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Abstract 

 

Neuromodulation is the functional modification of neural structures through the use of electrical 

stimulation
1
. Clinical applications include deep brain stimulation (DBS) for the treatment of 

neurological movement disorders such as Parkinson’s disease and essential tremor. The general 

procedure involves placing small electrodes in regions of the brain exhibiting pathological 

activity and then stimulating those regions with continuous pulses of electricity. Treatment 

outcome is strongly dependent on the precise placement of the electrodes and subsequent 

adjustment of the stimulation settings to fine-tune the therapy. DBS is now being used for 

treating dystonic movement disorders, where sustained muscle contractions cause twisting and 

repetitive movements and/or abnormal postures. One target of DBS for dystonia is the 

posteroventral globus pallidus internus (GPi). Stimulation of the GPi has yielded promising 

results for people with dystonia; however, specific stimulation settings providing maximum GPi 

activation and having minimal side-effects have yet to be determined. Here we use 

computational models to show how altering parameters such as electrode configuration, DBS 

lead placement and orientation, and stimulation voltage affects GPi modulation and activation of 

the cortical spinal tract (CST), the side-effect pathway. In one model, the electrode configuration 

of the lead was varied. Another model had the DBS lead translated 1 mm medial, lateral, 

anterior, and posterior from its original position to make predictions of possible motor side-

effects in a non-human primate animal model. Such models can provide a framework for 

neurosurgeons and neurologists to improve current steering techniques that will optimize 

treatment outcome. 
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1. Introduction 

Dystonia is neurological movement disorder in which sustained muscle contractions 

cause twisting and repetitive movements and/or abnormal postures. The disorder may be 

hereditary or caused by other factors such as physical trauma, infection, poisoning, or reaction to 

pharmaceutical drugs. Treatment thus far has been limited to minimizing the symptoms of the 

disorder as there is no successful treatment for its cause as of yet. These treatments range from 

physical intervention, medication, and surgery. All current treatments have negative side effects 

and risks associated with them. However, one relatively new form of treatment, deep brain 

stimulation (DBS), has emerged as an attractive, reversible, and adjustable alternative
1
.  

Over the past twenty years, DBS has helped numerous patients with dystonia, 

Parkinson’s disease, and essential tremor regain control over their motor functions. The therapy 

involves implanting small electrodes deep within the brain in regions exhibiting pathological 

activity, which contributes to the movement disorder, and then stimulating those regions with 

continuous pulses of electricity controlled by an externally programmed brain pacemaker. For 

the treatment of primary dystonia, the internal segment of the globus pallidus internus (GPi) has 

been identified as an effective target for DBS
1
. The GPi is part of the basal ganglia, a group of 

nuclei in that brain that are strongly associated with voluntary motor control. 

The focus of this research project was to further understand how the globus pallidus 

region of the brain responds and adapts to DBS from a computational perspective. In addition to 

the GPi, activation of the cortical spinal tract (CST) was addressed. The CST is a collection of 

axons within the internal capsule that travel between the cerebral cortex of the brain and the 

spinal cord. It is comprised of mostly motor and sensory axons in the vicinity of the GPi. 

Propagation of the volume of activation during high frequency stimulation to the CST has been 
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linked with unwanted side-effects such as paresthesias, a sensation of tingling, pricking, or 

numbness on the skin, and the generation of muscle contractions. The knowledge gained from 

this study will provide a framework to develop, evaluate, and translate new approaches for 

improving patient outcome during GPi DBS. 
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2. Objective 

The aim of this research project is to increase the understanding of how altering various 

stimulation parameters can affect the outcome of GPi DBS and determine parameters that 

maximize GPi activation while keeping CST activation at a minimum. The primary objectives 

were to: 

1. Generate three-dimensional brain region volumes from a two-dimensional human brain 

atlas and magnetic resonance images (MRIs) of a non-human primate animal model 

2. Position a three-dimensional DBS lead model within the posterior end (i.e., sensorimotor 

area) of the GPi volume using implantation coordinates from the literature 

3. Develop a tractography algorithm to generate the neural tracts that make up the CST 

4. Populate the three-dimensional brain volumes with a random distribution of GPi and CST 

neuron models possessing relevant anatomy and physiology 

5. Develop a two-dimensional axisymmetric finite element model to estimate the electric 

fields within the neural tissue 

6. Determine the coordinates of each neuron model within the GPi and CST in two 

dimensions 

7. Run GPi DBS simulations to calculate the extracellular voltages of the each membrane 

compartment of each GPi and CST neuron 

8. Alter parameters such as electrode configuration, lead placement, and stimulation voltage 

9. Investigate the sensitivity of the DBS volume of activation to the varying parameters 

using the electric field data acquired from the finite element modeling results 
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3. Methods 

A variety of software programs were required in order to successfully execute this 

project. Five primary programs were used: 1) Rhinoceros, 2) Mimics, 3) MATLAB, 4) 

COMSOL Multiphysics, and 5) NEURON. 

3.1. Rhinoceros 

Rhinoceros, a three-dimensional CAD software program, was used to create the three-

dimensional brain model based off of the Atlas of the Human Brain
2
. Coronal images containing 

the GPi and CST regions were selected from the two-dimensional human brain atlas and 

exported as a series of .TIFF images (Fig. 1). Once exported, the images were imported into the 

Rhinoceros software environment. 

 
Fig. 1. Coronal human brain atlas plate of the regions of interest 



5 
 

A new Rhinoceros document was created in millimeter units. One two-dimensional 

template was loaded as a Background Bitmap in the Front view window. Once the image was 

placed, it was aligned so that the scale bar in the image was the correct size in Rhinoceros. The 

bitmap was then moved so that the midline of the brain was at x = 0 and that 0 on the image’s 

vertical axis was aligned with z = 0 (dorsal-ventral axis). This point marked the anterior 

commissure (AC) and posterior commissure (PC), the two axon fiber pathways connecting both 

hemispheres of the brain. A box was drawn around the image once it was properly aligned and 

scaled. By doing this, subsequent images imported could be easily scaled according to the 

dimensions of the box. 

For the current two-dimensional template, a point interpolation function was used to trace 

curves around the contours of the GPi and CST. Curves were placed in the anterior-posterior 

position on the y-axis. A separate layer for each region was created and each corresponding 

curve was moved to its corresponding layer. The template was then removed and replaced with 

the next one in the atlas. This process was repeated, with each new set of curves being displaced 

~1.3 mm perpendicular to the previous set, until all relevant templates were traced (Fig. 2). 

Curves for adjoining nuclei were traced along the same line by enabling the ‘Near’ snap feature. 

 
 

Fig. 2. Traced curves around GPi 
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Three-dimensional volumes of the nuclei were generated by selecting all curves belonging to one 

nucleus and lofting them. This was repeated for all remaining nuclei. Once complete, the 

volumes were rendered (Fig. 3). In addition to the GPi and CST, volumes of the globus pallidus 

externus (GPe) and putamen were created. Only the nuclei corresponding to the left side of the 

brain were used. 

 
 

Fig. 3. Rhinoceros rendered reconstruction of brain nuclei (GPi = green, CST = red, GPe= blue, 

putament = orange) 

 

The CST is a fiber tract of axons that conducts impulses from the brain to the spinal cord.  

To more accurately represent the CST, the uniform CST volume created in Rhinoceros was 

converted into a bundle of fibers. The first step was to transversely cut the CST volume into 

individual, equally spaced (0.5 mm) contours (85 total) (Fig. 4). The points of each contour were 

saved as .txt files and imported into MATLAB, which utilized a novel algorithm to create the 

fibers. 
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Fig. 4. CST reconstruction (left) and segmented CST reconstruction (right) (human brain atlas 

model) 

 

A DBS lead model was also included for rendering. Lead coordinates were determined 

based off of past GPi DBS procedures described in the literature
1
 and used to orient the lead 

within the posterior end of the GPi volume (Fig. 5). 

 
 

Fig. 5. DBS lead implanted within GPi reconstruction (human brain atlas model) 

 

3.2. Mimics 

 Another model was created specifically for a non-human primate animal model that was 

to be implanted with a DBS lead in GPi. This was done to predict possible motor side-effects 

incurred during the actual DBS procedure. Mimics, a software program specially developed for 
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medical image processing, was used to segment three-dimensional MRI images of the brain of 

the animal model to create a highly accurate three-dimensional model of the GPi and CST. 

 Before using Mimics, the coronal and sagittal MRI images were registered in Analyze, 

another imaging software program. This was done in order to generate more coronal images that 

could be used in the development of the models. There were originally 36 coronal sections. After 

fusion of the coronal and sagittal sections, there were 183. The images were saved in a .DICOM 

format and imported into Mimics. 

 The AC and PC were labeled as a reference line using a custom mask across five slices 

starting from the center. A mask was then created for the globus pallidus, which includes the 

GPe in addition to the GPi. After thresholding, the region was grown out and then modified 

pixel-by-pixel in order to make a more precise mask. This was done for each coronal slice where 

the GPi was clearly visible. 

 To segment the GPi from GPe, a duplicate mask of the globus pallidus was created. The 

GPe region was erased from each of the duplicate slices, leaving only the GPi region. Boolean 

operations between the two masks were then performed in order to isolate the GPe region (i.e., 

GPi/GPe mask minus GPi mask). As done previously, the final masks were further modified in 

order to increase overall precision. The CST mask was created in a similar manner. It did not 

require any Boolean operations to isolate. 

 Upon completion of each respective mask, each brain nuclei model was successfully 

generated (Fig. 6). Models were smoothed within Mimics using 10 iterations and a smoothing 

factor of 1 so as to not lose too much detail. The completed models were then saved as .STL files 

and imported into Rhinoceros. 
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Fig. 6. Mimics rendered pseudo-coronal reconstruction of brain nuclei (GPi = green, CST = red, 

GPe = orange, and AC/PC markers = purple) 

 

 Upon import, the AC/PC reference line was aligned to the y-axis. This was done by 

rotating the individual models around the origin. Rhinoceros was used once more to transversely 

cut the CST volume into individual, equally spaced (1 mm) contours (18 total) (Fig. 7) and insert 

the DBS lead into the GPi volume (Fig. 8). The DBS lead was placed at a 30° angle in the 

posterior end of the sensorimotor area in the right side GPi. It was translated in Rhinoceros in 

four different directions (medial, lateral, anterior, and posterior) and the new coordinates were 

exported as separate .txt files. Only the nuclei corresponding to the animal model’s right side of 

the brain were used. 
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Fig. 7. CST reconstruction (left) and segmented CST reconstruction (right) (non-human primate 

animal model) 

 

 

Fig. 8. DBS lead implanted within GPi reconstruction (non-human primate animal model) 

3.3. MATLAB 

MATLAB was used to populate the three-dimensional GPi volumes with 1000 neuron 

models. To do this, the GPi volumes were exported from Rhinoceros as .raw files of raw 

triangles. These .raw files were then loaded into MATLAB as matrices. Midpoint data of the 

somas, dendrites, and axons of the neuron models were tested to verify whether or not they were 

located within the GPi volumes. After verifying the midpoints, a rotation and translation matrix 

algorithm was utilized to randomly distribute the neurons throughout the GPi volumes. The 
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Jordan curve algorithm was used in order to verify whether or not the randomly distributed 

neurons were within or outside of the GPi volumes. 

The next region focused on was the CST. As mentioned previously, the CST volumes 

were transversely cut into individual, equally spaced contours in Rhinoceros. The points of each 

contour were saved as .txt files and imported into MATLAB for analysis. 

Each contour was then populated with 1000 random points. The Jordan curve algorithm 

was utilized once more to verify whether or not a point was located within any given contour. 

Each random point generated within each contour was stored. Once all of the contours for each 

of the CST volumes were populated with 1000 random points, the points between each contour 

were connected in order to generate the axon fiber tracts. This was accomplished by calculating 

the distance between a seed point in one contour and all other points in the contour below it. 

Once completed, the minimum distance between the seed point and one of the 1000 points in the 

next contour was found. This specific point was then chosen to be connected to the seed point. 

Once a point had been used up, the indices of the point were found and it was eliminated from 

the pool of remaining points in the next contour. A new seed point was then chosen and the 

process repeated until all 1000 points in one contour were connected to all 1000 points in the 

contour below it. This process repeated for all remaining pairs of contours. At the end of this 

process, 1000 fiber tracts were created, each comprised of a number of points corresponding to 

the number of contours (Fig. 9). 
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Fig. 9. CST reconstruction (left) and CST fiber tract reconstruction (right; not all 1000 fiber 

tracts shown) (human brain atlas model) 

 

The next task was to give the neuron models their relevant physiological properties. This 

was accomplished by reading in the x-, y-, z-coordinates of each neuron reconstruction in both 

the GPi and CST models and then creating a .txt file containing .hoc code of the axonal 

segments. Code was provided by Professor Johnson and modified for use. The three-dimensional 

points for each cell were modeled as node, mysa, flut, and stin compartments. These four 

compartments types each represented unique physiological sections of an actual axon, with each 

type having an associated geometry as well as properties corresponding to the ion channels that 

are present in an axon. The compartment models were built in the following order: node, mysa, 

flut, stin, stin, stin, flut, mysa, node, mysa, flut, stin, stin, stin, flut, mysa, node, etc. The first 

compartment in each fiber was always a node. The node is the region in an axon that is most 

susceptible to stimulation. Nodes, mysas, fluts, and stins were used for compartmentalization 

because it made the models compatible with NEURON
3
, a software program developed by Yale 

University for simulating neurons and neural networks. 
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Once the compartment points for each axon were generated, the midpoints of each 

compartment were calculated. For the CST models, all of the fiber tracts were modified so that 

they were the same length. This was done by calculating the minimum fiber tract length and then 

truncating all fiber tracts longer than the minimum. 

For the GPi, the generated axon models were tested to see whether or not they intersected 

with the implanted DBS lead. Such axons were considered ‘damaged,’ while those that did not 

intersect with the lead were deemed ‘healthy.’ This was accomplished by using another program 

that created a population of translated and rotated cells from the template neuron model 

according to the transformation matrices from Rhinoceros, where the DBS lead was modeled. 

3.4 COMSOL Multiphysics 

COMSOL was used to develop two-dimensional finite element models (FEM) of the 

voltage fields within the brain tissue. A previous model, designed for monkeys, was modified to 

be applicable to humans for the human brain atlas model, while the model remained unmodified 

for the non-human primate animal model. COMSOL simulations of these models were then run. 

A MATLAB program read in the FEM voltage fields and assigned a voltage to each 

compartment. This generated FEM data, containing the voltage values of each neuron model, 

was transferred back to MATLAB for analysis. This data was used to investigate the DBS 

volumes of activation within the GPi and CST for both the human brain atlas and non-human 

primate animal models. The COMSOL models consisted of an axisymmetric DBS lead with a 

bipolar configuration for the human brain atlas model and a monopolar configuration, using 

contact 1 (C1), for the non-human primate animal model. 
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3.5 NEURON 

NEURON was used to build three-dimensional, multi-compartment neuron models and to 

run DBS simulations in the GPi and CST models to determine the threshold voltage for each 

axon that resulted in an action potential. Text (.txt)  files of the relative voltages seen at each 

compartment and the sequence of compartment types for each model were inputted into 

NEURON. An algorithm was run in NEURON to converge to a threshold voltage for each axon. 

Multiple simulations were run in order to calculate the voltages of the 1000 cells and 1000 fiber 

tracts placed in the GPi and CST, respectively. The applied voltage from the DBS lead was set at 

5 V and 2 V for the human brain atlas and non-human primate animal models, respectively. The 

data was then interpreted to determine which GPi neurons and CST fiber tracts were modulated, 

inhibited, or unaffected as a result of GPi DBS. Simulations were run on lab computers as well 

as through the Minnesota Supercomputing Institute (MSI). A diagram of the overall modeling 

approach taken is summarized below (Fig. 10). 

 
 

Fig. 10. Overall modeling approach 
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4. Results 

4.1 Human brain atlas model 

1000 cells within the GPi were stimulated with 5 V to determine the activation thresholds 

of the cells. Three different lead settings (Fig. 11) were tested to assess the effects of electrode 

configuration on the volume of activation within the GPi (Fig. 12 and Table 1). 

 
 

Fig. 11. COMSOL FEMs of the electrode-tissue interface; three different electrode 

configurations were simulated; Setting 1 (a) utilized contact points 2 and 3 on the DBS lead, 

setting 2 (b) utilized contact points 3 and 4, and setting 3 (c) utilized contact points 1 and 2; a 

bipolar configuration was adopted in each setting (anode = red and cathode = blue) 
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Fig. 12. Three-dimensional plots of GPi modulation for a population of 1000 cells; activated 

cells (red), inhibited cells (blue), and unaffected cells (green); the stimulation voltage applied for 

Setting 1 (a), Setting 2 (b), and Setting 3 (c) was 5 V 
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Table 1. Number of cells activated, inhibited, or unaffected for the stimulation of 1000 cells 

within the GPi at 5 volts for each electrode configuration 

 

 During each GPi DBS simulation, CST activation was concurrently studied. From the 

simulation data, it was determined which of the 1000 CST fiber tracts were activated as a result 

of GPi DBS for each electrode configuration by setting a threshold voltage of 5 V. If a particular 

neuron had a voltage less than the threshold voltage, it was considered ‘activated’. The activated 

fiber tracts were identified by importing the NEURON simulation data into MATLAB and 

plotting it in Rhinoceros (Fig. 13 and Table 2). 

 



18 
 

 
Fig. 13. Rhinoceros models of the activated CST fiber tracts (red) plotted within the CST volume 

(white) for Setting 1 (a), Setting 2 (b), and Setting 3 (c); the threshold voltage was set at 5 V for 

each setting; the GPi and DBS lead are also included 
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Table 2. Number of fiber tracts activated and unaffected for the simulation of 1000 fibers tracts 

within the CST at 5 volts for each electrode configuration 

 

Different threshold voltages (0-6 V) for each electrode configuration were then evaluated 

to determine the highest threshold voltage that would result in zero to minimal CST activation 

(Fig. 14). 

 

 
Fig. 14. % CST activation over a range of threshold voltages (0-6 V) for each DBS lead setting. 

 

4.2 Non-human primate animal model 

 

 1000 cells within the GPi and 500 fiber tracts within the CST were stimulated with 2 V to 

determine the activation thresholds, respectively, of the cells and fiber tracts during GPi DBS. 

The effects of translating the DBS lead 1 mm in four different directions on the volume of 
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activation within the GPi were observed. The lead location was translated 1 mm medial, lateral, 

anterior, and posterior from its original position to make predictions of possible motor side-

effects in the non-human primate animal model prior to actual implantation of a DBS lead into 

the GPi. Results regarding GPi and CST activation are still in-progress. 
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5. Discussion 

The specific problems that this project addressed were: 1) generating computational 

models that accurately represent the anatomical and physiological properties of the GPi and CST 

and 2) simulating the neuronal activity within those structures during GPi DBS. In the human 

brain atlas model, GPi DBS results showed that there was a combination of neuronal activation 

and inhibition. The volumes of activation were dependent on the DBS setting applied. Setting 1 

had the greatest GPi activation and inhibition of the three. Activation was found to be greatest 

around the cathode of the DBS lead. Modulated cells were also localized relative to the DBS lead 

itself. The degree of modulation decreased farther away from the lead. Setting 2 had the greatest 

CST activation of the three settings at 5 V, while Setting 3 had the overall lower CST activation 

for a range of threshold voltages. Settings 1 and 2 were found to be quite similar in terms of CST 

activation. The aim of these computational models is to determine optimal lead location (e.g., 

placement, orientation) and ideal stimulation parameters (e.g., stimulation voltage, electrode 

configuration) so as to maximize GPi activation and minimize CST activation. In turn, this will 

allow for improvements in techniques currently being used by developing new stimulation 

strategies, inspired by the underlying neuroscience, that will optimize patient results and 

minimize undesired side-effects. 

The DBS procedure has proven successful in a number of cases of severe generalized 

dystonia
1
. DBS as treatment for medication-refractory dystonia, on the other hand, may increase 

the risk of suicide in patients
4
. This may be attributed to stimulation extending beyond the motor 

region and into the limbic and higher cognitive regions of the brain
5
. As stated above, 91.1% of 

the GPi cells were modulated during GPi DBS (Setting 1). This is very promising. However, 

15.4% of the CST fiber tracts were also activated during GPi DBS. An acceptable level of CST 
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activation is ~10%. What this means is that the lead placement used was not necessarily the best 

choice for this particular model. There is a trade-off between maximal activation of the target 

and minimal activation of the regions beyond it. 

The emphasis of this research project was placed on the computational modeling aspect 

of DBS. Computer models are useful for predicting how a neuron or population of neurons might 

respond to stimulation. The use of FEMs of electric fields generated in neural tissue along with 

neuron models were incorporated into this project. In the non-human primate animal model, 

these tools are currently being used to assess how the volume of activation within the GPi and 

beyond is affected by translation of the DBS lead. This is important because DBS surgeries are 

seldom one-hundred percent accurate in terms of getting the lead implanted in the target region. 

Using this information, one can then make predictions regarding possible motor side-effects 

resulting from electric field propagation to the CST. In turn, this would lead to improved surgical 

outcome when it comes time for actual implantation of the lead into the animal and validation of 

the computational model. The use of these tools will hopefully aid in relating clinical outcome to 

targeted pathways and predicting how stimulation through altered lead placement might impact 

activity in the brain. 
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6. Conclusion 

Results yielded from this research project have provided a better understanding of how 

DBS affects neurons within the GPi and CST during GPi DBS. These effects are dependent on a 

variety of factors including: DBS lead angle of implantation, coordinate of the DBS lead tip, 

voltage applied during stimulation, and electrode configuration. From the results, it can be seen 

that there was maximal GPi activation as a result of DBS. However, significant CST activation 

was also present. This is something that should be minimized as undesirable side-effects can 

occur if stimulation extends beyond the intended target. 

One of the main accomplishments of this project was the establishment of an 

infrastructure that can be used to model other nuclei and systems in the brain. Professor Johnson 

provided many tools to aid in the creation of these computational models. However, the 

development of novel algorithms over the course of this project made said models more 

comprehensive and complete. For example, the fiber tractography algorithm made the model 

more physiologically relevant as a solid volume does not accurately represent the CST. This 

algorithm was built from the ground up and is one of the highlights of my research. 

Future directions for this project include: 1) determining how sensitive GPi and CST 

activation is to DBS lead placement when translated (in-progress), 2) evaluating new lead 

designs (e.g., segmented, directional) and orientations using three-dimensional finite element 

models to maximize the area of effect without allowing stimulation to go beyond the desired 

region, 3) running simulations using a greater number of cells and fiber tracts and 4) working 

with animals to further apply (i.e., validate) the models (in-progress).  
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8. Appendix 

 

Various MATLAB code used throughout the project. Note: Not all code (i.e., functions) used are 

listed): 

 

populate_contour.m – populates the CST contours with random points for creating the fiber 

tracts 

 
function [rand_pop_pts]= populate_contour(contour) 

  
% Define variables 
max_pts = 1000; 
pts_inside = 0; 
x_array = contour(:,1); 
y_array = contour(:,2); 

  
% Determine max/min, domain, and range of contour coordinates 
x_max = max(x_array); 
x_min = min(x_array); 
y_max = max(y_array); 
y_min = min(y_array); 
domain = abs(x_max - x_min); 
range = abs(y_max - y_min); 

  
% Jordan curve algorithm 
while pts_inside < max_pts 
    rand_x = rand(1,1)*domain + x_min; 
    rand_y = rand(1,1)*range + y_min; 
    rand_pt = [rand_x,rand_y]; 
    if jordan_curve_2d(contour,rand_pt) == 1 
        plot(rand_x,rand_y,'.r'); 
        pts_inside = pts_inside + 1; 
        rand_pop_pts(:,:,pts_inside) = rand_pt; 
    end 
end 

 

jordan_curve_2d.m – tests whether or not a point is contained within the contour 

 
% Function inputs are the coordinates of the contour and the point being  

% tested to see if it is within the contour or not. Output is 0 if point is  
% outside of the contour, 1 if inside. 
function [in_or_out] = jordan_curve_2d(contour_pts,pt_tested) 

  
% Define variables 
x_array = contour_pts(:,1); 
y_array = contour_pts(:,2); 

  
% Point being tested 
x = pt_tested(1); 
y = pt_tested(2); 

  
% Define variables 
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crossings = 0; 
num_pts = size(contour_pts,1) 

i = 1; 

  
% Jordan curve algorithm 
while i < num_pts 
    if (x_array(i) < x && x < x_array(i+1) || x_array(i) > x && x > 

x_array(i+1)) 
        t = (x - x_array(i+1)) / (x_array(i) - x_array (i+1)); 
        y_cross = t*y_array(i) + (1-t)*y_array(i+1); 
        if y > y_cross 
            crossings = crossings + 1; 
        end 
    end 
    if (rem(crossings,2) == 0) 
        in_or_out = 0; 
    else 
        in_or_out = 1; 
    end 
    i = i + 1; 
end 

 

ic_fiber_midpt_calc.m – fiber tractography algorithm developed by Karlo Malaga 

 
load smooth_axons_1000.txt 

  
ctr = 0; 

  
for j = 1:1000 
    for i = (ctr+1):(ctr+85) 
        ic(j).axon_pt(i-ctr,1) = smooth_axons_1000(i,1); 
        ic(j).axon_pt(i-ctr,2) = smooth_axons_1000(i,2); 
        ic(j).axon_pt(i-ctr,3) = smooth_axons_1000(i,3); 
    end 
    [compartment_pts(j).axon_pt] = cst_axon_points2hoc(ic(j).axon_pt*1000); 
    ctr = i; 
end 

  
for i = 1:1000 
    length_matrix(i) = length(compartment_pts(i).axon_pt); 
end 

  
min_axon_length = min(length_matrix); 
ind = find(length_matrix == min_axon_length,1); 
cst_axon_points2hoc(ic(ind).axon_pt*1000); 

  
for i = 1:1000; 
    compartment_midpts(i).axon_pt = 

compartmentmid(compartment_pts(i).axon_pt); 
    truncated_compartment_midpts(i).axon_pt = 

(1/1000)*compartment_midpts(i).axon_pt(1:min_axon_length-1,:); 
end 

  
[damaged_axon_pts,healthy_axon_pts] = 

cst_axon_populate(truncated_compartment_midpts); 
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model = mphload('DBS_Human_2D_Axisym_1270um_v4.mph') 

[compartment_voltages] = 

cst_fem2hoc(healthy_axon_pts,model,'novel_compartment_voltages.txt'); 

 

activated_cells.m – determines which cells are activated 

 
load healthy_axon_pts; 
load cell_voltage; 
threshold=5; 
ctr=1; 
for i=1:length(cell_voltage) 
    if cell_voltage(i)<threshold 
        activated(ctr)=i; 
        ctr=ctr+1; 
    end 
end 

 

rhinoline2_cst.m – plots the CST fiber tracts in Rhinoceros directly from MATLAB 

 
function rhinoline2_cst(pop,activated) 

  
    fid_w = fopen('cst_pts2rhino2.txt','w'); 

     
    for n = activated, 
        axonpts = 

[pop(n).xaxonf(2:5:156),pop(n).yaxonf(2:5:156),pop(n).z1axonf(2:5:156)]; 
        fprintf(fid_w,'%s\n','_Points'); 
        for i=1:size(axonpts,1), 
            

fprintf(fid_w,'%s%f%s%f%s%f\n','w',axonpts(i,1),',',axonpts(i,2),',',axonpts(

i,3)); 
        end 
        fprintf(fid_w,'%s\n','_Enter'); 
        fprintf(fid_w,'%s\n','_SelPt'); 
        fprintf(fid_w,'%s\n','_CurveThroughPt'); 
        fprintf(fid_w,'%s\n','_Closed=No'); 
        fprintf(fid_w,'%s\n','_Enter'); 
        fprintf(fid_w,'%s\n','_SelCrv'); 
        fprintf(fid_w,'%s\n','_FitCrv 0.01'); 
        fprintf(fid_w,'%s\n','_SelNone'); 
        fprintf(fid_w,'%s\n','_SelPt'); 
        fprintf(fid_w,'%s\n\n\n','_Delete'); 
        fprintf(fid_w,'%s\n','_SelCrv'); 
        fprintf(fid_w,'%s\n','_Pipe 0.01'); 
        fprintf(fid_w,'%s\n','_Enter'); 
        fprintf(fid_w,'%s\n','_SelNone'); 
        fprintf(fid_w,'%s\n','_SelCrv'); 
        fprintf(fid_w,'%s\n','_Delete'); 

     

    end 
    fclose(fid_w); 

     
end 


