcine brain, muscle and fat tissue 
(Paper III). The reflected light intensity and temperature were recorded 
simultaneously during heating at target temperatures between 48 and 90 �C. The main 
aims were to see if the onset of coagulation could be detected and at what 
temperature. The light intensity was normalised with the white reference tile WS-2 at 
a fixed distance according to equation (29) but not with the intensity of white brain 
matter as in Papers IV and V.  
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For grey brain matter, a distinct increase in I could usually be seen at temperatures of 
48.4 � 6.0 �C (mean � s.d., n = 21) but the signal could vary a lot while the target 
temperature was maintained. No typical changes could be seen for white matter and I 
could both decrease and increase during heating. For pork chop meat, a distinct 
increase in I could be seen at temperatures of 42.5 � 3.5 �C (n = 11) and the signal 
remained fairly stable at this elevated level while the target temperature was 
maintained and also during cooling of the tissue. For pork chop fat, a distinct decrease 
in I could be seen immediately upon the onset of heating and I remained fairly stable 
at this lower level during the target temperature and subsequent cooling.   
 
 

 
Figure 32: Temperature and reflected light intensity, I0, in the wavelength bands 
560 – 585 and 770 –790 nm during heating in porcine tissue. (a) Example from grey 
matter. (b) Example from white matter. (c) Example from pork chop meat. (d) 
Example from pork chop fat. The intensities are not normalised with the intensity in 
white matter as in Papers IV and V, so the levels are not directly comparable. 
 
 The light intensity changed in a similar fashion over the entire spectral range. A 
notable exception was that the characteristic double peak for oxygenated haemoglobin 
(Figure 12) sometimes was present before heating. This quickly disappeared during 
heating (Figure 33b). The oxygen affinity of haemoglobin decreases with temperature 
[6] so the disappearance of the double peak was probably due to the release of oxygen 
from the haemoglobin. No local minimum at 635 nm, characteristic of 
methaemoglobin [85], was ever noticed after heating. For pork chop meat, the 
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spectrum could sometimes become somewhat wobbly after heating however (Figure 
33b). 
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Figure 33: (a) Example of spectrum before and after heating in white brain matter at 
a target temperature of 76 �C. A double deflection beneath 600 nm is present here 
before but not after heating. (b) Example of spectrum before and after heating in pork 
chop meat at a target temperature of 70 �C. 
 
 
4.3 Clinical study: Measurements of reflected light intensity and 

electric impedance during stereotactic neurosurgery (Paper IV)  
Reflected light intensity, I, and electric impedance, Z, were studied during the creation 
of 21 trajectories for DBS electrodes using the electrode with optical fibres described 
in paragraph 3.3.3. The optical electrode was stereotactically inserted towards targets 
in the subthalamus or GPi while Z and I were recorded simultaneously and 
continuously using the LNG (paragraph 3.3.1) and the spectroscopy system or 
Periflux respectively (paragraph 3.3.2). The recorded signals were then compared 
with the anatomy along the trajectory based on the neurosurgeon’s analysis of pre- 
and postoperative MRI and CT. The main purpose was to investigate if these methods 
could detect the anatomical structures passed through and thus be used for detection 
of deviation from the desired trajectory and target. The study was approved by the 
local Ethics Committees (D. no. M182-04) in Linköping’s and Norrland’s University 
Hospitals, Sweden, and all patients gave their informed consent.     
 
When using the spectroscopy system, normalisation of I was performed as in Paper III 
according to equation (29) but further it was also normalised with the mean I780 from 
subcortical white matter in the corresponding trajectory according to 
 

(30)    
matter white,780,0

0 ),(),(
I

tItI �� �    (-) 

 
Normalisation with white matter intensity was carried out similarly when using the 
LDPM system but no normalisation was done against any white reference. Typical 
spectra of I and examples of I and Z along the trajectories are presented in Figure 34. 
The normalised spectral shape was generally rounded with a peak between 600 and 
700 nm and a dip at wavelengths beneath 600 nm, where light absorption from blood 
is high. The spectra from superficial cortex were sometimes different with a more 
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pronounced peak near 600 nm and low I above 700 nm. In one case the lateral 
ventricle was passed through and here the spectrum was more linear with I decreasing 
with wavelength. 
       
       (a)              (b)  
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Figure 34: (a) Examples of spectra 
obtained from the brain during 
stereotactic neurosurgery. (b) Examples 
of Z and mean I in the wavelength bands 
560 – 585 nm and 770 – 790 nm during 
insertions of an electrode with optical 
fibres towards the GPi and (c) towards 
the STN.  
 
 
 
 
The reflected light intensity was found to be low in the cortex, sulci, the lateral 
ventricle, the putamen and the caudate nucleus. It was intermediate in the globus 
pallidus and thalamus and it was high in subcortical white, the internal capsule and 
the subthalamus (Figure 35). The electric impedance was generally low in the cortex, 
sulci and lateral ventricle, intermediate in the subcortical white, the putamen, the 
globus pallidus, the caudate nucleus and the thalamus while it was high in the internal 
capsule and subthalamus (Figure 36).  
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Figure 35: Reflected light intensities from structures in the brain (mean � s.d.). Local 
minima from cortex (Cort), sulci (Sulc), the lateral ventricle (Vent), globus pallidus 
externus (GPe), caudate nucleus (CN) and thalamus (Tha). Local maxima from 
subcortical white matter (Sub W), the internal capsule (IC), lamina medullaris 
externa (LME) and lamina medullaris interna (LMI). Target values from globus 
pallidus internus (GPi) and subthalamus (STN/ZI). The dotted lines show average 
standard deviation within the subcortical white matter and the internal capsule. 
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Figure 36: Electric impedance from structures in the brain (mean � s.d.). Local 
minima, maxima and target values as in Figure 35. 
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4.4 Monte Carlo study: Reflected light intensity from different brain 
tissues (Paper V) 

MC models were made of brain tissue viewed by the electrode with optical fibres 
(paragraph 3.3.3) in order to simulate the expected reflected light intensity at 780 nm 
during navigation or RF lesioning in the brain. The tissue in the models was either 
homogeneous or in two layers with a variable thickness, d (mm), of the layer closest 
to the fibres (Figure 37a). Models were made with native and coagulated grey matter, 
thalamus and white matter. Models were also made with blood or CSF, the latter only 
as upper layer in the dual layer models as it was assumed to not scatter light itself. All 
intensities, I0,780, were normalised with simulated I780 from white matter similar to 
equation (30). 
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Figure 37: (a) Example of simulated photon pathways from the emitting fibre to the 
detector fibre. All pathways are collapsed from 3D on a plane for simplified 
visualisation. (b) Simulated light intensities from native (SN) and coagulated (SC) 
grey, thalamus and white matter. Measured intensities (MN) from Paper IV are 
included for comparison of relative difference between tissue types. I780 is normalised 
with the simulated and measured intensity in white matter respectively. The measured 
and simulated levels are thus not directly comparable.   
 
An example of simulated photon pathways is given in Figure 37a and simulated 
intensities from homogeneous native and coagulated brain tissue in Figure 37b. 
According to the simulations I780 should be lowest in grey matter (I780 = 0.16), a little 
higher in blood (I780 = 0.24), yet higher in thalamus (I780 = 0.36) and highest in white 
matter (I780 = unity). Upon coagulation grey matter is predicted to reflect more light 
(I780 = 0.67), white matter less (I780 = 0.70) and the thalamus about the same amount 
(I780 = 0.39). 

 57



 58



5 Discussion, conclusions and suggestions for 
future studies 

In this thesis, modelling, simulations and experiments were used in order to 
investigate navigation and RF lesioning in the brain with the aim of improving 
knowledge and predictability of the processes. Studied topics were, for example, the 
impact of tissue characteristics such as thermal conductivity, blood perfusion and 
presence of cerebrospinal fluid on RF lesioning as well as reflected light intensity and 
electric impedance from different structures in the brain before and during RF 
lesioning. Biological tissue often shows high complexity and variability. The 
assumptions and parameters used in biomedical simulation studies should thus be 
viewed with some caution, both in general and in this thesis.   
 
 
5.1 Homogeneity and isotropy assumptions for electric conductivity 
The electric conductivity is not expected to affect the resulting RF lesion as long as 
the surrounding tissue can be assumed to be isotropic and homogeneous (Paper I). 
The assumption of a homogeneous isotropic surrounding seems sufficiently valid for 
the cases of the three experimental lesions in living porcine tissue using monopolar 
electrodes (paragraph 4.2.1). The assumption of isotropy and homogeneity is much 
more dubious for the electric conductivity of white matter. The white matter lesion in 
Figure 29 shows an irregular shape that could be due to anisotropy. There is also a 
considerable variability of measured impedance values for white matter in an 
individual brain (Paper IV). Composition of the white matter, blood volume and 
anisotropy due to axon orientation is believed to affect the impedance [43]. Thus, 
knowledge of whether the tissue is grey or white matter alone gives rather limited 
knowledge about the electric conductivity. Anisotropy can be visualized with 
diffusion tensor MRI but this makes the imaging more complex and time-consuming. 
It may nevertheless be worthwhile near thick fibre tracts, such as the internal capsule, 
where there are many parallel axons. Grey matter in the cortex was found to have 
considerably lower impedance than deeper grey and white matter. This might be due 
to the presence of CSF, which has higher electric conductivity, rather than 
inhomogeneity though.  
 
In conclusion anisotropy and inhomogeneity of the electric conductivity in white 
matter probably have large impacts on the electric current distribution and would be 
of interest for future studies. Whether this primarily reflects fibre orientation or 
structural inhomogeneities, such as variable myelin content, might e.g. be investigated 
by impedance measurements in combination with diffusion tensor MRI.  
 
 
5.2 Impact of cerebrospinal fluid 
As CSF is a liquid with considerably higher electric conductivity than white and grey 
matter, its presence can be expected to affect both thermal and electric spread. Indeed, 
the simulated cysts showed a considerable and varied impact on the simulated lesions 
(Paper II). Cysts and ventricles may thus be important to consider if they are present 
at the target zone for clinical surgery. Other authors have also noted the ability of CSF 
to shrink [86] or expand [4] the lesion growth. This is in agreement with the bipolar 
lesion in paragraph 4.2.1 where CSF in a ventricle may have shrunk the upper part of 
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the lesion.  Simulated cysts 1 mm away did not have much impact however and a 
clinical study of 40 patients by Laitinen et al. found no influence from the presence of 
cysts and the actual clinical outcome of lesioning in the GPi [14]. Due to the higher 
electric conductivity of CSF, it may be possible to detect potentially complicating 
cysts in contact with the electrode tip through the use of impedance measurements. 
Spectroscopy might also be an option for the detection of CSF. While the simulations 
in Paper V suggest that the reflected light intensity can vary a lot for CSF in front of 
an optical fibre probe, the spectrum from the lateral ventricle (Paper IV) indicate that 
the spectral shape may be altered if CSF is in front of the probe. More data is needed 
here however since the ventricle only was passed through by the electrode in one 
case. Investigation of the spectrum requires a post-operative calibration as the shape 
of the raw spectrum mainly reflects the emission and sensitivity characteristics of the 
lamp and spectrometer respectively. In contrast, the relative changes in e.g. I780 can be 
observed in real time during surgery without the need of calibration.  
 
In conclusion, CSF can greatly alter the size and shape of the RF lesion and should be 
considered if present at target site during surgery.  
 
 
5.3 Impact of blood perfusion 
Blood perfusion is known to be able to cool heated tissue and can thus be expected to 
affect the temperature distribution in RF lesioning. Blood perfusion was modelled as 
an added term, kperf, to the thermal conductivity in non-coagulated tissue. This model 
was introduced in Paper I. There is, to my knowledge, no reliable reference today for 
a good value of kperf as measurements of thermal conductivity generally are performed 
on ex-vivo tissue. The blood perfusion in grey matter can also vary considerably in 
time and space (paragraph 1.1). A vision for the simulations and regression modelling 
is that it may be possible to predict resulting lesion size in clinical surgery if kperf can 
be estimated, e.g. with the help of laser Doppler perfusion monitoring. So far it has 
not been verified experimentally that blood perfusion actually decreases lesion size in 
the brain. It is, however, to be expected from the simulations in Paper I and from 
experimental studies on liver [60], which has a similar blood perfusion at about 100 
ml/(100g�min) [7] compared to grey matter at about 50  to 100 ml/(100g�min) [87, 
88]. Occlusion of blood flow [60] or pharmacological flow reduction can be used to 
obtain larger lesions in the liver [89]. The latter method might be suitable for 
verification of the importance of blood perfusion in the brain too. The presence of 
large vessels in the cortex could also call into question whether grey matter perfusion 
in general is representative for perfusion in central grey structures. Blood perfusion in 
the thalamus has been found to be only slightly lower than in the cortex however [87, 
88]. Similarly to electric conductivity, blood perfusion can be expected to be 
anisotropic. The modelling of the impact of blood perfusion as an increase in thermal 
conductivity in equations (9) and (10) assumes no particular directionality in the flow. 
This is probably not entirely correct even for microcirculation, but without knowledge 
of local directionality of the flow it should be the best approximation.  
 
In conclusion blood perfusion should be able to greatly reduce lesion size. It would 
thus be of interest to know the blood perfusion in the tissue at the target prior to 
lesioning. The impact in the brain needs to be investigated experimentally however. It 
would be of great interest to use the electrode with optical fibres for laser Doppler 
perfusion monitoring (LDPM) in order to study local blood perfusion before lesioning 
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and to compare the impact of perfusion enhancing and reducing drugs on the created 
lesion in different relevant organs.  
 
      
5.4 Changes in reflected light intensity during coagulation 
The Monte Carlo simulations predicted that I780 should increase in grey matter, 
decrease in white matter and remain approximately unchanged in the thalamus during 
thermocoagulation (Paper V). The reduced scattering coefficient, �s�, should increase 
when proteins that are much smaller than �� agglutinate during thermocoagulation 
(Figure 14b). If coagulation occurs at a distinct temperature, this should cause an 
increase in reflected light intensity, I780, at the same temperature. In agreement with 
this assumption, the reflected light intensity from porcine meat increased steeply at 
42.5 � 3.5 �C (Paper III). Distinct increases could also be seen in grey matter, but 
there were also large changes that could not be attributed to the coagulation 
temperature. Much of the protein in brain tissue is bound to the myelin sheaths of the 
axons. Those proteins may perhaps be less capable to agglutinate. Also, a decreasing 
term to �s� can be expected if other proteins stick to the �m-sized myelin sheaths 
(Figure 14b). I780 was found to immediately decrease in porcine fat upon heating 
(Paper III). Thus, if darkening of fat is the reason for the occasionally [72], but not 
always [90], noticed decrease in I780 from white matter, it is not likely to be an 
indicator of coagulation. Easily interpretable changes in I780 are thus perhaps not to be 
expected for myelin-rich tissue such as white and light grey matter. Unfortunately, 
common targets for functional neurosurgery, such as the GPi and STN, are rich in 
myelin [91]. The perfusion signal from LDPM is probably a better option, as it 
consistently decreases when the tissue coagulates [80]. A complicating factor here is 
that the elevated temperature during the lesioning in itself causes a temporary increase 
in the LDPM signal. The LDPM signal should thus be compared before heating and 
after the temperature has returned to normal. 
 
In conclusion I780 is probably not suitable for the detection of coagulation during 
functional stereotactic neurosurgery. Coagulation in other organs produces more 
distinct colour changes than coagulation in the brain however. Further, RF lesioning is 
more popular in the visceral organs than in the brain nowadays. It would thus be of 
great interest to investigate the usefulness of RF electrodes with optical fibres for the 
detection of coagulation in e.g. the liver or the heart. It would also be of interest to use 
e.g. electron microscopy in order to study structural changes that could explain the 
changes in the optical properties of brain tissue during coagulation. 
 
 
5.5 Coagulation temperature 
An approximation in the FEM simulations is the use of the 60 �C isotherm as 
definition of the simulated lesion boundary. In reality tissue damage is not only a 
function of temperature but also of time which can be accounted for by the use of the 
Arrhenius equation [26]. Further, the results for reflected light intensity in Paper III 
indicate that an isotherm of 48 �C may be more suitable for grey matter. It is possible 
that this temperature may be too low if the temperature measurement of the electrode 
lags behind the temperature in the viewed tissue. However, it is in good agreement 
with Jaywant et al. who found �s� of ex-vivo bovine grey matter to start increasing at 
about 50 �C during slow heating [90]. Nevertheless, the 60 �C isotherm gives 
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experiments and simulations in good agreement with each other for grey matter while 
the experimental coagulation zones would be expected to be much larger if the tissue 
coagulates at 48 �C (Figure 28). Thermal denaturation can, as mentioned, sometimes 
be reversible, which could be one possible explanation to this discrepancy. For in-
vitro porcine white matter subjected to 15 minutes laser irradiation, Schulze et al. [92] 
have found coagulation around 60 - 65 �C by comparing histology sections and MRI 
temperature maps. White matter thus seems to be considerably more resilient to 
thermal damage than grey, though further investigation would be needed here as the 
methods of investigation differ. Also, the spatial resolution of MRI is generally rather 
coarse compared to lesion size. The occlusion of the blood vessels is modelled as 
abrupt at 60 �C but human ex-vivo blood has been found to coagulate at 55 �C during 
slow heating [93] and a more gradual occlusion may be more physiologically correct 
for the zone of stasis. Another uncertainty is how much of the damaged but not 
coagulated tissue in the zone of stasis that will recover and how much of it that will 
die.   
 
In conclusion, the optical changes indicate that grey matter coagulates somewhere 
around 50 �C but this should give larger lesions than experienced in ex-vivo 
experiments. For future studies, it would be interesting to investigate the reason for 
this discrepancy, e.g. whether something reduces the thermal spread around the 
electrode tip compared to the simulations in this thesis. 
 
  
5.6 Reflected light intensity for navigation 
The use of I780 for differentiation between grey, light grey and white matter during 
navigation in the brain seems very promising, both in theory (Paper V) and in practice 
(Paper IV). While grey and white matter can have the same electric impedance, 
reflected light intensity should be able to verify tissue type passed through quickly 
and reliably. Knowledge of tissue type alone does not give the exact position in the 
brain however. It is thus probably not advisable to let it replace electric stimulation 
tests in the target before RF lesioning or final placement of a DBS electrode.  
 
The optical measurements in the brain elucidate that there are different shades of grey 
matter as e.g. the globus pallidus and the lateral part of the thalamus reflect 
considerably more light than grey matter from e.g. the cortex or the putamen. This is 
due to higher myelin content in the former structures [91]. The GPi and lateral part of 
the thalamus are also more difficult to discern from white matter in MRI. The tissue 
of the GPi and the lateral thalamus should thus be called light grey matter instead of 
just grey matter, especially in the context of medical imaging where it otherwise may 
be incorrectly classified. The subthalamic nucleus is usually described as grey matter 
and the zona incerta as mixed matter. From myelin-stained histologies [94],  the STN 
is expected to be light grey like the GPi and lateral thalamus while the ZI seems to 
contain more myelin but not as much as the internal capsule. Less I780 was thus 
expected compared to the measured values in the subthalamus, at least for the STN.  
 
In conclusion, reflected light intensity seems very suitable for discrimination between 
white matter, light grey matter, and grey matter. However, the high I780 from the 
subthalamus was unexpected. The reason for this should be investigated further in 
future studies. 
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Appendix A: Vector analysis 
 
Gradient 
The gradient describes the slope of a function, e.g. the slope of a hill due to difference 
of height at different positions. For a three dimensional scalar field, f, it is calculated 
as:  
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The gradient of a scalar field is a vector field, e.g. the electric field: 
 

V = -E   (V/m) 
 
The gradient of a vector field is a 2nd rank tensor field. 
 
Divergence 
The divergence describes accumulation, draining, sources and sinks in a field. For a 
three dimensional vector field, A, it is calculated as:   
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The divergence of a vector field is a scalar field. A location in steady state with 
positive divergence is called a source and a location with negative divergence is 
called a sink. E.g. for steady state heat conduction, the divergence of the conductive 
heat flux, -k
T, equals the externally added (or removed) power, : Q�
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For time-variable fields positive and negative divergences can also represent draining 
and accumulation respectively. E.g. for transient heat conduction, a positive 
divergence of the heat flux in a point indicates cooling: 
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Appendix B: Symmetry 
Three-dimensional simulations using FEM are very costly in terms of computational 
power and time. A lot of computational time and power can be saved if a reduction to 
two dimensions is possible. This can also allow more complex physics and 
geometries, as available memory is a limiting factor. Of particular interest here is 
plane symmetry and axial symmetry. It is important to understand how these 
symmetries work as completely erroneous results can be achieved if the symmetry 
conditions are used in the wrong way. 
 
 
Plane symmetry 
Plane symmetry can usually4 be applied if the relevant geometry and physical 
conditions remain constant enough in one straight direction in a Cartesian coordinate 
system. This might be the case for e.g. the transverse section of parallel rods with a 
fairly uniform thickness. 
 
  (a)      (b) 

Modelled area

Long object

Model

No or small
changes in 
this direction

            

Modelled area

Considerable
variations in this direction

Model

What really is
modelled here  

(a) Geometry with plane symmetry. (b) Geometry without plane symmetry.  
 
 

                                                 
4 There are some physical problems, e.g. buckling, where the result is not symmetric despite symmetric 
geometry and physical conditions [75]. This can be visualised by compressing a thin (axially 
symmetric) plastic cup from above. 
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Axial symmetry 
Axial symmetry can usually be applied if the relevant geometry and physical 
conditions remain constant in the rotational direction of a cylindrical coordinate 
system. This might be the case for e.g. a cylinder. 
 

Modelled area
Model

Axially symmetric
object

Axis of symmetry
 

Figure 38: Axially symmetric geometry. 

Objects Model What really is
modelled here  

Figure 39: Not axially symmetric geometry.  
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Appendix C: The logistic function 
The Heaviside step function, H(x), is a convenient way to describe sudden changes, 
such as coagulation, mathematically: 
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The drawback with this function is that it is not differentiable, which can cause 
problems for numerical solvers. However, the step can be approximated with the 
sigmoidal (S-shaped) logistic function [95]:  
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Here a is a constant which describes the steepness of the logistic function. The higher 
the value of a, the closer the logistic function approximates the step function. On the 
other hand, higher values of a put more strain on the numerical solving. 
 

a = 1
a = 10
a = 100

 
Figure 40: The logistic function is a convenient approximation that can be used in 
order to avoid numerical problems at steps. 
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