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Abstract 
 
Deep brain stimulation (DBS) is a surgical treatment technique, which involves application of 

electrical pulses via electrodes inserted into the brain. Neurons, typically located in the basal 
ganglia network, are stimulated by the electrical field. DBS is currently widely used for 
symptomatically treating Parkinson’s disease patients and could potentially be used for a number 
of neurological diseases. In this study, computational modeling was used to simulate the 
electrical activity of neurons being affected by the electrical field, to gain better understanding of 
the mechanisms of DBS. The spatial and temporal distribution of the electrical field was coupled 
to a cable model representing a human myelinated axon. A passing fiber with ends infinitely far 
away was simulated. Results show that excitation threshold is highly dependent on the diameter 
of the fiber and the influence (threshold-distance and threshold-diameter relations) can be 
controlled to some extent, using charge-balanced biphasic pulses.  
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Abbreviations and physical symbols 
 
DBS Deep Brain Stimulation 
AP Action potential 
Vm Membrane voltage [V] 
Vrest Membrane resting potential [V] 
VK, VNa, VL Reversal potential (potassium, sodium, leakage) [V] 
Vi Intracellular potential [V] 
Ve Extra-cellular potential [V] 
Vth Voltage threshold [V] 
Rm Membrane resistance (passive model) [Ω] 
Cm Membrane capacitance [F] 
cm Nodal capacitance [F/m2] 
iK, iNa Current density [A/m2] 
Istim Threshold current [A/m2] 
pK, pNa Maximum permeability [m/s] 
γK, γNa Gating variable [-] 
τpassive Passive time constant [s] 
gK, gNa, gL Ion channel conductance [S/m2] 
gKf, gKs Fast/slow potassium conductance [S/m2] 
gA Internodal conductance [S] 

Kg  Maximum conductance, potassium [S/m2] 
n Activation gating parameter, potassium [-] 
m Activation gating parameter, sodium [-] 
h Inactivation gating parameter, sodium [-] 
τn, τm, τh Gating parameter time constant [s] 
n∞, m∞, h∞ Gating parameter steady state [-] 
αn, αm, αh Rate constant [s-1] 
βn, βm, βh Rate constant [s-1] 
X Fiber-electrode distance [m] 
D Fiber diameter [m] 
d Axon diameter [m] 
L Internodal length [m] 
rA Intra-axonal resistance [Ωm] 
l Nodal width [m] 
v Conduction velocity [m/s] 
T Temperature [C°] ([K] in chapter 2) 
ρe Extra-cellular resistivity [S/m] 
PW Pulse width [µs] 
R Ratio (defining pulse shape) [-] 
IPG Interphase gap [µs] 
V0, V1, p Curve fitting constants 
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1 Introduction 
1.1 DBS 

Deep brain stimulation (DBS) is a surgical treatment technique that involves electrical pulse 
application to the brain via implanted electrodes. The principle of the technique is illustrated in 
figure 1.1. The electrodes (located on a probe, see figure 1.2) receive signals from an implanted 
pulse generator. Typical values for the pulse amplitude, pulse duration and frequency are –3 V, 
60 µs and 130 Hz. Mainly, the basal ganglia are the target for DBS surgery since the basal 
ganglia are part of the neuronal network which controls movement, coordination, and other 
important motor functions. Imbalance in the aforementioned network leads to Parkinson’s or 
Huntington’s disease, as well as dystonia. DBS is currently used for treating Parkinson’s and 
dystonia patients, and is also used for pain relief. The technique could potentially be used for a 
number of neurological diseases such as epilepsy, depression, cluster headaches and obsessive 
compulsive disorder. Side effects sometimes arise from the treatment, and the mechanisms of 
DBS are today still not fully understood.  

To gain better understanding of what happens during DBS, it is necessary to understand how 
an electrode with a certain applied voltage affects neurons in the vicinity of the implanted 
electrodes. Computational modeling based on experimental results can be used to simulate the 
stimulation effects. To build these models it has to be understood on a biological level how a 
neuron functions. Neuron dynamics and response of the nerve cells to electrical stimuli due to 
DBS can be modeled by using electrical circuits and engineering tools.  

 

   
Figure 1.1 (left). The principle of Deep Brain Stimulation. An implanted pulse generator (located close to the chest 
of the patient) sends electrical signals to the electrodes implanted in the brain, via a lead. Figure taken from 
[http://www.us.oup.com/us/images/ahlskog/Fig59-4.jpg]. 
Figure 1.2 (right). Four cylindrical electrodes are located on the probe that is implanted in the brain. Figure taken 
from [http://www.medtronic.com]. 
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1.2 Neurons 

A neuron consists of three parts: axon, soma (cell body) and dendrites; see figure 1.3. The 
neuronal signal (electrical or chemical) arrives at the dendritic tree and is translated into local 
membrane potential changes by the dendritic structures. The soma integrates dendritic inputs and 
gives rise to a summed transient electrical change of the membrane potential. The transient 
electrical change can be hyperpolarizing or depolarizing depending on the dendritic inputs, and 
spreads along the axon before it finally reaches the synapses. The synapses then release 
neurotransmitters depending on the strength and type (hyperpolarizing or depolarizing) of the 
electrical signal.  

 

  
Figure 1.3 (left). A neuron with myelinated axon, cell body and dendrites. The neuronal signal arrives at the 
dendrites, gets processed in the cell body, transmits through the axon and reaches the synaptic terminals, where it 
meets dendrites of other nerve cells. The sheet of myelin, which not all neurons have, increases the speed of a nerve 
signal transmission.  Figure taken from [http://www.indiancowboy.net/blog/wp-content/uploads/nerve.gif] 
Figure 1.4 (right). Typical shape of the action potential. The membrane is depolarized for a certain stimulus 
threshold. The membrane voltage reaches a peak, after which it is repolarized and hyperpolarized (refractory 
period). Figure taken from [http://www.chm.bris.ac.uk/webprojects2006/Cowlishaw/300px-Action-potential.png]. 
 

Any biological cell has a membrane that is responsible for transferring particles between the 
surroundings of the cell and its inside, or maintaining the ion concentrations on each side (see 
figure 1.5A). In the neuron this membrane is in charge of maintaining an electrical voltage 
difference, the membrane potential Vm, defined as inner voltage minus outer voltage. The 
membrane potential is time dependent but normally stays at its equilibrium value called resting 
potential Vrest, (a negative steady state value). The resting membrane potential is an outcome of 
the interaction of two forces: Concentration gradient and electrostatic force. Ions exist in 
different concentrations inside and outside the membrane, which gives rise to different ionic 
concentration gradients. Ions attempt to reduce the concentration gradient by diffusion. In 
addition to concentration gradient, there also exists an electrostatic force across the membrane 
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since ions are charged particles. At steady state there is a dynamic equilibrium, balancing 
between the overall electrostatic force and the concentration gradient for each type of ion.  

Due to synaptic inputs or extra-cellular stimulation, the balance between the electrostatic 
force and the concentration gradient is disrupted giving rise to a membrane potential change. If 
the membrane potential change is depolarizing, an action potential (AP) might be generated 
(figure 1.4). The AP arises from complex interplay of various nonlinear ion channels depending 
on membrane potential, ion concentrations and/or time (chapter 2).   

The DBS electrode will create an electrical field that disturbs the electrical activity in the 
nerve tissue. The time and space properties of the applied electrical field will disrupt or facilitate 
action potential formation. Examples of important stimulation factors are: amplitude, duration 
and frequency of the DBS input signal, electrode shape and quantity, tissue conductivity etc. In 
this work focus is on the axon, which is known to be most easily excited part of the neuron, 
during DBS (McIntyre (2004)). This high excitability is due to the presence of sodium and 
potassium channels in the Nodes of Ranvier that are positioned along the axon. Aspects of 
synapses, dendrites and the soma will not be investigated. 

 
 

 
Figure 1.5 A) Cell membrane consisting of a bilayer of lipids and proteins working as ion channels. B) The 
insulating lipid layer with its proteins electrically acts as resistance and capacitance. Vrest is a result of equilibrium 
between ion concentration gradient and electrical charge gradient. Figures taken from Biophysics of Computation. 
 
1.3 Aim of the thesis 

The DBS technique is rather new and it is not yet fully understood how the neuronal tissue 
behaves during extra-cellular stimulation. The aim of this thesis is to learn about the mechanisms 
of DBS, and neurostimulation in general.  

 
A large number of simulations were performed, in order to answer questions like: 
- How sensitive is the model to its axon parameter values?  
- What influence do the parameters have on conduction velocity and current threshold? 
- What is the influence of fiber-electrode distance and fiber diameter on the level of 

voltage needed to initiate an action potential? 
- Is the orientation of the fiber in respect to the electrode important? 
- What is the influence of pulse polarity on voltage threshold?  
- Which pulse shape is most efficient for stimulating passing fibers? 
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- How can the threshold-diameter and threshold-distance relations be manipulated using 
various pulse shapes?  

 
1.4 Report structure 

This report is organized as follows. In chapter 2 the underlying biology is explained. Then the 
electrical model is introduced as a background for understanding the simulation results and 
analysis. At first, only a single point – a patch – of a nerve membrane is studied to understand 
the current flow, nonlinear conduction and influence of parameters used for computation 
modeling. Then several patches are connected according to cable theory, which will simulate a 
myelinated axon.  

In chapter 3 a sensitivity analysis is performed, in order to investigate how conduction 
velocity and threshold current is affected by parameters, such as fiber diameter and membrane 
capacitance. This also gives insight into the importance of different electrophysiological 
parameters.  

An axon close to the electrode but with both ends far away, which is usually called a ‘passing 
fiber’, is simulated in order to investigate a few different aspects of DBS stimulation. In chapter 
4 a passing fiber is studied, by calculating the level of input voltage needed to initiate an AP that 
spreads to the ends of the axon. This is used to measure how the excitability of the passing fiber 
is affected by its distance and orientation in respect to a DBS electrode. Also the influence of 
fiber diameter and pulse polarity is studied.  

The effect of the electrical field on the passing fiber is also studied in chapter 5, with focus on 
the influence of the pulse shape.  

In chapter 6 the limitations of the model and performed simulations will be discussed, and 
chapter 7 summarizes the conclusions that followed from the simulation results.  
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2 Theory 
2.1 Patch model 

All theoretical equations in this chapter are taken from Handbook of Neuroprosthetic 
Methods. The basics of electrophysiology are best explained by studying a small part of the 
membrane, a patch, where the spatial aspects of electrophysiology are left out. From the theory 
of thermodynamics the relation between the ionic concentration gradient and electrostatic force 
(as described in the previous chapter) can be derived for each ion, and written as the Nernst 
equation. In the case of potassium (K+) it looks like: 

 

)
][
][

ln(
inside

outside

K
K K

K
Fz

RTV +

+

=        (2.1) 

 
In equation (2.1) the constants are: gas constant R [JK-1mol-1], temperature T [K], ionic 

valence z (=1 for potassium) and Faraday’s constant F [Cmol-1]. It is important to know that 
potassium has a larger concentration inside the cell than outside; while for sodium the case is 
opposite. As a result VK is negative and VNa is positive. Imbalance between the electrical and 
chemical forces leads to a current flowing through the membrane in order to restore the balance. 
Current density, defined as electrical current per cross-sectional area, can be described by 
equation (2.2) (the Goldman-Hodgkin-Katz equation). Talking about current density instead of 
current is reasonable since the ions cross a 2-dimensional membrane surface.  
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Equation (2.2) describes the relation between current density, membrane voltage and ion 

concentrations. The roles of gating parameter γK and maximum permeability pK are explained in 
sections 2.1.2.1 and 2.1.4 respectively. ξ equals RT/F. 

 
2.1.1 Passive membrane model 

The cell membrane can have various ion channels, ion pumps and currents that may be 
voltage, time and/or concentration dependent. Both the first and second order derivatives of the 
concentrations can affect the currents. The behavior of the ion channels can be divided into 
passive and active events. In a simple passive model one thinks of the membrane as being both 
resistive and capacitive. It is resistive because a certain amount of particles can diffuse through 
the membrane, and capacitive due to its double layer structure. Thinking in terms of these two 
electrical components, the basic membrane can be modeled as an RC-circuit, see figure 1.5B. 
The current flowing through the membrane depends on voltage according to: 

 

dt
dV

CI m
mC =         (2.3) 
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The biological meaning of Cm is that the ions inside and outside of the membrane will feel 
each other’s presence. At rest the net current flowing through the membrane is zero. The current 
flowing though the capacitive part of the membrane is proportional to the size of Cm (depending 
e.g. on membrane area and thickness) and the change in membrane potential over time. Although 
no actual ion crossing takes place one can imagine a redistribution of ions.  

In the passive model R represents the resistance a current will feel when crossing the ion 
channels. The current through R is therefore: 

 

m

restm
R R

VV
I

−
=           (2.4) 

 
Note that the time constant of this passive circuit will equal τpassive= RmCm. A small time 

constant means a faster response (voltage change) for an applied current. 
 

2.1.2 Active membrane model 
When ions cross the membrane they use their own dedicated ion channels (gates) as shown 

electrically in figure 2.2, a flow corresponding to the resistance explained in the previous section. 
To explain the dynamics of the voltage and time dependent ion channels, it is convenient to first 
make a linear approximation of the current from equation (2.2), which is widely used in 
electrophysiology and has been justified by experimental results:  

 
)()( KmKKmKKK VVgVVgi −=−= γ      (2.5a) 

KKK gg γ=         (2.5b) 
 
In equation (2.5a) potassium makes the example, but other channels behave the same. What 

the Ohm’s law-like equation says, is that current density is a function of the dimensionless gating 
variable γK (ε[0,1]), maximum conductance Kg , membrane potential Vm and Nernst potential 
VK. γK is time and voltage dependent. In equation (2.5a) the term (Vm-VK) can be seen as a 
driving force for the current. A big positive (negative) driving force will give a big outflow 
(inflow) of current, if the conductance allows it. The voltage and time dependence of γ varies in 
complexity between different channels. In this study the gates of main interest are the potassium 
and sodium gates, and therefore those will be explained here.  

 
2.1.2.1 Gating parameters 

The gating variable of potassium is modeled as: 
 

4nK =γ          (2.6) 
 
In equation (2.6) n is the activation gating parameter that has a value between zero and one. 

The physical interpretation is that n = 0 means the ion gate is closed, while n = 1 means it is fully 
opened. Four ion gates will govern the current flow through the ion channel, since γK is equal to 
the fourth power of n. The behavior of n is modeled with two voltage dependent parameters as: 
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nVnV
dt
dn

nn )()1)(( βα −−=       (2.7a) 

 
Equation (2.7) says that the change of n is described by a first-order differential equation. 

α(V) and β(V) are called rate constants, and the physical interpretation is that α(V) governs how 
the gate goes from closed to open state, while β(V) governs how it goes from open to closed. The 
rate constants increase with increased temperature T, which is accounted for by multiplying the 
right-hand side of equation (2.7a) with the Q10-factor: 3(T-293)/10. Equations (2.7b, c) shows how 
α(V) and β(V) are calculated for the potassium n gate in the model, to give an example of these 
parameters. The data used in the model behind this report is taken from experimental results 
reported by Schwarz et al. (1995). 
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Equation (2.7a) can be rewritten as: 
 

n
nn

nnnVnV
τ

βα
−
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nn
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Equation (2.8a) introduces the steady state value n∞ and gating time constant τn. These two 

voltage dependent parameters provide one way of understanding the time and voltage behavior 
of the gating parameter n. Their values are plotted against voltage in figure 2.1. 
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Figure 2.1 The time and voltage dependent gating parameters n, h and m can be modeled with A) voltage dependent 
steady state values and B) voltage dependent time constants. At resting potential (~88 mV) both sodium (m3h) and 
potassium (n4) conductance is low, see steady state values. The time constant of m is much smaller than the other 
time constants at resting potential, and hence this parameter will have the fastest response to a voltage change, 
which is important for the shape of the action potential (AP).  

 
The gating variable for sodium channels is modeled according to equation (2.9). Sodium flow 

cannot be modeled simply with activation gate m, but also inactivation gate h is required for a 
complete description. h is responsible for pushing down the sodium inflow that an increase of m 
leads to (see chapter 2.1.3). m and h are just like n, time and voltage dependent, and they are 
individually modeled with rate constants, time constants and steady state values in line with 
equations (2.7a) and (2.8a)  
 

hmNa
3=γ          (2.9) 

 

 
Figure 2.2. Electrical circuit used to model a membrane with sodium and potassium currents. Other currents such as 
chloride and calcium are imbedded in the leakage current. Figure taken from 
[http://www.anc.ed.ac.uk/~anaru/research/images/hhe.gif].  
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2.1.2.2 Circuit 
Figure 2.2 shows what the equivalent electrical model looks like when the active part is added 

to the passive circuit shown in figure 1.5B. Index L stands for leakage and represents all voltage 
independent ionic currents. The relation of the currents in the circuit is: 

 

dt
dV

CIIII m
mLKNam +++=       (2.10a) 

)( LmLL VVgI −=         (2.10b) 
 
Im in equation (2.10a) represents the net current flow over the membrane, and by setting Im = 0 

and dVm/dt = 0 one can study the steady state situation; see equations (2.11) and (2.12). Note that 
zero net current still allows in/outflow of ions, as long as it adds up to zero.  

 
0)()()( =−+−+− NamNaKmKLmL VVgVVgVVg     (2.11) 

 
The resting potential Vrest is defined by rewriting equation (2.11): 
 

NaKL

NaNaKKLL
mrest ggg

VgVgVg
VV

++
++

==      (2.12) 

 
Equation (2.12) describes which value the membrane voltage will reach when no net current 

flows through the membrane, or the value it will try to reach after a change of conductance. To 
make sense of (2.12) one can use a mechanistic interpretation (figure 2.3, where chloride and 
calcium would correspond to the leakage in the present model) and see that Vrest, the centre of 
mass, is balancing the seesaw of Nernst potentials (reversal potentials) weighted by their 
conductances. For example, if gNa increases Vrest will increase, and after some time also Vm will 
adjust to this value.  
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Figure 2.3. A way of picturing equation (2.12), in order to understand how the conductance of each ion gate affects 
the resting potential. Potassium has the highest conductance at rest (together with chloride, which in this model is 
close to equivalent with leakage conductance/voltage), and Vrest will therefore be close to VK  (and also VL). When an 
action potential is generated gNa increases dramatically, and Vm tries to follow the new Vrest (depolarisation) as can be 
seen in the second picture. The next step would be that gNa decreases while gK increases, leading to a falling Vm 
(repolarisation) [Dynamical Systems in Neuroscience] 

 
2.1.3 Action potential 

One of the consequences of the channel dynamics described in the previous section, is that a 
change of membrane potential might initiate what is called an action potential (AP). This change 
of membrane potential can origin from externally applied voltage, or from an adjacent part of the 
membrane. For a small positive voltage pulse (remember Vm is negative at rest) there will be a 
small depolarization, but the Nernst equations will make sure that balance is recovered by letting 
a short current drive Vm back to rest. If the pulse is bigger (typically >20 mV) something more 
interesting will happen, which will now be described.  

When observing the voltage dependence of sodium gating parameters m and h (figure 2.1A) it 
is clear that, at resting potential, h is rather high meaning the inactivation gate will not stop 
sodium conductance. At the same time m is low, so conductance will be low according to 
equation (2.9). Figure 2.1B shows that the time constant of m is overall low compared to n and h, 
so m will be affected faster than n and h. Therefore the first event to take place at a voltage 
change is that m will increase, leading to increased sodium conductance (m3h) according to 
figure 2.3 (lower sketch). The current flow that arises due to the ionic flow will even further 
depolarize (current will be inwards) the membrane, leading to an even higher value of m. The 
process goes on and sodium flow will increase dramatically for a short period of time. This is the 
depolarization phase seen in figure 1.4. When higher values of Vm are reached also the time 
constants of h and n will decrease and speed up these gates. h will drop to zero and inhibit the 
sodium flow, while n increases and opens up for an outflow of ions. This will force the 
membrane potential down to its resting potential, a process referred to as repolarization. The 
undershoot that can be seen in figure 1.4 is called refractory period, and during this process it is 
harder – and for a certain time interval impossible – for the membrane to depolarize (excitability 
decreases). 
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To sum up, the action potential consists of an increase in membrane potential (depolarization, 
due to rapid sodium activation) followed by a decrease (repolarization, due to sodium 
inactivation and potassium activation).  

 
2.1.4 Notes 

In the model used for this report equation (2.5a) is applied for the potassium and leakage 
currents. For sodium current the more complex equation (2.2) is used. The reason for these 
choices is that data is taken from human experimental results (Wessellink et al. (1999), Schwarz 
et al. (1995)) where conductance values are given for potassium and leakage, whereas a 
permeability value is given for sodium. It should also be mentioned that, instead of having the 
single potassium current as described above, one slow and one fast potassium current are 
assumed according to Schwarz et al. (1995): 

 
)(4

KmKfKf VVgni −=        (2.13a) 

)( KmKsKs VVgsi −=        (2.13b) 
 
In this report aspects of iKs are not considered, since this current does not play an important 

role in what is studied. In the sensitivity analysis both sodium permeability pNa and fast 
potassium conductance gKf is changed, and they can be expected to have the same influence since 
they have the same proportional relation to the currents.   

 
2.2 Cable theory 

So far focus has been on a membrane patch. In reality there are spatial aspects of action 
potentials. Since a depolarization at one point will also affect adjacent points, a more extensive 
model is needed. The models generally used derive from cable theory, and here the special case 
of a myelinated axon will be explained. See figure 2.4 for an anatomical sketch of the myelinated 
axon, together with its electrical equivalent.  

The myelin sheath is here considered a perfect insulator so that no current can flow through it. 
Fiber diameter D, axon diameter d and internodal length L are important factors in the model and 
will frequently be referred to in this report. l is the nodal length, and gA is the internodal 
conductance governing the current flow inside the axon. Vi and Ve are the intracellular and extra-
cellular potentials. At each node the membrane is modeled like the circuit in figure 2.2.  
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Figure 2.4. Anatomical sketch of an axon and its electrical equivalent. A myelinated axon consists of two parts. At 
the nodes of Ranvier there are active membrane gates as described. Between these nodes a myelin sheath, which no 
current can cross, covers the axon. The intracellular (or internodal) conductance between each node is gA. Figure is 
used with permission from Dr. Hubert Martens, Philips Research. 

 
Circuit analysis of figure 2.4 using Kirschoff’s law gives: 
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   (2.14)  

One can recognize the discrete second derivative nininini VVVV ,
2

,1,1, )2( ∆=−+ +−  and further 

nmneni VVV ,
2

,
2

,
2 ∆+∆=∆ . Now (2.14) can be rewritten as: 
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dV
C ,

2
,

2

,,
,

, )( ∆=∆−−+ ∑
=

   (2.15) 

 
Equation (2.15), normally called the cable equation, says that the second spatial difference of 

the external potential (right side) will directly affect the time and space derivatives of the 
membrane potential, and could be responsible for causing the initiation of an action potential. 
This driving term is usually referred to as the activation function, which will be explored in the 
next section. The second and third term in the cable equation can be thought of as secondary 
effects of the membrane change induced by the activating function; the sum of ionic currents 
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play a role in generating the action potential, and the second spatial difference of the membrane 
potential is also a consequence of the externally applied voltage.   

 
2.2.1 Activating function 

The activating function is the driving force that might be responsible for activating parts of 
the neuron, which is the reason why deep brain stimulation and other external nerve stimulation 
techniques (e.g. cochlear implants) really work. When the electrical field is applied, the axon will 
experience an activation function of varying shape and strength. Two factors that are important 
for the outcome of neurostimulation (and that are among the main focuses of this report), are 
fiber-electrode distance X (defined as the distance between electrode center and closest point on 
the axon) and fiber diameter D.  

Basic dimensional analysis of equation (2.15) with respect to these two factors gives 
information that is helpful in understanding the results, and is performed in the following two 
sections. 
 
2.2.2 Time constant 

The factor gA/Cm can be recognized from equation (2.15) as the inverted time constant that 
governs how the time derivative of the membrane potential depends on the activating function 
and nmV ,

2∆ . (This time constant should not be confused with the membrane time constant RmCm) 
All the ion channel voltages (in the sum term) have their own time constants. In the case of 
sodium this is not easily calculated since the equation (2.2) (the Goldman-Hodgkin-Katz 
equation) is used. Here, focus will be on the influence of the activating function, which is the 
driving force of extra-cellular stimulation, as mentioned earlier. Its (inverted) time constant 
gA/Cm can be written as:  

 

L
d

lrcdlc
Lr

d

C
g

amm

a

m

A

4
141

2

===
π

π

τ
      (2.16) 

 
The parameters of (2.16) are: internodal conductance gA, nodal capacitance Cm, axon diameter 

d, intra-axonal resistance ra, nodal width l and nodal capacitance cm. The value of gA/Cm is 
typically ~0.1*106 s-1 for the simulations in this report.  

 
2.2.3 Time derivative 

Now the influence of the activating function ( neV ,
2∆ ) on membrane voltage time change can 

be investigated. Equation (2.15) is approximated as: 
 

( )nenene
m

A
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m

Anm VVV
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g

dt
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,1,1,,
2, 2−+=∆= +−     (2.17) 

 
Equation (2.17) differs from (2.15) since the ionic currents and the second spatial difference 

of the membrane voltage are left out. The next approximation is to think of the electrode as a 
point source, in order to estimate the membrane voltage change at the node closest to the source. 
The potential experienced at a certain distance X from the electrode (point source) is: 
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e π

ρ
4

=        (2.18) 

 
In equation (2.18) ρe is the extra-cellular resistivity and Ielectrode is the current from the 

electrode. The potential is inversely proportional to the distance. Assume now that the point 
source is situated just above node ‘n’, and that the adjacent nodes (‘n-1’,’n+1’) lies at a 
(internodal) distance L from ‘n’. Then the potential at these nodes will be proportional to 
1/sqrt(X2+L2) according to Pythagoras. Equation (2.17) can now be written as: 
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Under the assumption that (1+(L/X)2) ≈ 1 the last expression above can be simplified as: 
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So 
 

3
,

X
dLI

dt
dV

electrode
nm −∝        (2.19) 

 
The approximation (1+(L/X)2) ≈ 1 in the derivation of (2.19) is valid when (L/X)2 is much 

smaller than 1. This is not true for big fibers (e.g. D = 10 µm) close to the electrode (e.g. X = 1 
mm). Equation (2.19) says that Vm will change faster (proportionally) if the internodal length or 
the axon diameter increases. It will change faster (cubically) as the fiber-electrode distance 
decreases. This simple analysis is useful for discussing the results of chapters 4 and 5.  

 
2.2.4 Action potential conduction velocity 

The action potential will travel along the axon with a certain velocity. According to 
Biophysics of Computation the action potential will travel with the conduction velocity described 
in equation (2.20), if the axon is approximated as an infinite passive cable. Rm is the specific 
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membrane resistance, Ri is the intracellular resistivity, d is diameter and Cm is specific membrane 
capacitance. The units differ from what is used in this report and a conversion is necessary. 
Expressed in parameters with correct units, definition (2.20) translates to equation (2.21).  

 

imm RR
d

C
v 1
=          (2.20) 

gg
c

v A
m

2
=         (2.21) 

 
In equation (2.21) Cm is the nodal capacitance in [F/m2], gA is internodal conductance in [S] 

and g represents the membrane conductivity in [S/m2]. In an active model g is the sum of gK, gNa 
and gL (recall circuit model in figure 2.2), but since the sodium channels are responsible for the 
dominating current flow at the beginning of an AP these will have the main influence. Therefore 
g could be replaced with gNa in equation (2.21). The online book Bioelectromagnetism also 
explains this, though it is expressed for an unmyelinated axon. For a myelinated axon on the 
other hand the book claims that the following velocity relation holds (agrees with modeling and 
experimental results): 

 
Dv ∝  or  Dv 6≈       (2.22) 

 
In equation (2.22) the fiber diameter D is given in µm, and conduction velocity v in m/s. Here 

it is considered that, for a myelinated axon, parameters like axon diameter, membrane 
capacitance, membrane resistance and length, all depend on the specified fiber diameter.  
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3 Sensitivity analysis 
There are many parameters involved in a DBS-model, where the electrical field from an 

electrode is coupled to the electrical model of a neuron. In order to understand the influence of 
each parameter it is necessary to begin with a simplified approach. Aspects of the electrical field 
induced by a DBS electrode will be described in chapter 4, and in this chapter, focus is on 
investigating the electrophysiological properties of an axon. This gives insight not only into DBS 
mechanisms, but nerve stimulation and electrophysiology in general.  

In order to investigate the influence of each parameter, and also to validate the model, a 
sensitivity analysis is performed. The parameters influence on conduction velocity and threshold 
stimulation current is studied separately.  

Conduction velocity is defined as the speed at which the action potential travels along the 
axon. It is interesting to study this parameter because it can be measured experimentally and 
hence validate or disprove the model. The velocity is also important for the response to the time 
dependent electrode stimulation, as can be seen in chapter 5 where different pulse shapes are 
studied.  

Threshold current is defined as the current needed to initiate an action potential, and instead 
of looking at a complete cable model, a single membrane patch is studied. 
 
3.1 Method 

A human myelinated axon was modeled according to papers by Wesselink et al (1999) and 
Schwarz et al. (1995), and implemented in Matlab. The membrane voltage Vm and the four gating 
parameters (m, h, n, s) are governed by differential equations as described in the previous 
chapter. During a specified time interval the values of these parameters were calculated using the 
differential solver “ode15s”, which is designed to solve stiff differential equations. Initial values 
were set to match those of the resting state. Within the time interval a stimulus current was 
injected into the membrane in order to initiate an action potential. (Note that no stimulus current 
is required when the electrical field is coupled to the axon model.) 

 
The (outer) fiber diameter D is connected to the (inner) axon diameter d and the internodal 

length L (length between each node), in a way that is not completely settled. Wesselink et al. 
(1999) suggest the following relations (A-fibers) that were fitted to experimental data from fiber 
diameters 5 < D < 15 µm: 

 

)1044.3/ln(1087.7
1081.176.0

66

6

−−

−

⋅⋅⋅=

⋅−=

DL
Dd

      (3.1) 

 
Since also diameters D < 5 µm are interesting it was necessary to define a relation when D < 5 

µm (the natural logarithm of a value < 1 is negative and cannot describe the length L), and 
therefore d = 0.3D and L = 29D was implemented for D < 4 µm. For D > 15 µm there is no 
problem with the logarithmic L-calculation.  
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3.1.1 Conduction velocity 
The axon was modeled as a cable with 41 nodes. For all simulations except when D was 

varied, D was set to 5 µm. Figure 3.1 shows a typical simulation, where a current was injected in 
node 1 which triggered an action potential that spread through the nodes. The AP spreads with 
what appears to be a constant speed in the middle part of the axon. The simulations of this 
chapter were performed in 37.5°C and with a 4 ms current stimulation of 0.25 nA (except for 
higher values of D when 1 nA was required for initiating an AP). In figure 3.1, a 0.2 nA stimulus 
was applied with a duration of 0.5 ms. Parameter values are presented in table 3.1. 

Calculation of velocity was performed by first calculating the average time difference ∆t 
between the AP peaks (maximum membrane voltage) of nodes 10-30. Then velocity could be 
calculated as v = L/∆t, where L is the internodal distance. The following parameters were 
individually varied from their initial values: cm, gA, pNa, gKf, gL, VL, T, and D.  

 
 

     node 41 
 
 
 
 
 
 
 
 
 
 
      node 1 

 
Figure 3.1. Result from simulation of 41 nodes of Ranvier connected to each other, to illustrate the method used for 
calculating conduction velocity.  Membrane voltage is shown as a function on time. A 0.2 nA current was injected 
into the first node with a duration of 0.5 ms. The nodes all had a resting potential of –88 mV, but in the figure they 
are offset by 20 mV. 
 
3.1.2 Threshold current 

Instead of using the model of 41 connected nodes described above, a simple patch was studied 
to investigate the amount of current needed to initiate an action potential. The threshold current 
Istim was calculated by injecting a test current and checking whether an AP was generated or not. 
If not, a slightly higher current was injected, and so on, until threshold was reached. The 
temperature was set to 25°C (for VL also 37.5°C was simulated). The current was applied for 50 
ms throughout the simulations. The following parameters were individually varied from their 
initial values (table 3.2): pNa, cm, d, T, gL and VL.  

 
3.2 Results 
3.2.1 Influence on conduction velocity 

The results obtained by changing parameter values and calculating conduction velocity v, are 
shown in figures 3.2 and 3.3 and table 3.1. For cm, and gA (figure 3.2A-D), the influence on 
velocity can be described according to equations (3.2) and (3.3), since the data could be fitted 
with a straight line when the natural logarithms of v against each parameter was plotted (log-log 
plot). 
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5.012.5239)ln(5466.0)ln( AA gvgv ∝⇒+=     (3.2) 
7.06275.0)ln(6920.0)ln( −∝⇒+−= mm cvcv     (3.3) 

 
In figure 3.3 velocities are plotted against the six remaining parameters. It was not possible to 

fit the results with exponentials as for the parameters above.  
Conduction velocity clearly increased with increased maximum sodium permeability pNa 

(figure 3.3A, similar shape as e.g. figure 3.2D) while it seemed unaffected when maximum (fast) 
potassium conductance gKf was changed (figure 3.3B). Conduction velocity increased linearly 
with decreasing leakage conductance gL (figure 3.3C), with increasing leakage voltage VL (figure 
3.3D), and with increased with temperature T (figure 3.3E). 

Increased fiber diameter had a positive influence on velocity (figure 3.3F). Two different 
regions can be recognized, separated by D = 4 µm. Below this value d and L are calculated 
differently due to lack of experimental data, as described earlier. For bigger diameter the relation 
is close to linear and the slope for 10 < D < 20 µm was approximated to 6.3.  

 
A)      B) 

  
C)      D) 

 
Figure 3.2. Conduction velocity v plotted against A) nodal capacitance cm and C) internodal conductance gA. Figures 
B) and D) show the natural logarithm of v versus the natural logarithm of cm and gA respectively (crosses), and also 
the linear curve fit (solid). 



   

20 

A)      B) 

 
C)      D) 

 
E)      F) 

 
Figure 3.3 Conduction velocity v plotted against A) maximum sodium permeability pNa, B) maximum (fast) 
potassium conductance gKf, C) leakage conductance gL, D) leakage voltage VL, E) temperature T and F) fiber 
diameter D.  
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Parameter: -50% -10% +10% +100% Original: 
pNa [m/s] -18 % -3 % +3 % +18 % 7.04*10-5 
cm [F/m2] +62 % +8 % -6 % -38 % 0.028 
VL [V]  -2 % +1 %  -0.088 
gL [S/m2] +2 % 0 % 0 % -3 % 50 
T [°C]  -7 % +7 %  37.5 
gKf [S/m2] 0 % 0 % 0 % 0 % 300 
D [m] -69 % -25 % +21 % + 189 % 5*10-6 
gA [S] -29 % -5 % +5 % +41 % 32*10-9 

Table 3.1. Table of sensitivity, describing how the conduction velocity changes for a change (-50, -10, +10, +100 %) 
in parameter value. For example, decreasing pNa to 50 % of its original value leads to a velocity decrease of 18 %. 
The original value of each parameter is shown in the rightmost column.  
 
 
3.2.2 Influence on threshold current 

The results from changing parameter values and calculating threshold current Istim, are shown 
in figure 3.4 and table 3.2.  

Increasing maximum sodium permeability pNa led to decreased threshold current (figure 
3.4A), and the curve has a stronger negative slope for lower values of pNa. Increasing nodal 
capacitance cm led to linearly increasing threshold according to figure 3.4B. Also the relation 
between axon diameter d and Istim was linear; twice as high stimulation was needed for a doubled 
diameter (figure 3.4C). The excitability of the membrane patch decreased linearly with 
temperature T (figure 3.4D). The threshold current increased with increasing leakage 
conductance gL according to figure 3.4E.  

The value of leakage voltage VL was varied for T = 25°C and T = 37.5°C respectively. 
Excitability increased with higher VL and lower T according to figure 3.4F. 
 
 
Parameter: -50 % -10 % +10 % +100 % Original: 
pNa [m/s] +63 % +9 % -8 % -59 % 7.04*10-5 

d [m]  -10 % +10 % +98 % 1.99*10-6 
cm [F/m2] -3 % 0 % 0 % +6 % 0.028 
VL [V]  -49 % +48 %  -0.085 
gL[S/m2] -35 % -7 % +8 % +87 % 100 
T [°C]  -12 % +10 %  25 

Table 3.2. Table of sensitivity, describing how the current threshold changes for a change (-50, -10, +10, +100 %) in 
parameter value.  For example, decreasing pNa to 50 % of its original value leads to a threshold increase of 63 %. 
The original value of each parameter is shown in the rightmost column.  
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A)      B) 

 
 C)      D) 

 
E)      F) 

 
Figure 3.4. Threshold current Istim plotted against A) maximum sodium permeability pNa, B) nodal capacitance cm, C) 
axon diameter d, D) temperature T, E) leakage conductance gL and F) leakage voltage VL. 
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3.3 Discussion & conclusions 
3.3.1 Conduction velocity 

The formula (2.21) can be used to compare the influence of cm, gA, and pNa on conduction 
velocity v: 

 v is proportional to the square root of internodal conductance gA. This agrees with formula 
(2.21) and makes sense since higher conductance makes it easier for the intracellular current 
to flow, and thus makes it easier for the AP to spread through the axon.  

 v is proportional to cm
-0.7 (nodal capacitance), while formula (2.21) predicted cm

-1. So the 
formula (valid for a passive cable) cannot accurately predict the velocity for an active cable. 
Still it is reasonable that larger capacitance has a negative influence on velocity, since the 
time constant of the RC-like electrical circuit increases, slowing down the activation. 

 Increasing pNa (maximum sodium permeability) means higher sodium current, which leads 
to a higher rate of membrane potential change at the beginning of the action potential. This 
should therefore lead to higher conduction velocity (the AP can be initiated faster at each 
node). Increased sodium permeability is also expected to lead to increased conduction 
velocity according to equation (2.21), where g affects velocity in a square root behavior. It 
can be confusing that sodium permeability has the dimension [m/s] while g has dimension 
[S/m2], but earlier in this report (chapter 2.1.4) it was stated that permeability and 
conductivity should have the same influence since they both stand in direct proportion to the 
ion current. Although the relation could not be fit to an exponential, like for the parameters 
above, it is still clear that v increases with increasing pNa., with a behavior that resembles of 
square-root. 

 Potassium channels have a relatively large time constant at the beginning of the action 
potential, which decreases only with increased membrane voltage. Changing maximum 
(fast) potassium conductance gKf should therefore have little effect on conduction velocity, 
since the potassium current only plays a role in the later half of the AP, in the repolarization 
phase. The results confirmed this. 

 Leakage conductance gL (figure 3.11) is responsible for current flow in the passive 
membrane, but does not play an equally big role in the action potential generation. This is 
easily understood by looking at figure 2.3 (leakage is there represented as chloride), since it 
will take more time for an AP to generate if gNa becomes less dominant on the seesaw. 
Results confirmed that conduction velocity decreases with gL. 

 Also the influence of leakage voltage VL on conduction velocity can be predicted from 
looking at figure 2.3. Increased VL results in a resting potential that is closer threshold level 
and should therefore make it easier for the AP to be generated, which was confirmed by the 
results.  

 A change in temperature T affects many factors in the model, such as rate constants, sodium 
current and potassium equilibrium potential. Rate constants are highly temperature 
dependent and will be affected the most by a temperature change. This model contains eight 
rate constants; αn, βn, αs, βs, αm, βm, αh, β h. For higher temperatures the rate constants reach 
higher values and the ion gates will open/close faster. This means that the action potential 
can be initiated faster and the conduction velocity will increase, which the simulation results 
showed. 

 Conduction velocity should according to equation (2.22) increase proportionally with fiber 
diameter as v ≈ 6D, and for higher values of D (10 < D < 20 µm) the simulations gave a 
good fit: v ≈ 6.3D.  
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3.3.2 Threshold current 

The equation in which Istim plays a role is helpful for analyzing the results: 
 

m

LKsKfNastimm
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IIIII

dt
dV −−−−

=       (3.4) 

 Increased pNa (maximum sodium permeability) means sodium ions will more easily flow 
into the axon. Higher sodium current means the membrane will depolarize easier, which 
increases the excitability. The simulation results confirmed this, and showed that the effect 
is stronger for smaller values of pNa. 

 Increasing nodal capacitance cm means it takes more time to charge the membrane so more 
current will be needed to reach AP threshold. Also equation (3.4) reveals that higher 
stimulation current will be needed when capacitance increases, in order to have balance in 
the equation. The results showed a slight linear increase in Istim for increased cm. 

 All currents in equation (3.4) other than Istim are linearly dependent on d, and also the 
capacitance, so d cancels out. Istim, however, needs to increase proportionally with d since Cm 
increases proportionally with d. This is also what the simulation results showed. Here no 
spatial aspects are taken into account since only a patch of a membrane is studied, but it 
should be noted that the influence of diameter in the case of external stimulation (chapter 4 
and 5), is opposite (threshold decreases with increased diameter).  

 Even if an increase of temperature T leads to faster membrane changes (due to higher rate 
constants as mentioned in the previous paragraph) it is not obvious what the influence on the 
stimulus threshold will be. Intuitively the excitability would increase since the rate constants 
increases and the response of the ion gates becomes faster. However, equation (2.2) (used 
for sodium in the model) says that the current decreases with increased temperature. This 
suggests decreased excitability, which was seen in the simulation results.  

 To analyze the influence of leakage conductance gL, figure 2.3 is again useful. The resting 
potential is forced further away from threshold level for increased gL, in the same way that 
was discussed for the influence on conduction velocity. This should lead to higher Istim, 
which agrees with the results. 

 In the same way higher leakage voltage VL will lead to increased excitability since the 
resting potential comes closer to threshold level, which is confirmed by the results. 

 
3.3.3 Comparison: Velocity vs. Threshold 

A number of interesting points can be noted, when comparing the results from single node 
simulations with axon simulations. Increased sodium permeability both facilitates stimulation of 
a single node and speeds up the action potential spread in an axon. Increased nodal capacitance 
makes it harder to generate an action potential, and conduction velocity decreases. Higher 
temperature leads to decreased excitability but increased conduction velocity. A higher leakage 
voltage value results in drastically increased excitability, while the effect on conduction velocity 
is not as strong. The leakage conductance, which is closely connected leakage voltage, has a 
similar but opposite behavior. Increasing it leads to a drastically diminished excitability while 
conduction velocity is hardly affected at all.  
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4 Neuron in an electric field 
When a neuron is positioned in an electrical field it is the second spatial difference ∆2Ve of the 

extra-cellular potential (in the direction of the fiber), which decides what current will be injected 
through the membrane, according to equation (2.15). This means that the difference in voltage of 
adjacent nodes will have direct influence on whether the axon becomes hyperpolarized, 
depolarized or stays unchanged. Important factors are for example: electrical field distribution 
from the electrode, voltage polarity, tissue conductivity, distance between axonal nodes and 
position of the neuron in relation to the electrode.  

 
In this chapter four major aspects will be investigated:  
- Influence of fiber diameter D: The model parameter D is important for the outcome of 

DBS since it both affects the electrophysiological factors of the axon (according to the 
previous chapter) and the way the electrical field will be experienced (internodal length 
depends on D). Two different ways of calculating d and L from D are investigated. 

- Influence of electrode-fiber distance: Both the amplitude and the shape of the activation 
function are affected by how far away the fiber lies from the electrode. It is interesting for 
DBS applications since the target nerves (bundle of neurons) are situated at a certain 
distance, which may have a big influence on how easy they are stimulated.  

- Influence of fiber orientation: The shape of the activating function depends on how the 
fiber is orientated with respect to the electrode. It might be important for the outcome of 
DBS, since the target nerves have a certain direction in the brain. The influence on 
threshold is investigated for varying electrode-fiber distance. 

- Influence of pulse polarity: The input to the electrode is characterized by its polarity, 
pulse width and amplitude. The amplitude will be used as a measure of how easy the 
fiber is stimulated, the pulse width will be fixed and the results from both polarities will 
be compared. The pulse may also consist of several phases and have a wide range of 
shapes. Monophasic pulses will be used for the simulations of this chapter, while biphasic 
pulses are studied in chapter 5.  

 
4.1 Method 
4.1.1 Physics 

To model the electrode a cylindrical shape was used, similar to the Medtronic DBS electrode, 
see figure 4.1. For each applied voltage, the corresponding pulse form at the electrode surface 
was calculated, and then used for calculating the potential at different spatial points (e.g. the 
nodes of Ranvier) assuming homogenous tissue conductivity (σ = 0.25 S/m). The distribution of 
the electrical field was modeled using COMSOL MultiPhysics (module: conductive media DC). 
The work of modeling the spatial distribution was not a part of this thesis, and therefore not all 
details will be given. An axisymmetric head model with an outer diameter of 9 cm was assumed, 
consisting of four areas; skull (5 mm thick, σ = 0.02 S/m), dura mater (0.36 mm thick, σ = 0.065 
S/m), cerebrospinal fluid (3.1 mm thick, σ = 1.7 S/m) and (gray) brain tissue (81.54 mm thick, σ 
= 0.25 S/m). A mesh size of approximately 60,000 nodes was used. Output from the FEM model 
was the distribution of the potential V (solution to 0=∇⋅∇ Vσ ). The outer surface of the head 
was grounded. Note that gray brain tissue is used for calculating the electrical field, 
corresponding to unmyelinated neurons, while the neurons modeled are myelinated, or “white”. 
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Figure 4.1. 2D-slice of the potential distribution from a DBS electrode (white) on a probe (grey), generated from the 
FEM model described in the text. Negative voltage is applied in the cylindrical electrode (1.5 mm high, 0.6 mm 
radius). Figure is used with permission from Dr. Hubert Martens, Philips Research. 
 

      
Figure 4.2. Formula used for calculating shortest point-to-line distance, with explaining figure. Figure taken from 
[http://mathworld.wolfram.com/Point-LineDistance3-Dimensional.html]  
 

 
Figure 4.3. Spherical coordinate system in relation to Cartesian coordinate system. Figure taken from 
[http://www.motionscript.com/mastering-expressions/img/spherical-coords.gif] 

The electrode was modeled with a height of 1.5 mm and a radius of 0.6 mm. The electrode 
was placed along the z-axis (see coordinate system of figure 4.3) with its center in origin. A 
stimulus voltage was applied during 100 µs. 



   

27 

Figure 4.2 illustrates how the shortest distance between a line (e.g. axon) and a point (e.g. 
electrode center) is calculated. Figure 4.3 illustrates the coordinate system used in the model. 

 
4.1.2 Passing fiber 

It was studied how a passing fiber – defined as an axon with both soma and synaptic areas far 
away from the electrode - acts during extra-cellular stimulation. The threshold level of the 
applied voltage (Vth) is a good measure of how the electrical field from the electrode affects the 
electrical activity of the axon. This threshold is defined as the voltage needed for initiating an 
action potential that spreads to (at least) one end of the fiber.  

The Vth calculation was initiated by guessing a rather high voltage to see whether an AP was 
generated at the ends or not. If not, half the voltage of the previous increase was added. When an 
AP was generated the voltage was decreased with half of the previous step. This algorithm 
continued until the step length reached a small value, typically 10-3-10-5 V. The axon had the 
same properties as described in chapter 3.  

In order to simulate the passing fiber, the axon has to be sufficiently long, so that the 
boundary effects of the ends do not influence the result. The length of the axon equals LN (if 
node length is neglected), where L is the distance between two nodes and N is the number of 
nodes. L is important for the value of ∆2Ve as seen in the dimensional analysis in chapter 2. 

L is according equation (3.1) directly depending on (outer) fiber diameter D, but for the 
simulations presented in this chapter and the following, an additional, different way of 
calculating L and (inner) axon diameter d is implemented, see equations (4.1) where d, L and D 
are expressed in µm. These relations fit experimental data (on thinner axons) from papers by 
Berthold et al. (1983) and Haug (1967).  

 

12.1146
)018.05.0(

dL
DDd

=

+=
      (4.1) 

 
After comparing the results of using 50 and 100 nodes respectively it could be concluded that 

50 nodes was enough to simulate a passing fiber with end terminals infinitely far away, except 
for the extreme cases of small fibers (e.g 2 µm) far away (e.g 5 mm) from the electrode.  

A way of checking if the number of nodes is big enough is to look at plots of how the AP 
spread through the axon over time. An example of this is shown in figure 4.4, where time is 
frozen when the shape of the activating function is revealed in the membrane potentials. If a plot 
of the activating function shows that the electrical field affects the end nodes, the number of 
nodes has to be increased (the fiber is supposed to act like it has infinite length). Figure 4.4 
shows that for negative stimulation (right plot), the middle nodes (closest to the electrode) will 
be highly depolarized, while adjacent parts will be slightly hyperpolarized. In the next time step 
the AP created at the center node will spread in both directions. For positive stimulation (left 
plot) the middle is hyperpolarized, while the adjacent nodes get enough depolarized to send an 
AP in each direction.  

In this chapter fiber position will be denoted as fibmid = [x y z], meaning the center node of 
the fiber will be situated at coordinates (x, y, z) mm with respect to origin. Fiber direction will be 
denoted as fibdir = [x y z], where e.g. [1 0 0] would mean the fiber is oriented along the x-axis.  
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Figure 4.4. Membrane potentials shown for positive (left) and negative (right) voltage when a fiber of 50 nodes is 
placed at coordinate (x=2, y=0, z=0 mm) orientated in a z-direction. Time is frozen just after the electrical field has 
been applied, and therefore the shape of the activating function is reflected.  

 
4.2 Results 

The results in this chapter can be divided into influence of fiber diameter, fiber-electrode 
distance, fiber orientation and pulse polarity. 

 
4.2.1 Influence of fiber diameter 
4.2.1.1 Influence on voltage threshold 

Results are here presented describing the relation between fiber diameter D and the voltage 
needed (Vth) to generate an action potential that spreads to the ends of a passing fiber. Figure 4.5 
shows how Vth changes with D when the fiber is placed in the y-direction and moved in the x-
direction. The amplitude of Vth decreased for an increasing fiber diameter, both in the case of 
positive (left) and negative (right) stimulation. The absolute threshold values of the three curves 
representing ‘Method 2’ were fitted according to equation (4.2), where V0, V1 and p are 
constants; see result of this in table 4.1. 

 
p

th DVVV 10 +=         (4.2) 
 

 Positive voltage Negative voltage 
x [mm] 2 2.5 3 2 2.5 3 
V0 0.53 0.67 0.86 0.11 0.15 0.18 
V1 3.54*10-10 2.14*10-10 7.14*10-11 2.04*10-10 1.59*10-10 1.19*10-10 
p -1.75 -1.84 -1.96 -1.70 -1.76 -1.82 

Table 4.1. Result of fitting threshold-diameter relations with Vth = V0+V1Dp. 
 
4.2.1.2 d-L-D relation 

The result from using equations (3.1) can be seen in figure 4.5 as solid lines (circles mark data 
points). The result from using equations (4.1) is shown as dotted lines (crosses mark data points). 
The former way of calculating L resulted in two different regions of Vth. The latter case gave a 
smoother curve and smaller thresholds. The two variants (one originating from small fibers, the 
other from larger) of d-L-D relations gave different results so a choice had to be made since 
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further modeling requires comparison of results from different fiber diameters. Equations (4.1) 
were chosen for the remaining work of the present report, due to the smoother influence. For the 
remaining simulations presented in this chapter, fiber diameter was fixed to D = 6 µm. 

  

 
Figure 4.5. Voltage thresholds (left: positive voltage, right: negative voltage) for varying fiber diameter D. 
Equations (3.1) were used for the solid line (“Method 1”) at a 2 mm distance. Equations (4.1) were used for the 
dotted lines (“Method 2”) where distance is varied from 2 to 3 mm. The fiber is orientated along a y-direction for all 
cases. 
 
4.2.2 Influence of fiber-electrode distance 

Figure 4.6 shows the results from a y-directed fiber being moved around in the x-z-plane. It 
shows that the threshold amplitude of the applied stimulus (left: positive, right: negative) 
decreases as the fiber moves away from the electrode (cylindrical with its center in origin, radius 
0.6 mm and height 0.75 mm, as mentioned earlier).  

 
Figure 4.6. Voltage threshold Vth (shown as color) when a y-directed fiber is moved along both x-and z-directions. 
The region below z = 0 where not simulated since this would give an identical result, due to symmetry. Left: 
positive voltage. Right: negative voltage. D = 6 µm.  

 
A different way of plotting the data in figure 4.6, is to use the formula of figure 4.2 to 

calculate the shortest distance between the fiber and the electrode center; results can be seen as 
red dots in figure 4.7.  
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Figure 4.7. Thresholds from figure 4.6 plotted against the shortest fiber-electrode distance (red dots). Green curves 
show thresholds from an x-directed fiber being moved in a z-direction. Blue curves show thresholds from a z-
directed fiber being moved in an x-direction. Left: positive voltage. Right: negative voltage. D = 6 µm. 
 

The green and blue curves of figure 4.7 were included for comparison to simulations results 
that will now be explained, and are again plotted in 4.8 for clarity. The green curves are results 
from a test where an x-directed fiber was moved from fibpos = [0 0 0.8] → [0 0 4]. Physically 
this means the axon would be crossing right through the probe, which is impossible. In the model 
it was assumed that the probe was not present during this test. The blue curves are results from a 
test where a z-directed fiber was moved from fibpos = [0.8 0 0] → [4 0 0]. 

 

 
Figure 4.8. Voltage threshold Vth for varying fiber distance for positive (left) and negative (right) voltage. 
Green/blue curves represents an x-directed/z-directed fiber placed above/right of the electrode (identical to 
green/blue curves of figure 4.7). Red circles represent a fiber in the x-z-plane being rotated from φ = −π/2 to 
φ = π/2. (Distances less than 0.8 mm are not shown.) D = 6 µm.  

 
4.2.3 Influence of fiber orientation 

The threshold-distance curves in figure 4.8 (blue and green curves) gave important results for 
analysis of the influence of fiber-electrode distance, but they also reveal a difference in voltage 
threshold between x-directed and z-directed fibers. Before analyzing this difference the red 
circles should be explained. These are data points from simulations when the fiber orientation 
was varied from φ = 0→π/2 with θ = 0. The position of the fiber varied from fibpos = [3 0 0] 
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→ [3 0 2]. In order to make the results comparable, the shortest fiber-electrode distance was 
again calculated. In figure 4.8 it can be seen that the thresholds from fibers with angles varying 
from φ = 0 → π/2, are enclosed between the thresholds for the two extremes.  

To compare the thresholds (figure 4.8) from fibers in an x-direction (green) with fibers in a z-
direction (blue), the curves can be divided with each other (Vth(x-dir) / Vth(z-dir)), see result in 
figure 4.9. For negative stimulation (red curve) the ratio is quite high. Close (1 mm) to the 
electrode x-directed fibers need ~50 % higher stimulation voltage in order to generate an action 
potential compared to z-directed fibers at the same distance. Further away (4 mm) there is less 
difference, ~25 %. The same decreasing trend is found for positive stimulation, but the ratio is 
lower: ~30 % and ~15 % respectively.  

 
Figure 4.9. Influence of fiber orientation on voltage threshold. Threshold values from x-directed and z-directed 
fibers are divided and plotted against fiber-electrode distance. Close to the electrode the threshold difference is big 
(50 % for negative stimulation, 30 % for positive stimulation). Further away there is less difference (25 % and 15 % 
respectively). 

 
Figure 4.10. Rotating the passing fiber in the y-z-plane has little effect (~2 %) when being far (3 mm) from the 
electrode center for both positive and negative voltage. Closer to the electrode the difference in Vth between a z-
directed and y-directed fiber is 5 % (negative) and 9 % (positive) respectively. D = 6 µm. 
 

To further explore the influence of orientation, simulations were performed to investigate how 
the excitability of fibers in the y-z-plane changes with orientation. Figure 4.10 shows the 
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threshold levels for four cases; fibmid = [1 0 0] → [3 0 0], φ =−π/2→π/2 (θ = π/2). Rotating the 
passing fiber in the y-z-plane had little effect (~2 % for both positive and negative stimulation) 
when being far (3 mm) from the electrode center for both positive and negative voltage. Closer 
to the electrode (1 mm) the difference in threshold between a z-directed and y-directed fiber is 5 
% (negative) and 9 % (positive) respectively.  

 
4.2.4 Influence of pulse polarity 

In all simulations presented in this chapter, both positive and negative voltage was applied. 
When comparing the results it appears that higher voltage amplitude is needed for positive 
stimulation. The ratio Vth(pos)/Vth(neg) was calculated to 4±0.4 using the data points from 
figures 4.5, 4.8 and 4.10. The higher ratios were found when moving in a radial direction from 
the electrode, while lower ratios came from when the fiber was located above/below the 
electrode. 

 
4.3 Discussion & conclusions 

It was sufficient to use 50 nodes to simulate the passing fiber. This is because the fiber-
electrode distance X was not big when the fiber diameter D was small, which would have given a 
too broad activation function. The influence of X and D on the activation function will be 
explained in section 4.3.1. Furthermore, the boundary conditions should be set so that the end 
nodes give as little influence as possible (no action potential should be generated at the ends).  

 
4.3.1 Fiber diameter 

For a simple monophasic pulse shape, voltage threshold decreases for increasing diameter. 
This result might seem contradictory to the conclusion from chapter 3.3.2 that current threshold 
increases with axon diameter, but in that case only a patch was studied (meaning no spatial 
aspects are taken into consideration). Here many nodes are connected and the most important 
influence of axon/fiber diameter is that also the internodal distance increases with diameter, 
leading to larger distance between the nodes (nodes of Ranvier). Larger nodal distance leads to a 
larger voltage difference and therefore larger current through the membrane. D is important since 
it is directly connected to internodal distance and therefore related to the strength of the 
activating function (second spatial difference of the extra-cellular voltage). Also the dimensional 
analysis from section 2.2.3 is useful for analyzing the threshold-diameter relation. Increased L 
leads to bigger change in membrane potential according to equation (4.3), which corresponds to 
equation (2.19) but with the assumption that distance and electrode current is fixed.  

 

dL
dt

dV nm ∝,         (4.3) 

 
Incorporating the fiber diameter dependence of d and L leads to (fitted in matlab for 2 < D < 

10 µm): 
 

4359.231012.267 DdL ⋅≈        (4.4) 
 
The dimension analysis hence predicts that the membrane potential change (a measure of 

excitability) is affected by D to the power of p = 2.44 (p from equation (4.2)), 
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suggesting 44.2−∝ DVth . This is an overestimation of the results from distances x = 2, 2.5, 3 mm 
in table 4.1: p = -1.75, -1.84, -1.96, -1.70, -1.76, -1.82. Note that p increases with fiber-electrode 
distance. More data is not available from the simulations performed, but it is noted that D2 is a 
reasonable estimation of how the threshold level of a passing fiber in an electrical field depends 
on fiber diameter. It would be interesting to further explore the influence of diameter in future 
investigations. 

 
4.3.2 Fiber-electrode distance 

Activating function reasoning can also explain the influence of fiber-electrode distance X: 
bigger distance gives rise to higher voltage threshold. Two reasons explain this relation. First, the 
strength of the electrical field decreases with distance from the source. Second, the distance 
between the equi-potential lines (of the electrical field) will increase as distance increases, 
resulting in less difference in nodal extra-cellular voltage (same effect as decreasing length). The 
dimensional analysis (equation 2.21) suggests that X affects the change in membrane potential 
as: dVm/dt ~ 1/X3. In the next chapter a deeper analysis of this threshold-distance relation will be 
performed.  

The influence of fiber-electrode distance on voltage threshold can further be understood by 
studying figure 4.11 (left: fiber in z-direction, right: fiber in x-direction), where the activation 
function is plotted for varying distance and positive voltage. Further away from the anode the 
electric field will be weaker and the difference in nodal extra-cellular voltage is less. The reason 
for showing the figure in this discussion, instead of in the result section, is that it is a tool for 
analysis rather than a simulation result (the response of the membrane voltage is not calculated).  

 

 
Figure 4.11. Activation functions for positive voltage and varying fiber distance. Left: Fiber oriented in a z-direction 
(y-direction would give very similar shape) placed at x = 2, 2.5 and 3 mm. Right: Fiber oriented in an x-direction 
above the electrode, placed at z = 2, 2.5 and 3 mm.  Increasing the fiber-electrode distance leads to a broader spatial 
voltage profile. D = 6 µm.  

 
4.3.3 Fiber orientation 

When comparing the behavior of a fiber lying with different orientations with respect to the 
electrode one can see clear differences in the shape of the activating function curve. In figure 
4.11 two types of activating function curves are plotted, as described above. They differ in shape, 
especially at the middle nodes. From the simulation results a number of observations regarding 
orientation influence can be made:  
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When the fiber is oriented in the y-z-plane with its centre at z = 0, the direction of the fiber is 
not very important. Close to the electrode (1 mm from center, 0.4 mm from surface) a 90°-
change led to a threshold change of 5 % for negative stimulation and 9 % for positive 
stimulation. For more distant fibers (3 mm from center, 2.4 from surface) a change of 2 % was 
observed for both positive and negative stimulation. The conclusion can be expressed as this: If 
the vector (‘r’ in figure 4.3) reaching from the electrode center to the closest point on the fiber 
has a radial direction with respect to the cylindrical electrode, then the orientation of the fiber 
does not have a very important influence on threshold. These fibers can temporarily be described 
as having a ‘radial’ r-vector. 

Figure 4.9 revealed that the orientation influence is bigger when x-directed fibers above the 
electrode are compared to fibers with a radial r-vector. The x-directed fibers can be described as 
having the closest node in an axial direction with respect to the center of the cylindrical 
electrode, or as having an ‘axial’ r-vector. Results showed that stronger stimulation is required 
for the fibers situated above the electrode (with an axial r-vector): 50/30 % more for 
negative/positive stimulation at a 1 mm distance, 25/15 % more for negative/positive stimulation 
at a 3 mm distance. This threshold difference can be understood from looking at the activating 
function of the two cases, see figure 4.11. Fibers in the x-y-plane (right) experiences an 
activating function with lower amplitudes than fibers touching the imagined lateral surface, and 
will therefore require stronger stimulation. 

To conclude, fibers with a radial r-vector are more easily stimulated than fibers having an 
axial r-vector.  

 
4.3.4 Pulse polarity 

Looking at the activating functions also gives insight into the influence of pulse polarity. For 
a negative (cathodic) pulse, the action potential will be generated in the nodes closest to the 
electrode (main lobe), while a positive (anodic) pulse will excite nodes further away (side lobes). 
The amplitude of the main lobe is higher (~4 times) than the amplitudes of the side lobes. 
Compared to a negative pulse the positive pulse needs to have much higher amplitude (~4 times) 
in order to create an action potential.  
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5 Pulse shape influence 
In chapter 4 the pulse used to find the threshold voltage consisted of a single phase, anodic or 

cathodic. In reality, however, it is actually better if the pulse is charge-balanced, meaning it 
consists of both a negative and positive phase, with amplitudes and durations that result in an 
overall zero charge. This charge-balance is important in order to avoid corrosion at the electrode, 
and tissue damage due to accumulation of electrochemical byproducts.  

In this chapter the following aspects will be investigated: 
- Which pulse shape is most efficient for exciting fibers (minimizing the product of phase 

amplitude and duration)?  
- What is the influence of fiber-electrode distance (in this chapter noted as X) and fiber 

diameter (D) for varying pulse shapes?  
- Can the behavior of the threshold-distance or threshold-diameter relations be changed for 

certain biphasic, charge-balanced pulse shapes? 
 

5.1 Method 
In principle the method of chapter 4 is used also in this chapter. One difference is that here 

both diameter and fiber-electrode distance are often changed simultaneously. Therefore care has 
to be taken to make sure that enough nodes are used in the simulations. For example, if a fiber 
with small D (leading to small L) is placed far away from the electrode there will only be small 
differences among the nodal voltages. A very high stimulus voltage will then be needed, and 
unless the number of nodes is sufficiently big also the end nodes (that are supposed to be 
infinitely far away from the electrode) will be affected by the strong electrical field. 100 nodes 
were required in many simulations, while 50 nodes were enough in chapter 4. 

The pulse shape used for the simulations is shown in figure 5.1. Parameters of the biphasic 
pulse that can be varied are: pulse polarity (anodic-first or cathodic-first), pulse width (PW), ratio 
(R) between the pulse widths of the first and second phase, and interphase gap (IPG). PW, which 
in the previous chapter was fixed to 100 µs, will here be varied from 10-200 µs. The duration of 
the interphase gap will vary from 0-400 µs, and R will vary from 0.05-50. Note that Vth 
(threshold level of applied stimuli) is calculated as earlier, again being a measure for fiber 
excitability.  

 Vth 

  PW 

 

   IPG PW*R 
Vth

      R  
Figure 5.1. Pulse shape parameters. Anodic-first cathodic-second shown, but polarities can also be reversed. Charge-
balance is maintained since the areas of the first and second phase are equal, independent of ratio (R).  
 
5.1.1 Energy efficiency 

As a measure of how much charge will be injected into the brain during stimulation, one can 
multiply the amplitude of the first phase with its duration, Vth*PW. This value, equal to the area 
of each of the phases in figure 5.1, is a measure for how effective the stimulus pulse is in 
activating the fiber. In the simulations, a fiber with 50 nodes of Ranvier and fiber diameter 6 µm 
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was placed in a z-direction (see figure 4.3) at a distance of 2 mm from the electrode center. Both 
positive(anodic)-first and negative(cathodic)-first pulse shapes were investigated.  

 
5.2 Results 
5.2.1 Energy efficiency 
5.2.1.1 Anodic-first 

As a start anodic-first and cathodic-second pulses were investigated since McIntyre et al, 
(2000) suggest this is favorable for activation of fibers. After a number of initial simulations 
(results not shown in this report) it became clear that:  
• Increasing IPG strongly reduces the amount of charge injection needed for initiating an 

action potential.  
• Large PW together with small R results in reduced charge injection.  
• With IPG = 0 the ratio R played an important role, while it seemed less influential as IPG 

increased. (Suggests that the two phases should be separated for minimizing the charge 
injection.)  

These observations motivated that a good starting point in finding an efficient pulse shape is 
to find a value of IPG that strongly decreases the amount of injected charge. In figure 5.2A the 
charge injection is plotted for a number of values of PW and R. The biggest changes in charge 
injection occurred for IPG < 200 µs. The pulse widths of these simulations were big while the 
ratios were small, which was motivated by the initial tests mentioned above.  

With IPG fixed to 200 µs, the influence of PW and R was investigated. PW was varied from 
40-600 µs and R from 0.06-4. It became clear that the pulse width of the second (negative) phase 
was the most important factor, which can be seen in figure 5.2B where charge injection is plotted 
against the pulse width of the second phase (equals PW*R). Minimum charge injection was 
found when the negative phase was short. The same behavior was observed also when distance 
was changed from 2 to 5 mm, and diameter from 6 to 3 µm respectively. Data indicated that 200 
µs is a reasonably good value of IPG also for other distances and diameters.  

 
A)      B) 

 
Figure 5.2. A) Charge injection plotted against interphase gap for varying pulse width PW (200-400 µs) and ratio R 
(0.05-0.2), for anodic-first pulses. B) Charge injection plotted against PW*R (pulse width of the second phase), for 
anodic-first pulses. IPG is fixed to 200 µs. Less charge is injected for short negative phase duration D = 6 µm. Fiber 
placed 2 mm from electrode center.  
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5.2.1.2 Cathodic-first 

Figure 5.3A shows the influence on charge injection when pulse polarity was switched to 
cathodic-first anodic-second. For R = 1, 10 and PW = 30, 40, 60 µs, charge injection is plotted 
against IPG varying from 0 to 400 µs. For all three values of PW, R has a big influence for low 
values of IPG, while for higher values only PW has a big influence on the charge injection. IPG 
= 200 µs again proved to be a good choice for maximizing efficiency since this resulted in 
minimum charge injection.  

With the interphase gap fixed to 200 µs, PW was varied from 10 to 100 µs for ratios 0.5 < R < 
10, see figure 5.3B. It was clear that also in this case negative phase duration is the most 
important factor for the level of charge injection. The positive phase appeared to have very little 
influence with a big enough IPG, since varying ratios barely affected the result. The variation of 
data is also less with respect to the anodic-first case (figure 5.2B).  

 
A)      B) 

 
Figure 5.3. A) Charge injection (absolute value) plotted against interphase gap IPG for varying pulse width PW (30, 
40, 60 µs) and ratio R (1, 10), for cathodic-first pulses. Also many ratios between 1 and 10 were simulated which 
resulted in curves situated in between the curves presented in the figure (values increased with decreasing R). B) 
Charge injection plotted against PW for cathodic-first pulses.  Less charge is injected for short pulse widths. D = 6 
µm. Fiber placed 2 mm from electrode center. 

 
5.2.2 Use of biphasic pulses for inverting selectivity  

It was investigated if biphasic, charge-balanced pulses could be used to change the slope of 
the threshold-distance and threshold-diameter curves respectively. It would have been interesting 
to somehow invert the relations, enabling thin/distant fibers being stimulated without stimulating 
thick/close fibers. No such possibility was found, however.  

To illustrate this, figure 5.4 shows how the normal threshold-distance relation from figure 4.8 
holds also for biphasic pulses. The curves illustrate that, for two different fiber diameters (D = 2, 
6 µm) and four different ratios (R = 1, 2, 5, 10), voltage threshold always increases (never 
decreases, a possibility shown by Grill et al. 1997) with increasing distance. D = 4 µm gave 
results showing the same behavior. Both cathodic-first (blue) and anodic-first (red) was 
investigated and the interphase gap IPG was set to zero to enhance the biphasic phenomena. In 
line with the simulations in section 5.2.1, the pulse width of the first phase was set to 60 µs. 
Larger pulse widths were not expected to reveal any differences for varying distance or diameter 
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(since biphasic phenomena disappear with increasing pulse width, will later be illustrated in 
figure 5.6). 

 

 
Figure 5.4. Voltage threshold Vth plotted against the distance (X) between the electrode center and the closest point 
on the passing fiber, to show that the behavior is similar for many situations. Blue curves represent a cathodic-first 
biphasic pulse with the first phase set to 60 µs and the second set to 60, 120, 300 and 600 µs. Red curves represent 
anodic-first pulses with same pulse widths. Left: D = 2 µm. Right: D = 6 µm. No interphase gap. 
 
5.2.3 Increasing slope of threshold-distance curves  

It is known from earlier studies (Grill et al. (1996)) that, in the case of single-phase pulses, the 
slope of the threshold-distance curve increases for shorter pulse widths, meaning the difference 
in thresholds between fibers positioned at varying distances from the electrode, increases. But 
what happens when biphasic, charge-balanced pulses are used? 

It is already clear from the results presented in section 5.2.1 that biphasic pulses are less 
effective in stimulating neurons than monophasic pulses, since voltage threshold decreased when 
IPG was increased. Hence, the phases should be separated, and not influence each other, in order 
to achieve highest efficiency. Therefore (most) simulations were performed with zero IPG to 
emphasize the effects of two phases being close together.  

Even though the threshold-distance curves could not be inverted it was found that the slope 
could be steered using certain pulse shapes. The finding of this phenomenon will be presented in 
the following paragraph, after which the results will be quantified and analyzed. 

 
5.2.3.1 Phenomenon  

The voltage thresholds (absolute values) for fibers placed at 2 and 5 mm (x = 2, 5 in 
coordinate system of figure 4.3) from the electrode center were compared, see figure 5.5. PW 
was fixed to 60 µs for one of the two phases, and in the plots blue curves represent a fixed 
positive phase (circles for positive first, stars for positive second) while red represents a fixed 
negative phase (circles for negative first, stars for negative second). The x-axis describes the 
ratio of the fixed phase amplitude over the variable phase amplitude. The reason for this 
investigation is to see how a short phase (60 µs is considered short) is affected by a pre- or post-
phase of opposite sign. Pulse ratio R was varied from 1 to 45. One observation is that the 
threshold levels for large ratios approaches a value independent of position of the variable phase 
(before or after the fix phase), meaning only the fix phase is responsible for initiating an AP. 
Naturally this value is close to what a monophasic pulse of 60 µs would give (e.g. in the 2 mm 
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case: 1.44 and –0.37 V respectively). Another observation is the difference (distant versus close 
fibers) in how the threshold curve behaves for ratios between 1 and 10, something especially 
clear for the fixed positive-first pulse (blue stars). The right plot (large distance) shows a 
minimum threshold value at the ratio R ≈ 5, while the corresponding curve in the left figure has 
its minimum for R = 1.  
 

 
Figure 5.5. Absolute values of threshold Vth needed to stimulate a passing fiber at electrode distance X = 2 mm (left) 
and X = 5 mm (right). One phase (blue stars: positive first, blue circles: positive last, red stars: negative first, red 
circles: negative last) was fixed to 60 µs while the other varied from 60 (ratio=1) to 2700 (ratio=45) µs. D = 6 µm. 

 
The parabolic curve shape observed for the distant fiber is a phenomenon that deserves more 

attention, and is investigated in figure 5.6. A positive pre-phase was kept at PW = 60 and 70 µs 
respectively, while the negative phase duration varied from 1 to 10 times the positive phase (R = 
1→10). Distance X was varied from 4 to 5 mm and IPG from 0 to 20 µs. Three observations can 
be done. First, the minimum changes from being around R = 4.5 for X = 5 mm to around R = 3.5 
for X = 4 mm. This means the parabolic shape will disappear for smaller distances when PW is 
set to 60 µs and IPG = 0. Also when increasing PW to 70 µs the minimum moves to the left, 
which means shorter pulse widths increases the difference in threshold behavior for varying 
distance. When introducing the interphase gaps of 10 and 20 µs (red circles, dash and dash 
dotted line) the parabolic shape disappears. So when the negative phase is more and more 
delayed after the positive there is less of the biphasic phenomenon.  
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Figure 5.6. Threshold values Vth plotted against ratios R, for an anodic-first pulse. A parabolic curve shape is 
observed. Varying distance X (4-5 mm), pulse width PW (first phase 60-70 µs) and interphase gap IPG (0-20 µs). D 
= 6 µm.  

 
In figure 5.5 it could be seen how the thresholds-ratio behavior is different for a fiber being 

close to (left, X = 2 mm) and far away from (right, X = 5 mm) the electrode center. It appeared 
that the difference is biggest for ratio R = 1. This suggests an increased threshold difference 
between fibers at varying distance, which could be used for selective stimulation.  

 
5.2.3.2 Analysis 

Equation (5.1), resembling of equation (4.2) earlier used to fit threshold-diameter relations, 
can be used to fit threshold-distance relations such as the curves in figure 5.4. V0, V1 and p are 
constants and X represents electrode-fiber distance in mm.  

 
p

th XVVV 10 +=         (5.1) 
 

A number of curves were fitted to the data according to relation (5.1). At short distances 
(typically X < 2 mm) the two terms on the right-hand side had similar magnitudes, while the 
second term dominated for distant fibers. If one chooses only to look at the latter case when 
defining and calculating selectivity it is easier to analyze the results. For example, a ratio can be 
calculated between voltage thresholds from fibers far from and close to the electrode, 
Vth(distant)/Vth(close), with the assumption that V0 can be neglected. Higher ratio means higher 
distance selectivity (greater difference between fibers at different distance). Equation (5.2) shows 
that it is actually p that will define the selectivity, since the distance ratio is fixed according to 
choice.  
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The value of p is a measure of distance selectivity as defined above. Simulation results 
presented in figure 5.7 shows how p changes for varying pulse shapes and fiber diameters D. The 
upper plot (positive phase first) reveals that p is inversely related to diameter, and that the shorter 
pulse in general gives a higher value. It also shows that R = 1, meaning equal duration of the first 
and second phase (as defined in figure 5.1), maximizes p and therefore distance selectivity. Also 
the lower plot (negative phase first) shows that R = 1 is a pulse shape for which highest 
selectivity is achieved, and that p decreases with D. Highest values of p are found for positive-
first pulses suggesting that this shape is preferred for greatest distance selectivity.  
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Figure 5.7. p as a measure of distance selectivity, calculated from threshold-distance curves (distance varying from 
3.2 to 5 mm) fitted with Vth = V1Xp, and plotted for different pulse shapes. E.g. ‘PW50, D4, bi’ means that the first 
phase (upper: positive, lower: negative) is fixed to PW = 50 µs and that the fiber diameter D is 4 µm. ‘mono’ 
represents the p-value for monophasic pulses. 
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5.2.4 Increasing slope of threshold-diameter curves  

The thresholds for two different diameters plotted against R can be seen in figure 5.8. It 
appears like R = 1 results in a big difference between the two cases D = 6 µm (left) and D = 2 
µm (right). The pulse used for stimulation consisted of a positive phase of 60 µs directly 
followed by a negative phase varying from 60 to 3000 µs. The results show a parabolic curve 
shape for the smaller diameter, a phenomenon corresponding to a big fiber-electrode distance. 
Two approaches were used in order to investigate the possibilities of diameter selectivity. 

 

 
Figure 5.8. Voltage threshold Vth of anodic-first cathodic-second pulse, with the first pulse width set to 60 µs and the 
second varying from 60 to 2700 µs. D = 2 µm (right), 6 µm (left).  

 
5.2.4.1 Approach 1 

When it comes to threshold-distance curves for varying diameters, one can define selectivity 
with a similar ratio as in equation (5.2): 
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where 

( ) ( )bigsmall DpDpp −=∆        (5.3b) 

The diameter selectivity ratio is slightly more complicated to study than the distance 
selectivity ratio, since the value of V1 varies with diameter. Equation (5.3) says that two factors 
will decide the diameter selectivity: the V1-ratio and ∆p. The V1-ratio contributes to diameter 
selectivity regardless of distance X, while the contribution of ∆p increases with increasing X.  

Investigations of these factors were done for fiber diameters D = 2, 4 and 6 µm. Only the 
results from ratios Vth(D=2)/Vth(D=6) will be presented here but the results were similar when 
the intermediate diameter was included. Figure 5.9 shows how the two factors vary for a set of 
pulse shapes. A few observations can be done. The V1-ratio is in general relatively high where ∆p 
is relatively low, and vice versa. R = 1 gives the highest V1-ratio but a relatively low value of ∆p, 
which is especially clear for positive-first pulse shapes. R = 20 gives, for positive-first pulses, the 
lowest V1-ratio but the highest value of ∆p, suggesting a diameter selectivity that is small for 
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close fibers (note that the curve fitting is performed for 3.2 < X < 5 mm) but significantly 
increases for more distant fibers. The positive monophasic pulses results in V1-ratios and values 
of ∆p that lies in the region between R = 1 and R = 20. Finally, the shorter pulse width gives, for 
1 < R < 10, a higher V1-ratio and a lower value of ∆p, compared the longer pulse width. 
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Figure 5.9. V1(D=2)/V1(D=6) (upper) and p(D=2)-p(D=6) (lower) as measures of diameter selectivity, calculated 
from threshold-distance curves (distance varying from 3.2 to 5 mm) fitted with Vth = V1Xp. E.g. ‘R2’ means 50 or 60 
µs directly followed by 100 or 120 µs of opposite polarity. E.g. ‘PW60, pos first’ means that the first phase is 
positive and fixed to PW = 60 µs.  

 
5.2.4.2 Approach 2 

Diameter selectivity can be also studied by dividing the threshold-distance curve from a thin 
fiber with that of a thick fiber, directly using the simulation results (no curve fitting as in 
approach 1). Results will here be presented without making the assumption that V0 is negligible.  

Figure 5.10 shows the calculated ratios ( Vth(Dsmall)/Vth(Dbig) ) from four different shapes; 
monophasic pulse (positive and negative, 60 µs) and biphasic pulse (positive-first and negative-
first, 60+60 µs). Highest selectivity is achieved with the biphasic positive-first pulse, followed 
by the biphasic negative-first pulse. All four curves have a positive slope, implying higher 
diameter selectivity at bigger distances X.  



   

44 

In figure 5.11 the effect of an interphase gap IPG is investigated (blue: negative first, red: 
positive first). Bigger phase separation results in less selectivity.  

Four different pulse widths for the positive-first pulse was compared (figure 5.12). Clearly the 
selectivity effect is stronger for shorter pulse widths.  

When the pulse width was varied for a monophasic pulse the effect was very small, but still a 
shorter pulse width gave higher selectivity, see figure 5.13. It is also clear here that the 
selectivity curve of the negative pulse has a higher slope than the negative, and that they cross 
each other close to X = 2 mm. This could not be observed from Approach 1. 

 

 
Figure 5.10 (left). Threshold ratio (D = 2 µm over D = 6 µm fibers) plotted against fiber-electrode distance. Blue/red 
curves represent anodic/cathodic-first biphasic pulses without interphase gap. Red/purple curves represent 
anodic/cathodic monophasic pulses. Each phase is 60 µs wide. 
Figure 5.11 (right). Threshold ratio (D = 2 µm over D = 6 µm fibers) plotted against fiber-electrode distance. 
Anodic-first (red) and cathodic-first (blue) pulses with ratio R = 1 and varying interphase gap IPG. 

  
Figure 5.12 (left). Threshold ratio (D = 2 µm over D = 6 µm fibers) plotted against fiber-electrode distance. The 
pulse width of the anodic-first pulse with ratio = 1 varies from 40-80 µs. No interphase gap. 
Figure 5.13 (right). Threshold ratio (D = 2 µm over D = 6 µm fibers) plotted against fiber-electrode distance. 
Anodic (circles) and cathodic (crosses) monophasic pulses with pulse widths of PW = 50, 60 and 70 µs.  

 
In figure 5.10 the results from biphasic pulses with R = 1 were shown, but the selectivity 

analysis is not complete without investigating what happens for other ratios. Using a fixed 50 µs 
first phase and varying the second phase, Vth(Dsmall)/Vth(Dbig) was calculated for positive-first 
(figure 5.14A) and negative-first (figure 5.14B) pulses. The monophasic results are included for 
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comparison. Note that the results from a positive-first pulse are more spread out, and that the 
monophasic pulse does not result in lowest selectivity, as it does for a negative-first pulse. R = 1 
results in highest selectivity for both polarities. R = 20 gives a low diameter selectivity in the 
case of a positive-first pulse. 

Figure 5.15 shows what happens if the second phase instead of the first is fixed. It turns out 
that R = 1 is optimal also for this case, when it comes to increasing the threshold difference 
between thick and thin fibers.  

 
A)      B) 

 
Figure 5.14. A) Threshold ratio (D = 2 µm over D = 6 µm fibers) plotted against fiber-electrode distance. The 
anodic pre-phase is fixed to PW = 50 µs while the second cathodic phase is varied from 50-2500 µs (i.e. R = 1-50). 
Also the curve from a monophasic pulse of 50 µs is included (black). B) Same but cathodic-first anodic-second. 
 

A)      B) 

 
Figure 5.15. A) Threshold ratio (D = 2 µm over D = 6 µm fibers) plotted against fiber-electrode distance. The 
second (positive) phase is fixed to 60 µs. B) Same but opposite polarities.  
 

 
5.3 Discussion & conclusions 

As stated earlier it is favorable if the input pulse in DBS is charge-balanced. An effective way 
to achieve this is by using a biphasic pulse consisting of one positive and one negative phase. 
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Some research suggests alternative solutions to this problem that will not be considered here 
(Cogan et al. (2006)).  

Two aspects of biphasic pulses were investigated: tissue stimulation efficiency (section 5.2.1) 
and means of selectivity (sections 5.2.2-5.2.4).  

 
5.3.1 Minimizing charge injection 

Figures 5.2A and 5.3A shows that efficiency (the ability of exciting the fiber with less current 
injection) increased when the separation of the two phases increased (biggest change in 
efficiency for IPG < 200 µs), meaning the phases act as individual monophasic pulses rather than 
biphasic pulses. Figures 5.2B and 5.3B imply that the negative phase is responsible for activating 
the fiber. This is also expected from the earlier conclusion that negative pulses stimulate fibers 
about four times more efficient than positive pulses. These figures also show that the duration of 
the negative phase should be short, for highest efficiency. So charge injection is minimized when 
a short negative phase is allowed to stimulate the fiber without being disturbed by a positive 
phase.  

The results correspond to the well-known fact (Principles of Neurostimulation) that, for 
monophasic pulses, shorter stimulation increases the efficiency and hence increases battery life 
of the neurostimulation device. To some degree the results also agrees with what McKay et al. 
(2003) concluded from experimental results regarding cochlear implants. They gave dB-values 
for how much the threshold was reduced for increased IPG, with IPG = 100 µs as reference; For 
PW = 52 µs they fitted these dB-values with 2.45.e^(-0.043.IPG). They mentioned that 
decreasing pulse width results in higher intercept values, e.g. PW = 26 µs gives 3.5 dB (instead 
of 2.45 dB). In order to compare this relation with the results of figure 5.4 (threshold versus IPG 
at fiber-electrode distance = 2 mm), the dB-values were calculated with both IPG = 100 and 200 
µs as reference, and with PW = 40 and 60 µs. IPG = 100 µs did not give a good exponential fit 
while IPG = 200 µs gave a better but still not satisfying fit; dB-change = 2.75.e^ (-0.024.IPG) 
(for PW = 40 µs) and dB-change = 2.25.e^ (-0.022.IPG) (for PW = 60 µs) respectively. The 
relation between dB-change and IPG is probably described best with a more complex function 
than a simple exponential, but it is still a decent approximation. It can be mentioned that Carlyon 
et al. 2005 also found an exponential-like dB-decrease with increased IPG. Furthermore the dB-
decrease was less for bigger electrode-fiber distances in the present study.  

The difference of data point spread in figures 5.2B and 5.3B should be discussed. With an 
anodic-first pulse, the amplitude and duration of the positive phase had some influence on the 
result, although the negative phase had the dominating influence. A cathodic-first pulse showed 
very little variation for varying positive phase shapes. It is because the positive phase has less 
influence when it comes after a negative phase, since the AP then has already been fired. A 
positive pre-phase will change the membrane conductances, and affect AP initiation to a greater 
extent, even though IPG is quite big. 

 
5.3.2 Aspects of selectivity 

Even if minimum charge injection only can be achieved when the phases are separated, it is 
interesting to study the effects on threshold level when no delay exists. A few earlier studies 
have investigated selectivity aspects. Grill et al. (1995) reported that shorter pulse widths gave 
bigger differences between different diameters and distances, and also claimed that thin and/or 
distant fibers can be selected over thick and/or closer fibers. They did not use charge-balanced 
pulses, which might be the reason why no later reports have mentioned this possibility. Grill et 



   

47 

al. (1997) and Deurloo et al. (2001) studied how the threshold-distance relation can be inverted 
(for certain distance intervals) if non-charge-balanced pulses are used, and Vuckovic et al. 
(2004) used a phenomenon called anodal-block (and multiple electrodes) to select small fibers 
over big. The possibility of selecting passing fibers over local cells has also been studied 
(McIntyre et al. (2000)). Moreover it is known from studies such as the paper from Miocinovic et 
al. (2004) that time constants are depending on both fiber diameter and distance to electrode. 

The investigations of the present report were limited to charge-balanced pulses, passing 
fibers, and no multiple electrodes. Given this, it is not surprising that none of the pulse shapes 
studied turned out to invert the threshold-distance or threshold-diameter relations (to some 
extent). What was actually found was not uninteresting, however.  

 
5.3.2.1 Distance selectivity 

Distance selectivity will now be referred to as the slope of the threshold-distance curve; 
bigger slope leads to bigger threshold difference between fibers at different distance to the 
electrode, which leads to higher selectivity.  

In figure 5.5A a difference between the two distances can be observed, for small ratios. For 
ratio R = 1 it looks like a relatively high voltage is needed for the bigger distance (right figure). 
The curve fitting analysis (limited to fibers at distance 3.2 < X < 5 mm) showed that this pulse 
shape indeed increases the distance selectivity, especially when a positive-first pulse is used, see 
figure 5.7. It was also found that a short (PW = 50-60 µs) positive phase followed by a long (e.g 
PW*20) negative phase results in a relatively low selectivity (even smaller than the positive 
monophasic pulse), i.e. small threshold difference between varying fiber-electrode distances. The 
positive monophasic pulse gives higher selectivity than the negative monophasic pulse. Distance 
selectivity increases substantially with increasing fiber diameter.  

 
5.3.2.2 Diameter selectivity 

It was observed that diameter selectivity, just like distance selectivity, can be achieved with a 
biphasic pulse (zero interphase gap increases the selectivity). The results regarding diameter 
selectivity can be divided in two aspects. Some pulse shapes increase the overall diameter 
selectivity (high V1-ratio), such as the positive-first pulse with phases of equal duration. Other 
pulse shapes have a diameter selectivity that is strongly dependent on fiber-electrode distance 
(big ∆p), such as the pulse with a short positive phase followed by a longer (e.g. R = 10, 20) 
negative phase. For all pulse shapes studied, increasing fiber-electrode distance resulted in 
increased diameter selectivity.  

Both the V1-ratio and ∆p varies more with a positive-first pulse than with a negative-first 
pulse, when the pulse shape is changed. Hence the positive-first pulse provides more possibilities 
of steering the slope of the threshold-diameter curve (which is also true for the threshold-distance 
curve). Furthermore the diameter selectivity is increased by decreased pulse width and decreased 
interphase gap.  

The negative monophasic pulse gives higher selectivity than the positive at short distances 
(<2 mm), while the opposite is true for longer distances. Changing pulse width had little effect 
on diameter selectivity for both negative and positive monophasic pulses.  

 
5.3.2.3 Explanation  

The pulse consisting of a short positive phase directly followed by a negative phase of equal 
duration, turned out to be especially useful for the purpose of increasing the slope of both 
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threshold-distance and threshold-diameter curves. It is therefore interesting to discuss how this 
pulse affects the passing fiber. 

The explanation for different excitation behavior at different fiber-electrode distances can be 
understood from activating function reasoning. Figure 4.11 shows how the activating function is 
more spread out for more distant fibers, except for the fact that amplitudes are lower. The two 
phases have opposite effects. During the first phase (which is too weak to be able to initiate an 
AP), the middle nodes are hyperpolarized while the side nodes are slightly depolarized as seen in 
figure 4.11. After a short period of anodic stimulation the polarity switches, and the cathodic 
phase will be responsible for initiating the AP. The second phase tries to counteract the influence 
of the first, and is more successful for sharp activating functions (i.e. for fibers close to the 
electrode) while more spread out activating functions makes it harder, as could be seen from the 
results. 

As a first step to understanding this, one can consider the depolarizing side lobes arising from 
the first phase. The lobes will start traveling further away from the center nodes as soon as they 
appear, due to the nature of the cable model, in which any kind of membrane potential change 
spreads to neighboring nodes. There is not necessarily a big difference in how fast the lobes 
travel at different fiber-electrode distances, but there is a difference in how many nodes the lobes 
cover. Suppose that a lobe covers 2 nodes (close fiber) or 5 nodes (distant fiber), and that it 
travels 2 nodes during the first stimulation phase. Then the lobes of the second phase (also 
covering 2 or 5 nodes) will either face a clear working field or a disorder from the first phase. If 
the lobes from the first phase have time to disappear, it is easier for the second phase to initiate 
an action potential in the fiber. 

It is not only the side lobes that are worth considering, though. The reasoning can be extended 
to the main lobe. If the first phase creates a sharp main lobe (close fiber), the nodal membrane 
voltages will extend to neighboring nodes easier than if the lobe is smeared out (distant fiber). 
Also in this sense the cathodic phase will face different situations depending on the sharpness of 
the activating function. Simulations run for the reason of studying this phenomenon (not 
presented in this report) also clearly showed that sharper activating functions initiate action 
potentials faster, when voltages just above threshold were applied to fibers close and far away 
from the electrode. In other words, the time constant of the AP initiation process decreases with 
sharper activating function. It is known (Holsheimer (2003)) from other studies that fiber-
electrode distance affects this time constant.  

Following the reasoning above one can expect an increasing threshold difference between 
fibers of varying diameter D. One reason for this is that increasing diameter leads to larger 
internodal length L and less difference in nodal membrane voltages Vth (i.e. a sharper activating 
function, like for fibers close to the electrode). Another reason is that the speed of the action 
potential propagation increases with increased D, a result from the investigation in section 3.1 
(figure 3.9 shows that conduction velocity v increases almost linearly with D). Therefore the side 
lobe effect explained above will be stronger. A thick fiber will both have a sharp activating 
function and side lobes that with a higher speed spreads to its adjacent nodes, while a thin fiber 
will experience the opposite.  
 

Another approach to explaining the selectivity phenomena is to look at the theoretical relation 
from cable theory that describes how the membrane potential changes with time and space. This 
was explained in chapter 2 and is repeated here in a different arrangement: 
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Equation (5.4) shows how the membrane voltage time derivative depends on membrane 

capacitance, ion currents and the second spatial difference of both membrane voltage and extra-
cellular potential. According to the reasoning above the sharpness of the activating function 
( neV ,

2∆ ) has a big influence. A sharp activating function increases the nodal voltage difference, 
which in the equation means the two right-most terms increase. This leads to increased time 
derivative and hence a faster membrane voltage change.  
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6 Model limitations 
Many approximations are made in the model used in this report, partly because everything is 

not known about the biological phenomena, but also because it takes too much time to run 
simulations if everything is accounted for. Many aspects can be studied in order to learn about 
deep brain stimulation, but only some can be the focus of investigation in a small-size study like 
this. 

The effects of DBS can be divided into direct and indirect effects. Direct effects refer to the 
influence that the electrical field has on a specific neuron, which is what this report focused on. 
To understand the mechanisms of DBS also indirect effects, referring to the interaction between 
neurons and networks in the brain, have to be studied.  

 
6.1 Electrophysiology 

Only the passing fiber was considered, representing a myelinated axon with ends far away 
from the electrode. Somas, dendrites and synapses were not taken into consideration, though 
these structures might be important for the outcome of DBS. But with a complex model it is 
more difficult to understand the events that take place. Focusing on just the passing fiber means 
faster simulations and clearer results. Further research regarding the interesting phenomena 
found here, could use a model also containing a three-dimensional neuron model.  

 
The membrane channel dynamics are complex and could be modeled with more details. 

McIntyre et al. (2000) mention that time constants can change, when the stochastic behavior of 
the gating parameters is incorporated in the model. 

The extra-cellular resistance in the cable model is assumed to be zero, which is not true. But 
the approximation is safe since this factor is much less than the intracellular resistance, meaning 
the dominating current flow will be inside the axon and not outside.  

The myelinated parts of the axon were assumed to be perfect insulators. This is not true, 
however, and different ways of modeling more complex myelin sheaths have been investigated, 
for instance in the paper by McIntyre et al. (2000). They concluded that the myelin model should 
be designed after research goal. When calculating conduction velocity, for example, the 
capacitance of the myelin sheath will be of great importance, and data that matches experimental 
results can be produced without using the most advanced model (which assumed a double layer 
structure). Therefore, the velocities calculated in the present study cannot be expected to 
perfectly match reality, though they still can be used for sensitivity analysis of the parameters 
involved, and also be helpful in learning about electrophysiological phenomena. Time constants 
of the model will also be affected by myelin modeling, which suggests that the pulse shape 
investigation of chapter 5 might not have given accurate results. Short pulses in particular are 
sensitive to myelin representation. Still the phenomena observed here (e.g. regarding selectivity) 
should say something about how a real axon is affected in deep brain stimulation. Also note that 
the study did not include unmyelinated axons.  

 
6.2 Electrical field 

The electrical conductivity of the tissue was assumed to be homogenous and isotropic. This 
means the electrical field was calculated without taking into account the fact that brain has 
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different electrical properties in different types of tissue. Furthermore it was assumed that no 
fibers were present when calculating the electrical field. Recent studies, e.g. by Åström et al. 
(2006), have shown that tissue inhomogeneities such as cystic cavities can have a big effect on 
the shape of the electrical field from DBS electrode.  
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7 Conclusions 
From the simulations presented in this thesis a number of conclusions can be made. The 

following questions were stated in the introduction, and will now be answered: 
 

- How sensitive is the model to its axon parameter values? What influence do the parameters 
have on conduction velocity and current threshold? 

The speed at which the action potential conducts along the axon is highly dependent on the 
value of fiber diameter, and is also sensitive to the values of nodal capacitance and internodal 
conductance, as well as simulation temperature. The influence of internodal conductance can be 
predicted by the velocity formula for a passive infinite cable. Excitability of a membrane patch 
is very sensitive to the value of leakage voltage, and also the values of sodium permeability, 
axon diameter, leakage conductance and temperature plays an important role for the output of 
the model. No unexpected results were encountered. 
 
- What is the influence of fiber-electrode distance and fiber diameter on the level of voltage 

needed to initiate an action potential? 
Voltage threshold decreases with increasing fiber diameter and decreasing fiber-electrode 
distance. The threshold-distance and threshold-diameter relations are highly dependent on the 
type of pulse used for stimulation, especially for biphasic pulses consisting of a positive phase 
directly followed by a negative phase.  
 
- Is the orientation of the fiber in respect to the electrode important? 
If the vector reaching from the (cylindrical) electrode center to the closest point on the passing 
fiber has a radial direction, rather than an axial direction, the fiber is more easily stimulated; 
~50% lower voltage threshold for positive stimulus, ~30 % for negative stimulus, for small fiber-
electrode distances. When this vector is in a fix radial direction the orientation of the fiber plays 
a less significant role. Orientation influence decreases with distance to the electrode. 
 
- What is the influence of pulse polarity on voltage threshold?  
For monophasic pulses the voltage threshold is about four times higher (absolute value) for 
positive stimulus than for negative stimulus.  
 
- Which pulse shape is most efficient for stimulating passing fibers? 
The charge-injection is minimal when a short negative phase excites the fiber without being 
disturbed by a positive phase, i.e. when the phases are separated in time (e.g. by 200 µs).   
 
- How can the threshold-diameter and threshold-distance relations be manipulated using 

various pulse shapes? 
If the stimulation pulse consists of a short positive phase directly followed by an equally short 
negative phase, the threshold difference between fibers of different diameter and distance to the 
electrode is maximized. This can be used for selective stimulation of thick fibers close to the 
electrode. Higher distance/diameter selectivity is achieved for thinner/more distant fibers, and for 
shorter pulse widths. Negative monophasic stimulation results in higher diameter selectivity than 
positive stimulation, for short fiber-electrode distances (<2 mm). For larger distances the 
opposite holds, and also distance selectivity is higher. For both negative and positive monophasic 
stimulation, varying the pulse width has little effect on diameter and distance selectivity.  
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7.1 Implications for Deep Brain Stimulation 

The mechanisms of deep brain stimulation are not completely understood. Although the 
model used in this report has many important limitations, the simulation results give insight into 
how the DBS technique might be improved.  

For a fix voltage level, fibers passing by the electrode with the closer nodes in a radial, rather 
than an axial direction from the electrode center will be more easily excited. So if it is known 
how the target nerve fiber is oriented, inserting the electrode in a certain angle can optimize 
stimulation. The fibers distance to the electrode, however, is more important than their 
orientation. Therefore the position of the electrode in the nervous tissue is more important than 
its orientation.  

The pulse shape plays an important role in determining the threshold-distance and threshold-
diameter relations. Using a biphasic pulse increases the possibilities of selective stimulation, as 
described above. For instance, if the target nerves for brain stimulation are thick fibers, and the 
activation of thinner fibers is unwanted (due to possible side effects), one can choose to use a 
pulse shape that increases the diameter selectivity. The drawback of selective stimulation in this 
sense is that the amount of charge injected into the tissue is high (stimulation efficiency is low). 
If battery life is a major concern, pulse phases should be kept separated in time.  
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Abstract (150 words) 
 Deep brain stimulation (DBS) is a surgical treatment technique, which involves 

application of electrical pulses via electrodes inserted into the brain. Neurons, typically 
located in the basal ganglia network, are stimulated by the electrical field. DBS is currently 
widely used for symptomatically treating Parkinson’s disease patients and could potentially 
be used for a number of neurological diseases. In this study, computational modeling was 
used to simulate the electrical activity of neurons being affected by the electrical field, to 
gain better understanding of the mechanisms of DBS. The spatial and temporal distribution 
of the electrical field was coupled to a cable model representing a human myelinated axon. 
A passing fiber with ends infinitely far away was simulated. Results show that excitation 
threshold is highly dependent on the diameter of the fiber and the influence (threshold-
distance and threshold-diameter relations) can be controlled to some extent, using charge-
balanced biphasic pulses.  
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