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Abstract 
Every year more than 100 brain surgeries are performed at the neurosurgical 

department at Landspitali University Hospital (LSH). In many cases the use of a technology 

called Diffusion Tensor Imaging (DTI) tractography would be beneficial in surgical planning 

to visualize the nerve fibers preoperatively and as well intraoperatively associated with 

surgical navigation systems. 

The present work aims are: 1) to assess which conditions are needed at LSH in order 

to integrate DTI tractography in neurosurgical planning 2) develop a process that allow to 

combine DTI tractography and 3D printing technology that can improve surgical planning. 

Magnetic Resonance images (MRI) were acquired from 4 subjects with low grade 

glioma on a 1.5 T Siemens Avanto system.  The image protocol included: 1) T1-weighted 

gradient echo structural and 2) echo planar imaging (SE-EPI) based diffusion tensor imaging 

(DTI) sequence with 20 diffusion directions. 

Five eloquent fiber tracts (Corpus callosum, Motor tracts, Sensory tracts, Optic tracts 

and arcuate fasciculus) were traced for all patients using two different DTI software 

platforms. A grading system was developed to rate anatomic accuracy and incorrectly 

displayed fibers tracts. Additionally a quantitative assessment in 3D was performed between 

the tracts volume in the two software systems.   

The results show that the DTI planning performed with different software platforms 

can provide diverse results. Even within the same software some tracts may result of better 

quality compared to others. In this work corpus callosum received the highest score. The 

results from the volumetric comparison show that in some case there are missing parts of a 

tract that can be important for surgical planning such as arcuate fasciculus. Moreover, this 

work demonstrate that the 3D printing process may be integrated with DTI planning and add 

valuable information for neurosurgical planning especially when associated to navigation 

systems. Finally, the results of this study show the variability of DTI planning between 

different software platforms and its unreliability in some cases, mostly because of the false 

positive results.  

Concluding, this study suggests a careful analysis and evaluation of the software 

platform before purchase. 

Keywords: Tractography, diffusion tensor imaging (DTI), assessment, 3D printing, 

surgical planning 
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Úrdráttur 
Síðustu árin hafa 100-200 heilaskurðaðgerðir  verið framkvæmdar á heila-og  

taugaskurðdeild Landspítala háskólasjúkrahúss (LSH). Kortlagning taugabrauta er tækni sem 

getur nýst við undirbúning heilaskurðaðgerða sem og notuð með staðsetningartæki í 

skurðaðgerðinni sjálfri. 

Markmið þessa verkefnið var að: 1) meta hvaða atriða væri þörf  á á LSH til að 

innleiða kortlagningu taugabrauta við undirbúning skurðaðgerða 2) þróa ferli sem tekur tillit 

sameiningar kortlagningu taugabrauta við þrívíddarprentun í þeim tilgangi að bæta enn frekar 

undirbúning skurðaðgerða. 

Fjórir sjúklingar með æxli í heila voru sendir í segulómun í 1.5T Simens Avanto tæki. 

Myndaraðir sem notaðar voru eru 1) T1- viktaðar líffræðilegar myndir 2) sveim mættis 

myndir (e. DTI) með 20 mismunandi flæðisáttum.  

Fimm taugabrautir (frá hvelatengslum, hreyfibrautir, skyntaugabrautir, augnbrautir og 

brautir frá Broca‘s svæðinu að Wernicke‘s svæðinu) voru fundnar fyrir allan sjúklingahópinn 

með tveimur mismunadi forritum. Einkunnarkerfi var einnig þróað til að meta nákvæmni 

taugabrautanna sem og hlutfall taugabrauta sem voru ranglega staðsettar. Að auki var 

mælanlegt mat í þrívídd gert á rúmmáli taugabrauta sem gerðar voru í forritunum tveimur. 

Niðurstöðurnar gefa til kynna að kortlagning taugabrauta í mismunandi forritum gefa 

mismunandi niðurstöður. Að sama skapi getur sama forrit gefið mis góðar niðurstöður á milli 

taugabrauta. Þessi rannsókn sýnir að bestu einkunn fá taugabrautirnar sem koma frá 

hvelatengslunum. Samanburður á milli rúmmáls taugabrautanna sýnir að í sumum tilfellum 

glatast upplýsingar sem eru mikilvægar fyrir undirbúning skurðaðgerða. Enn frekar þá sýnir 

þessi vinna að þrívíddarprentaðar taugabrautir geta nýst við undirbúning heilaskurðaðgerða 

sérstaklega þegar það er notað með staðsetningartæki. Síðast en ekki sýst sýna niðurstöðurnar 

að breytileiki er á milli mismunandi forrita og að í sumum tilfellum gefi þær rangar 

niðurstöður.  

Að lokum er vert að nefna að mikilvægt er að greina og meta SMM forrit áður en þau 

eru notuð og keypt. 

 

 Lykilorð: Kortlagning taugabrauta, sveim mættis myngerð (SMM), mat, þrívíddarprentun, 

undirbúningur skurðaðgerða 

Íslenskur titill: SMM tækni: Innleiðing,  mat og ný aðferð til að bæta undirbúining 

skurðaðgerða 
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1. Introduction 

During recent years 100-200 brain surgeries have been performed at the neurosurgical 

department at Landspitali University Hospital (LSH), Iceland every year. A lot of progress 

has occurred in this field during the last decades because of better understanding of diseases 

and their treatment. Technological progress such as better imaging techniques of the brain and 

spine, better quality in microscopes and use of navigation system have led to lower risk and 

higher surgical success [1]. One technique that has been increasingly used for preoperative 

surgical planning is diffusion tensor imaging (DTI) tractography or fiber tracking. 

Tractography is a noninvasive technique that allows in vivo localization of the fiber tracts in 

the brain. Tractography uses DTI that is one form of magnetic resonance imaging (MRI) to 

map the brain connectivity which can give the neurosurgeons opportunity to visualize the 

nerve fibers before surgery [2]. 

 

1.1  DTI History 

The first diffusion weighted (DW) magnetic resonance (MR) sequence was described 

in 1965 by Stejskal and Tanner but is was not until mid-1980s that it became available on 

routine clinical MR scanners [3]. Diffusion weighted imaging (DWI) is one of the most 

important imaging tools in neuroradiology today. DWI is mostly used in the diagnostic work 

up of acute ischemia in the central nervous system (CNS) because it has proved to be highly 

sensitive to early changes of ischemia tissue injury, more than traditional MR measurements 

like T1-and T2 weighted images [4], [5], [6]. DWI is also used to evaluate intracranial 

diseases like epilepsy, depression and is used in traumatic brain injury [4], [6].  

The DTI model was introduced in the beginning in 1990s by Basser et al. [7]  and 

Nimsky et al. showed the usefulness of visualizing the fiber tract both pre-and intraoperative 

[8]. The diffusion tensor is sampled by repeating a diffusion weighted (DW) sequence along 

at least six different directions with extra gradient and one with no extra gradient [9]. The 

major advantage of DTI is it can extract the magnitude of the diffusivities and their three 

dimensional (3D) alignment. In 1999 Pajevic and Pierpaoli introduces a color coded scheme 

to visualize the 3D information in two dimensional (2D) and it’s the most popular one even 

though several other schemes have been suggested. In beginning of 2000 it was started to use 
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the 3D information from the DTI to produce 3D virtual information of the white matter 

bundles [9].  

1.2  Physics of DTI 

DWI image contrast is based on difference in the diffusion magnitude because it is 

sensitive to self-diffusion of free water molecules. The water molecules present driven 

motions known as Brownian motions and are randomly thermally driven. The diffusion in the 

brain is affected by 

several factors like 

temperature and the 

micro-

environmental 

architecture, such as 

cell membranes, in 

which the diffusion 

takes place [3], [10]. 

The degree of restriction to water diffusion in biologic tissues is inversely correlated to the 

tissue cellularity and the integrity of cell membranes, as shown in Figure 1. This means that 

the motions of water molecules is more restricted in tissues that have high cellular density 

such as tumors [6]. To produce DWI the MRI sequences are normally made sensitive to 

diffusion by adding two diffusion gradients (Figure 2) to the MRI sequence, normally T2 

weighted echo planar (EPI) sequence along the same directional axis [3], [10]. 

 

Figure 2: Two gradients that are equal in magnitude and placed symmetrically centered around 

a 180° RF pulse are added to a typical MRI sequence in order to produce DWI. Borrowed from 

[11]. 

 EPI spin echo sequences are sensitive to molecular motion and show the self-

diffusion of water in tissues and therefore it is mostly used in DWI [12].  The two diffusion 

Figure 1: If there is no restriction the diffusion goes in all direction similar 

ink drop in water. In brain the diffusion is restricted by several factors and 

that is used in DTI. Borrow from [13]. 
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gradients are equal in magnitude and symmetrically centered around a 180° radiofrequency 

(RF) pulse [3], [10] as can be seen in Figure 2. “The first gradient causes molecules to 

acquire phase shifts; the second gradient cancels the gained phase shift by rephrasing, non-

moving stationary spins. Moving spins however acquire an effective phase shift because their 

motion limits rephrasing by the second gradient” [3].  

The diffusion gradients are characterized by a b-value (s/mm
2
) which is the diffusion 

sensitivity and is defined by the Stejskal-Tanner equations [3], [13], [14]: 

 
𝑏 = 𝛾2𝐺2𝛿2 (Δ −

𝛿

3
)  (1) 

where 𝛾 is the gyromagnetic ratio, 𝐺 is the gradient strength, 𝛿 is the gradient amplitude and 

Δ is the time interval between the pulse onset. Both 𝛿 and Δ are shown in Figure 2. The 

gyromagnetic ratio is the “ratio of the resonance frequency to the magnetic field strength for 

a given nucleus”. The gyromagnetic ratio for hydrogen nucleus 
1
H, because we are focusing 

on water molecules, is equal to 42.576 (MHz T
-1

) [15]. Usually two b-values are used to 

enable meaningful interpretation, one that is low and one that is high [6]. Higher spin 

dephasing or higher degree of random motion (diffusion) results in more MR signal loss 

which appear as a dark voxel on DWI. On the other hand lower degree of random motion 

results in lower MR signal loss and appears as a bright voxel. To change the degree of MR 

signal the b-value is changed by changing the strength G, the duration 𝛿 or the time interval Δ 

of the diffusion encoding gradient. For example by increasing both the strength and duration 

the degree of MR signals decreases resulting as brighter voxel. The resulting signal intensity 

is mapped as a two dimensional image for each voxel in a DWI map [12], [13], [17]. By 

taking the difference between these two images, that is when the b-value is low and when it is 

high, for each pixel it is possible to calculate a map of the diffusion coefficient D. The map is 

called apparent diffusion coefficient (ADC) map. The diffusion coefficient D is calculated 

with deduction of equation (2): 

 
𝑆 = 𝑃𝐷 (1 − 𝑒

−
𝑇𝑅
𝑇1 ) 𝑒

−
𝑇𝐸
𝑇2 𝑒−𝑏𝐷 (2) 

where, S is the MR signal intensity in spin-echo image, PD is proton density (representing 

water concentration), T1  is longitudinal relaxation time, T2 is transverse relaxation time, TR is 

repetition time, TE is the echo time, b is the diffusion weighted factor (b-value) and D is the 

diffusion coefficient (representing the Brownian motion of water molecules) [17].  
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On the ADC map the intensity of each pixel is proportional to the extent of diffusion 

meaning that the bright regions diffuse faster than dark regions opposite to DWI map as can 

be seen in Figure 3 [17]. Major advantage of ADC maps is that they do not have any T2 

effects that may affect the appearance of lesion on DWI images. It is also not dependent on 

the field strength or sequence parameter used [3].  

 

Figure 3: The figure is showing the differece between DWI (A) and ADC (B). In DWI represent 

dark voxel faster diffusion while bright voxel represent faster diffusion on ADC maps.  

The diffusion is a 3D phenomenon with direction and shape. The shape and magnitude 

of the diffusion is different between brain structures. In fibrous tissues like in white matter 

water molecules diffuses faster along the fiber direction then perpendicular to it [10] as Figure 

5 shows. Since the diffusion is a 3D phenomenon it is best to think about the diffusion tensor 

of white matter tracts as a 3D structure with three eigenvalues, 𝜆1, 𝜆2 𝑎𝑛𝑑 𝜆3representing 

three different directions (Figure 4B). The eigenvalues are associated with three perpendicular 

directions called eigenvectors  𝑣1, 𝑣2 𝑎𝑛𝑑 𝑣3 (Figure 4C). The eigenvectors are defined by six 

parameters that give the shape of the ellipsoid. The longest eigenvalue is 𝜆1 and it is pointing 

along the axonal direction (parallel diffusivity) while 𝜆2 𝑎𝑛𝑑 𝜆3 are the smaller ones and are 

sometimes called  
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perpendicular diffusivity [3]. These positive 

eigenvalues give the main direction of the diffusion 

[18] and therefore it can be thought that the 

diffusion tensor describes the fiber orientation [13]. 

The tensor has three degrees of freedom and is 

represented by a 3 𝑥 3 symmetric matrix of vectors. 

The three diagonal elements of the matrix represent 

diffusion in the three orthogonal directions [12]. The 

diffusion tensor is sampled by repeating a DW 

sequence along at least six different directions with 

diffusion gradients as mentioned previously and the seventh measurement is done with no 

extra gradient. This means that seven measurements are the minimum that is needed to solve 

the diffusion coefficients that characterize the diffusion tensor [3], [16]. However more 

images are required to boost signal to noise ratio (SNR) to acceptable level. Some repeat 

acquisition of the same DWIs to achieve this but it is more common to increase the number of 

diffusion directions. Okada et al [19] did report better DTI result from 3T MRI scanner than 

1.5T MRI scanner but otherwise it is not known and the optimal number of diffusion 

directions for 3T  have not been reported [20]. Fractional anisotropy (FA) is mostly used to 

represent the eigenvalues and it ranges from 0 (isotropy) to 1 (maximum anisotropy) [2] and it 

is calculated with equation (3): 

 

Figure 5: Water molecules diffuses 

faster along the fiber dierction then 

perpendicular to it. Borrowed from 

[13]. 

Figure 4: The diffusion is a 3D phenomenon with direction and shape and is ellipsoid used to model 

the diffusion. The ellipsoid orientation is characterized by three eigenvectors 𝒗𝟏, 𝒗𝟐𝒂𝒏𝒅 𝒗𝟑 and the 

shape is characterized by three eigenvalues 𝝀𝟏, 𝝀𝟐𝒂𝒏𝒅 𝝀𝟑. So the eigenvectors represents the axes of 

the ellipsoid and the eigenvaues represents the diffusivities in these directions, respectively.  

Borrowed from [17]. 
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𝐹𝐴 = √
3

2

√(𝜆1 − 〈𝜆〉)2 + (𝜆2 − 〈𝜆〉)2 + (𝜆3 − 〈𝜆〉)2

√𝜆1
2 + 𝜆2

2 + 𝜆3
2

 (3) 

 

 

 

〈𝜆〉 =
𝜆1 + 𝜆2 + 𝜆3

3
 (4) 

where 𝜆1, 𝜆2𝑎𝑛𝑑 𝜆3are the eigenvalues described above [17]. FA will be high if 𝜆1 is much 

larger than 𝜆2 and 𝜆3 indicating a preferred direction of diffusion. 

FA map, as shown in Figure 6 A, is one way used to display the diffusion anisotropy. 

It maps the degree of anisotropy based on the signal intensity code. Weak anisotropy 

(isotropic) voxels (representing the gray matter in the brain) have FA value less than 0.2 and 

strong anisotropy voxels (white matter in the brain) have FA value greater than 0.2. These 

maps do not show anything about the diffusion direction so to display it an ellipsoid or 

directionally color coded schematic maps are used. The ellipsoids represent the diffusion 

distance in 3D, so high FA will appear as a cigar shaped ellipsoid while low FA as a sphere 

(Figure 6 A). The color coded maps, as can be seen in Figure 6 B, uses different colors, red, 

blue and green to display different fiber orientation in 2D [2]. The red color is left-right, blue 

is superior-inferior and green is anterior-posterior like Figure 6 C represent. Different color 

brightness is used to represent different degree of anisotropy [10].  Figure 6C shows the most 

commonly used color coded map proposed by Pajevic and Pierpaoli [21]. 
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Figure 6: Fractional anistotropy map (A) is used to represent the diffusion anisotropy where 

bright voxel represent high FA value. FA maps do not tell anything about the diffusion 

direction. To show to display that an ellipsoid (A) are used or color coded maps (B). Cigar 

shaped ellipsoid represent high FA value while shpere shaped represend low FA value as can be 

seen in A. The color coded maps have three different colors, red, green and blue to represent 

different direction and different brightness is used for different degree of anisotropy. Most used 

color map (C) was proposed in 1999. Borrowed from [17]. 

DTI tractography is a technique that is used to trace brain pathways by using the 

diffusion tensor data. DTI tractography uses the diffusion anisotropy to estimate the 

orientation to reconstruct a pathway that corresponds to the underlying fiber tract [22]. Many 

white matter tractography algorithms have been develop  to estimate the connectivity patterns 

between different brain regions [23]. These algorithms can be divided into two types; 

deterministic and probabilistic. 

1.2.1. Deterministic Algorithm  

Deterministic algorithms were developed earlier and are used more clinically. These 

algorithms involve some common steps like seed selection, fiber trajectory termination and 

fiber selection strategies. The trajectory is calculation both forward and reverse from the 

seeding point and it follows the principle eigenvector, 𝑣1, from the DTI. The fiber tracking is 

continued until it hits some stopping criteria [13], [24].  The stopping criteria are fixed 

anisotropy values, normally FA < 0.2. That prevents the fiber tracking to go in to areas like 

the gray matter where the FA value is lower than the fixed one. Other stopping criteria for 

deterministic algorithms is angular threshold which is set to be the maximum angle that path 

can turn between steps. That prevents the tracking to go back into itself [25]. Most used 

deterministic algorithm was proposed by Mori et al [26] in 1999 and is called the Fiber 

Assignment Continuous Tracking (FACT) (Figure 7C), often known as streamline technique. 
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FACT does not assume that the underlying fiber tracts is continuous like other deterministic 

algorithms, it assumes that the orientation is uniform in all image voxel and only changes at 

the boundary of the voxel. This means that the step length is not constant since the path is 

propagated from the seed point but parallel to the principal eigenvector until voxel boundary 

is reach [25]. Other known deterministic algorithms are the Euler (Figure 7A) and Runge-

Kutta (Figure 7B) methods which both uses constant step size that are normally smaller than 

the voxel size [13]. All algorithms mention above are not extremely good in areas with low 

anisotropic diffusion tensors like where fibers are crossing. Tensor deflection (TEND) is one 

type of deterministic algorithm that is used to define the tracts that goes through regions with 

low anisotropy by using the product of the diffusion tensor and the incoming vector direction 

to define the next vector. In regions of isotropic diffusion the estimation tract direction will be 

unchanged for TEND which can be said is a reasonable guess since the principle vector is not 

well defined. In regions where fibers are crossing perpendicular TEND will give correct 

direction of next tract while it will not give good results where the fibers are non-

perpendicular [24]. 

 

Figure 7: Here are different deterministic algortithms available that performe fiber tracking 

differently. Euler (A) uses constant step size where the propagation direction is estimated at the 

beginning of the step while Runge-Kutta (B) estimates it along the step. The FACT (C) have 

variable step size since it takes new steps when it hits voxel boundary. Borrowed from [13]. 

1.2.2. Probabilistic Algorithm 

Probabilistic algorithms on the other hand propagate a large number (typically > 5000) 

of possible pathways from the seed point meaning that the pathway steps are larger from 

voxel to voxel this meaning that at each step that evolves the path the direction to the next 

step is drawn from a distribution of possible orientation. The end result is a set of multiple 

pathways that is passing through a given seeding point, that is summarized by assigning to 

each voxel the percentage of pathways that pass through the voxel, giving a map showing the 

pathway probabilistic (Figure 8) [25]. Probabilistic algorithm can be divided into different 
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types; Model-Based probabilistic algorithms, Bootstrap tractography and Global Optimization 

algorithms [13]. Like in deterministic algorithms a stopping criteria is used to control the fiber 

tracking. The maximum angular threshold is applied to probabilistic algorithms like the 

deterministic [25]. Other criteria is to only include fibers that go to certain area in the brain, 

this is done to constrain the number of connections and therefore decrease the calculation time 

[27].  

 

Figure 8: On left is a DTI map. The middle figure shows how deterministic algortihms will solve 

the fiber tracking, is streamline. The right figure shows probabilistic algorithms solutions, it 

gives probabilistic map. Borrow from [28] and modified by author.  

1.2.3. Pros and Cons for Deterministic and Probabilistic Algorithms 

In Table 1 the main pros and cons for deterministic and probabilistic algorithms are listed. The 

deterministic algorithm is simple and fast and has difficulty to solve crossing fibers while 

probabilistic algorithm takes more time but it can solve crossing fibers.  

Table 1: Pros and cons for deterministic and probabilistic algorithms [29]. 

Type of Algorithm Pros Cons 

Deterministic 
Simple Can’t solve crossing fibers 

Fast Sensitive to noise 

Probabilistic 
Robust to noise  Time consuming 

Can solve crossing fibers  

 

1.2.4. Limitations 

DTI tractography can give fantastic results for the 

eye, colorful and stunning as Figure 9 shows. However there 

are error factors when estimating tracts that are generally not 

known and cause limitation of using tractography. Low Figure 9: An examply of whole 

brain tractography.  
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quality of clinical DWI 

data because of various 

noise sources like eddy 

current distortions, 

subject motions, 

physiological noise and 

susceptibility artifacts 

from echo planar 

imaging (EPI) can lead 

to significant errors. 

These noise sources lead 

to poor local characterization of diffusion and consequently to incorrect tractography results 

from probabilistic algorithms because they can represent the noise as highly likely [10], [22]. 

Deterministic algorithms can only resolve single tensor as a single fiber direction in each 

voxel while every voxel is few millimeters cube it can includes thousands of axons [30]. This 

is a problem in certain regions in the white matter where fibers are crossing, kissing or 

fanning in the voxel as represented in Figure 10  or when there is more than one tissue type 

located in voxel. This can give false positive or false negative results and therefore this is 

often said to be the biggest limitation in DTI tractography [2]. The brain itself also affects the 

results especially if pathology is present such as tumor or increase in partial volume like mass 

effect of lesions [13]. 

1.2.5. Improved DTI Methodologies  

There are always improvements in designing sequences, MRI gradient hardware and post-

processing correction schemes that gives belief that mapping the brain connections can be 

more precise [31]. Since crossing fiber is one of the biggest limitation in DTI tractography 

many high order models have been developed to solve that as well as advanced diffusion 

imaging methods [13]. Number of algorithms are available for diffusion MR imaging and last 

years the new algorithms are more sophisticated and focus on solving problems that are 

present in algorithms like described above. Fast-Marching Algorithms is an example of 

advanced algorithm. The computational process works in that way that it passages from one 

vector to another in a similar way as the propagation of water wave from the seed point. The 

speed of the wave in all directions is determined by the collinearity of the principal 

eigenvectors in the neighboring voxels. Then there are algorithms based on high angular 

Figure 10: Different cases that gives same shape and direction on the 

tensor. This is the biggest limitations in DTI tractography especially 

for deterministic algortihms because they can’t distinguish the 

differnce of these fibers. Motified from [31] and modified by author. 
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resolution diffusion weighted imaging (HARDI)  

[32]. HARDI acquires DWI with large number of 

different diffusion direction (> 60) at a single b-

value (~ 3000s/mm
2
) [13]. The major difference 

from HARDI and DTI is that in HARDI are 

multiple choices in each voxel instead of single 

choice like for DTI. Since there are multiple 

choices, meaning multiple fiber bundles with 

different directions the angular consistency is 

easier to achieve and therefore it results in more 

fibers to be tracked [32] . Constrained Spherical 

Deconvolution (CSD) is one type of high order 

model that have shown good results in crossing 

fibers effect. It uses HARDI data to estimate the 

fiber orientation distribution in each voxel [33]. The difference between DTI model and CSD 

model is shown in Figure 11. Other advanced diffusion imaging methods are diffusion 

spectrum imaging (DSI), Q-ball imaging (QBI) and diffusional kurtosis imaging ODF (DK-

ODF) which all requires large number of diffusion directions and diffusion weighted as 

HARDI. The reason why these advanced algorithms and methods have not been translated  

into improvements in clinical practice  is because of lack of technical expertise, software 

availability and increase in scan time  [13]. 

1.3       Acquisition Protocol for DTI 

To produce DTI a DW sequence is repeated along at least six diffusion directions with 

diffusion gradient and one sequence with no extra gradient [10]. There is no optimal number 

of diffusion directions for 1.5T MR system but it is recommended to have the directions 

between 20 and 30 directions  [34].  The diffusion gradient is characterized by b-value as 

mention above and normally are two b-values used, one equal to zero and the other between 

600 s/mm
2
 and 1500 s/mm

2
 [3], [11]. When the b-value is equal to zero it is pure T2-weighted 

image. In order to produce T2-weighted image a spin echo sequence is used were the 

repetition time (TR) needs to be long as well as the echo time (TE). When anatomical image 

is used with DTI it is normally a T1 weighted images. The differences between T2- and T1-

weighted image sequences are the time parameters, repetition time (TR) and echo time (TE). 

For T2 sequence the TR and TE are long while for T1 sequence they are short, as can be seen 

Figure 11: High order models have shown 

good results of solving crossing fibers. 

These models have multi choices in each 

voxel while DTI only have one choice. This 

figure shows difference between standard 

DTI model and high order CSD model. 

Borrowed from [30]. 
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in Table 2 [35]. The TR in T1 weighted image is different if it used as diagnostic tool or used 

as an anatomical images with DTI or functional MRI (fMRI). When T1-weighted images are 

used with DTI a gradient echo sequence is needed instead of spin echo sequence [36].  

Table 2: This table is showing the typical TR and TE time for both T2- and T1- weighted 

images.  

Image type Repetition Time (TR) Echo Time (TE) 

T2- weighted Long (>2000ms) Long (>80ms) 

T1- weighted Short (500-1000ms) Short (<30ms) 

T1- weighted used with DTI or fMRI Short (<10ms) Short(<30ms) 

1.4       Clinical Application for DTI 

There are many reports that describe use of DTI in neuroscientific studies because of 

its high sensitivity to changes at the cellular and microstructural level. DTI is used as a 

diagnostic tool like in schizophrenia, multiple sclerosis, strokes, traumatic brain injury, 

neurodegenerative diseases and spinal cord disorders [37], [38]. DTI is also used as a research 

tool such as to study symmetry and location of white matter fiber tracts in twins and siblings 

[10] as well as to study Alzheimer’s disease (AD) [39], [40] and epilepsy [41]. Other clinical 

application where DTI tractography has been applied is in patients undergoing brain surgery 

for tumor resection. Use of DTI tractography in glioma resection have shown clear benefits in 

increasing overall survival [42]. DTI tractography is both used as a surgical preoperative tool 

(planning) [43], [44], [42] as well as intraoperative tool used with surgical navigation system 

[45], [46], [47], [48]. DTI have also been used to guide surgical planning in intramedullary 

spinal cord tumor in children [49]. 

1.4.1 Brain Tumors 

Most studies of pre-surgical tractography have focused on the corticospinal tract to 

locate fibers that are in the centrum semiovale in relation to the tumor to guide the surgical 

approach as well the intraoperative DES. Other pathways in the brain have been evaluated 

pre-surgically tractography. These pathways are e.g. the language tracts in patients 

undergoing anterior temporal lobectomy and optic radiations for resection of epileptogenic 

lesions. Combination of DTI and fMRI has been used to have better defined region of interest 

when performing fiber tracking [50]. 
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1.4.2 Spinal Cord Injury 

DTI in spinal cord has not been used as much as for the brain because of the small size 

of the cord and degradation of images because of subject motion when e.g. breathing and 

swallowing. Even though of this artifacts DTI has mostly been used in multiple diseases of 

the spinal cord for diagnosis and predict clinical outcome. Using DTI in spinal cord tumors 

have shown good result when performing fiber tracking because it often shows displacement 

of the fibers around the tumor and is useful for neurosurgeon when planning a surgical biopsy 

or resection [50]. 

1.4.3 Other Applications 

In traumatic brain injury (TBI) the DTI is used since it sensitive to both acute white 

matter damage and to changes in white matter integrity over the long term [51].  For 

Alzheimer’s disease DTI can demonstrate a significant difference between AD patients and 

controls and it is possible to use DTI to predict the progression of the disease [52].  For 

epilepsy use of DTI has shown potential in many ways both in evaluation and treatment of the 

disease. Most important use of DTI in this field is its ability to increase the search for the 

epileptogenic focus but it can be crucial if surgical resection is considered [50].   

1.5       Other Clinical Procedure to Map Brain Activity  

To map the brain activity there is a gold standard method available but that method is 

not noninvasive like tractography. It is an intraoperative method called direct electrical 

stimulation (DES) and is used to map the functional boundaries in brain tumor resection. It 

has shown improvements in survival rate in patients that undergo brain surgery. DES is time 

consuming when it is used in patients that are awake and the patient gets tired fast so only 

limited number of task can be performed during surgery. If DTI tractography is done 

preoperative it can indicate which boundaries of a resection cavity deserve DES [2]. Bello et 

al [53], [54] showed that this combination decreased surgery duration, patient fatigue and 

intraoperative seizures.  
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1.6  Thesis Objective and Overview 

The goals of this master project are:  

1. Assessing condition to integrate DTI tractography in neurosurgical planning at 

Landspitali University Hospital (LSH) 

2. Develop a process to combine DTI tractography with 3D printing for improve surgical 

planning 

Chapter one covered the introduction and theoretical framework regarding tractography 

planning. In chapter two the methods used in the study is described, how fiber tracking was 

performed in two different software, comparison between them and how the tractography 

result was transfer in order to use it with surgical navigation system and to create a three 

dimensional (3D) model.  It also covers the details about the patients. Chapter three describe 

the results from the study and in chapter four the results are described in more detail. In 

chapter five are my thoughts about tractography in the future. In sixth and the final chapter the 

protocols made for the software used in this study are listed.  

2. Material and Methods 

The work was done at LSH and at Medical Technology Center at Reykjavik 

University.  

2.1  Introduction 

DTI tractography is not a 

part of normal routine at the 

neurosurgical department at LSH 

when brain surgery is planned. In 

many cases it is not helpful for 

planning. Another reason is lack 

of time since the fiber tracking 

can be time consuming and the 

neurosurgeons find it difficult and not always a straight forward process. When this study 

started the software available at LSH to do tractography was StealthViz from Medtronic and it 

was hardly used because the neurosurgeon found it difficult and time consuming. When the 

study was ongoing the hospital got new software, nordicBrainEx from NordicNeuroLab that 

Figure 12: Left – 1.5T Siemens Avanto MRI scanner as 

used in this study. Right – Head Matrix coil from Siemens 

as used in the study. Borrowed from[57]. 
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is able to do analyze both fiber tracts and functional MRI (fMRI). When installing the 

software the DTI protocol was updated according to literatures [34] and recommendations 

from specialist from NordicNeuroLab. The recommendation, that is number of diffusion 

direction and repetitions were based on the type of MRI scanner and head coil that is used at 

LSH. The MRI scanner is 1.5T Siemens Avanto and Head Matrix Coil from Siemens was 

used, see Figure 12. The head coil is a 12-element (channel) design with 12 integrated 

preamplifiers, two rings of 6 elements each (i.e. 4 clusters of 3 elements each) [55].  The DTI 

protocol include a spin echo – echo planar imaging (SE-EPI) based DTI sequence with 20 

diffusion directions, two repetitions to boost the SNR and b-value equal to 1000 s/mm
2.
 The 

structural image protocol includes a T1-weighted 3D magnetization-prepared rapid 

acquisition gradient echo sequence (MP-RAGE). In Table 3 and Table 4 other parameters for 

these protocols are listed. 

Table 3: This table display parameters used for the DTI protocol. b0 represent value of the main 

magnet that is in our case 1.5T. 

Amount of diffusion directions 20 with 2 repetitions 

Number of b0 per slice 2 

b-value 1 0 s/mm
2
 

b-value 2 1000 s/mm
2
 

Number of slices 40 

Slice thickness 3.0 mm 

Slice increment 0.0 mm 

Width 192 pxl 

Height 192 pxl 

Voxel size 2.0 x 2.0 x 3.0 mm 

Field of view 187.5 x 187.5 mm 

Echo Time (TE) 86 ms 

Repetition Time (TR) 5300 ms 
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Table 4: This table shows the MRI protocol for the structural images that are T1 weighted 

images. 

Number of slices 192 

Slice thickness 1.0 mm 

Slice increment 1.0 mm 

Width 192 pxl 

Height 192 pxl 

Pixel size 0.9766 mm 

Field of view 187.5 x 187.5 mm 

Echo Time (TE) 4.19 ms 

Repetition Time (TR) 1800 ms 

Inverse Pulse 180° 

Inversion Recovery Time (TI) 600 ms 

Flip angle 15° 

 

2.2  Fiber tracts 

The fiber tracts focused on this study are eloquent fiber tracts since they are easily 

clinically assess and are important for the patient outcome. In total five fiber tracts were used 

and they are: 

 Corpus callosum (Figure 13A): The corpus callosum is located in the center of the 

brain and forms the largest white matter bundle. Its role is to transfer information 

between left and right cerebral hemisphere [56].  

 Motor tracts (Figure 13C): It originates in the motor cortex area and descends down to 

the brain stem and spinal cord to control α-motor neurons. It can control posture, 

reflexes and muscle tone as well as conscious voluntary movements [57]. 

 Sensory tracts: Is responsible for the sense of touch. It receives incoming message for 

touch and limb movements from the body [58]. 

 Optic tracts (Figure 13D): Transfer the information from the retina to the visual cortex 

of the brain [59]. 

 Broca’s area to Wernicke’s area (Figure 13B): Arcuate Fasciculus is the prominent 

fiber tracts that connects these two areas that plays role in our language and speech 

[60]. 
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Figure 13: Examples of fiber tracts from other studies. These tracts are the same as is focused on 

this study like corpus callosum (A), arcuate fasciculus (B), motor pathways (C) and optic nerve 

tracts that the focus was on locate the Meyer’s loop (D). Figure A and B are borrowed from [61], 

figure C is borrowed from [37] and figure D is borrowed from [62] and modified by author. 

2.3  Data 

Data from four patients (2 females and 2 males, mean age = 41 years, all with low grade 

glioma) were used in this study. The patients information is listed in Table 5. 

Table 5: This table shows number of patient, gender, age, type of pathology and if the 

tractography planning was done before or after the surgery.  

Patient Gender Age Type of Pathology Pre / Post 

# 1 Female 29 Low grade glioma Post 

# 2 Male 34 Low grade glioma Post 

# 3 Female 56 Low grade glioma Post 

# 4 Male 46 Low grade glioma Pre+Post 

 

2.4  Key Factors for the Assessment 

Two software are compared and the interest was in: 

 looking at quality of fiber tracts,  

 evaluating the process time, 

 how to convert the fiber tracking in to compatible format for navigation system, 

 make a qualitative and quantitative analysis of the differences 

2.5  Fiber Tracking Planning Software: StealthViz 

StealthViz is a surgical planning software application. It allow import of Digital 

Imaging and Communications in Medicine (DICOM) datasets that can be reviewed in 2D and 

with 3D volume rendering, multi-modality image fusion, segmentation of structures with 
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manual and semi-automatic tools. The result can be exported PACS or to the surgical 

navigation system, StealthStation® for display at the time of surgery. The software performs 

white matter tractography. It enables realignment of diffusion weighted gradient, co-

registration with other anatomical and functional datasets and tensor calculations [63]. The 

fiber tracking “currently uses Deterministic FACT algorithm by John Hopkins. Another one 

will be added in next release or so, most likely Constrained Spherical convolution 

tractography” [64]. 

2.5.1. Workflow in StealthViz 

 Import data: The patient MR images were imported in DICOM format from a CD that 

was copied by a specialist at LSH. When importing was finished the anatomical and 

diffusion tensor images were merged, since it is separate data, to get right anatomical 

position of the diffusion tensor. The merging can be done manually or automatically. In 

this study automatic merging was used and without any complications. 

 Segmentation: StealthViz offer segmentation with five different tools, pick region tool, 

bruch tool, lasso tool, magic wand and blow. In this study the tumor of each patient was 

segmented by using blow tool which marks region of interest (ROI). The tumor was 

located and marked on every other slice with the blow tool and then interpolation was 

used to connect the ROI between the slices and finally a 3D object of the tumor was 

created. Interpolation command connects the ROI by select pixels with same gray values 

as has been marked on the other slices. The tumor segmentation is not necessary but it can 

help with visualization in 3D. 

 Fiber tracking: Fiber tracts of interest in this study were 5 as describe earlier and I tried 

to find all of them for each patient. To trace tracts in StealthViz a start box, that can be 

adjusted, was placed on ROI somewhere in the brain, called seeding point, e.g. on corpus 

callosum. The FA value was equal to 0.20 mm and angle degree was changed from 45° to 

41.4°.  Then the software computed all the fibers that went through this box but 

StealthViz also offer user to place a middle box and/or an end box to be more precise. In 

this study I used all combination that was only a start box, start box + middle box + end 

box or start box + end box to find the tracts of interest. It happened that the software 

calculated tracts that we knew for sure did not belong to what we wished for then I could 

remove those tracts with special remove command. It also happened that no tracts could 

be found even though the location of the box was correct. In that kind of circumstances 

two parameters were changed, FA and angle degree, differently between data sets. 
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Calculated fiber tracts were visualized both in 2D on the structural images and/or in 3D in 

the 3D view window. 

 Calculated as 3D object: When tractography planning was finished and the neurosurgeon 

had approved the planning the tracts were calculated as 3D objects and saved in a DICOM 

format. If the tractography planning is exported either to the navigation system or USB 

stick the software added an error margin to each fiber tract because the tractography is not 

100% reliable and this margin indicates that. The error margin is 1mm. 

 Export planning: It is possible to export the results as a one file or separated files to the 

surgical navigation system or USB stick/CD in DICOM format in order to transfer the 

data to advanced medical image processing platform. Protocol for performing fiber 

tracking in StealthViz is in Appendix AI. 

 

Figure 14: Flow chart showing the main steps when using StealthViz in order to do fiber 

tracking. 
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2.6  Fiber Tracking Planning Software: nordicBrainEx  

nordicBrainEx is DICOM compatible and can analyze DTI data acquired with all 

major MR vendors. DTI datasets acquired with two different b-values (one 𝑏 = 0  and six or 

more DWI where 𝑏 ≠ 0) can be analyzed in nordicBrainEx. When the DWI is equal to six the 

analysis is done by taking the analytical solution of the Stejskal and Tanners diffusion 

equation system while least-square fit approach using Singular Value Decomposition (SVD) 

is used when the DWI are more than six. The DTI analysis in nordicBrainEx generates 

parametric maps of various attributes of the diffusion tensor, including Eigenvector color map 

(cDTI), Fractional Anisotropy index (FA), Mean diffusivity (ADC), Tensor eigenvalues ( 

𝜆1, 𝜆2𝑎𝑛𝑑 𝜆3) and Trace weighted (TraceW). The fiber tracking is performed by using the 

FACT algorithm [65].  

2.6.1 Workflow in nordicBrainEx 

 Import data: MR images were imported to nordicBrainEx through the PACS system 

by patient identity number. After selecting correct data it was necessary to label the 

study, meaning that the structural images needed to be marked as structural, DTI 

images as DTI and if there are any functional MRI (fMRI) included it is marked as 

BOLD. The images that I wanted to analyze were then selected, which is in this study 

were the structural and the DTI images. An automatic registration was then done that I 

needed to verify before doing anything. The registration is to place the DTI correctly 

according to structural images. In nordicBrainEx there is one tab for fMRI analyses 

and one for analyzing DTI. By clicking on the DTI tab the software starts to calculate 

all fiber tracts and visualize it in the 3D window. 

 Fiber tracking: To perform tractography planning the first thing to do was to move 

the crosshair on ROI and select volume of interest (VOI) tool. nordicBrainEx offer 5 

different  geometrical shapes for VOI to use for fiber tracking; ellipsoid, cube, 

polygon, free-hand or scatter. The cube was mostly used in this study but the free-

hand was used to select the corpus callosum as VOI. The VOI can be modified 

afterwards by translating, rotating or scaling and the result will be updated according 

to the modification. Like before 5 fiber tracts were found. When VOI had been placed 

I needed to select what I wanted from this VOI. There are three logical operators 

available; (1) AND which only visualize fibers passing through that VOI, (2) OR will 

only visualize fibers passing through this and any other VOIs defined or (3) NOT that 
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will disregard all fibers passing through that VOI. As in StealthViz the FA value was 

set to 0.20 mm and angle degree was 41.4°. 

 Save fibers: When finished tracking one fiber e.g. corpus callosum it was saved by 

add it to a new group that was given name and color and then next fiber group could 

be traced. Similar to StealthViz the tractography planning can both be visualized in 2D 

on the structural images as well as in 3D. 

 Export planning: When the planning was finished and had been approved by the 

neurosurgeon it was saved in a DICOM format and exported to the PACS system to be 

able to use it later in the navigation system or USB stick in order to transfer the data to 

advanced medical image process platform. The work was exported in separate files 

meaning that each tract is separated not all together in one file. 

 

Figure 15: Flow chart showing the main steps in order to do fiber tracking in nordicBrainEx. 
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2.7  3D Printing Technology in DTI Planning 

2.7.1. 3D Printing in Medicine 

Rapid prototyping (RP) started in early 1980s and has been used to build complex 3D 

models in medicine since the 1990s. In last decades the RP has not only been used for medical 

application but also for research and as an educational and training tool [66]. Use of RP 3D 

models in clinical applications in Iceland started in 2006 and has been increasing since. In 

2013 it was published use of RP model of patient skull with correct anatomical localization of 

its tumor with surgical navigation system. This study demonstrated that the process is likely to 

shorten operation time and increase patient safety [67]. Even though RP models are used 

increasingly here in Iceland it is also been used worldwide where it has shown reduction in 

operation time which leads to less cost [68]. Several surgical department have use RP models 

for preoperative planning and shown benefits of it like in craniofacial and maxillofacial 

surgery [69], [70], neurosurgery [71], pelvic surgery [72] and cardiovascular surgery [73]. I 

have been doing 3D models for all these departments here in Iceland, e.g. model when of the 

jawbone and mandibular nerve (Figure 16 A), model when reconstructing an infant skull 

because of early closure of sutures (craniosynotosis) (Figure 16 D-F), model of pelvis to help 

understanding in hip dislocation (Figure 16 B) and heart model with tumor between aorta and 

pulmonary artery (Figure 16 C). All these models were used in order to improve surgical 

planning.  
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Figure 16: 3D models that I have created for different surgical departments here in Iceland with 

the purpose to help with surgical planning. A – Jawbone with the mandibular nerve visible. B – 

Hip dislocation (dark purple). C – Heart model where tumor was located between the aorta and 

pulmonary aorta (red arrow). D- F - Reconstruction on infant forehead. Normal forehead (red 

on D) from other infant used to reconstruct the forehead (F) on infant where the metopic suture 

closed to early (E).  

2.7.2. Workflow for 3D Printing of DTI Planning  

To create a RP model of the patient skull and its tractography planning I needed to 

transfer the result data from StealthViz and/or nordicBrainEx to software that is used for 

medical image processing, called Mimics (Materialize Leuven Belgium). Mimics allow 

segmentation of 3D medical images (CT, MRI, micro-CT, CBCT, 3D Ultrasound and 

Confocal Microscopy) where the result is highly accurate 3D model of patient anatomy [74].  

It is best to divide the workflow in three steps that all include several steps in order to 

create 3D model of DTI tractography planning. 

Step 1: 

 Import data: In order to have good model of patient skull a CT data is needed. That 

data is imported to Mimics. 

 Segmentation of the skull: To segment the skull I used threshold command, it selects 

a range of gray values that represents the bone, often the software gave the correct 

range automatically but sometimes I needed to change it manually in order to get good 
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and solid mask of the skull. A region growing command was then used to exclude 

pixels that were not connected to the region of interest.  

 Create 3D object: When finished the software calculated the mask as a 3D object. I 

wanted to have the skull open from the top to see the tractography planning and the 

tumor by looking at the model. Therefore was the 3D object of the skull cut with “cut 

with polyline” command. The cut was done by adding two points on the object, one in 

the middle front and one at the middle back of the skull. The software then creates a 

cutting plan which I needed to adjust by changing the size, thickness or direction 

before approving the cut. After the cut a “split” command was used to create separate 

objects of the skull. When splitting was finished I had the skull in two parts, I deleted 

the upper part since it was not needed.  

 Save as skull.STL: The file was saved and a standard tessellation language (STL) file 

was created. 

 

Figure 17: Main steps to create a 3D model of patient skull. 
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Step 2: 

 Import fiber tracts: Next step was to import the tractography DICOM files to 

Mimics. If the planning was done in StealthViz it was one file but if it was done in 

nordicBrainEx the amount of files was equal to amount of fiber tracts that was 

founded. 

 Segmentation: These DICOM files only include the fiber tracts so the segmentation 

was easy. The threshold command was used like before and the range of gray values 

chosen was different from each tract and patient. I had to make sure that the threshold 

range included all the tractography planning. When mask had been created from the 

threshold a region growing command was used to make sure that the mask only 

included pixels of region of interest which in these cases were the fiber tracts.  

 Morphology operation: When the tractography is done in nordicBrainEx this extra 

step need to be performed in Mimics in order to have all the fibers connected. First the 

morphology operation command was used were close operation was selected with 2 

pixels. This operation closes holes in the mask by adding 2 pixels.  

 Create 3D object: 3D object of the fiber tracts were then created. 

 Wrap operation: Another extra step needs to be performed if the tractography was 

done in nordicBrainEx. Now wrap operation with smallest detail equal to 0.25mm and 

gap closing distance equal to 2.5mm is used. This operation also closes holes. 

 Save as fibertract.STL: Now the fiber tracts can be saved as a STL file. Since 

tractography planning is one file from StealthViz this was only done once but for the 

planning from nordicBrainEx this was done for each tract founded. 
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Figure 18: Main steps in order to create a 3D model of the fiber tracts. The circle shaped 

columns are only needed if the fiber tracts are created in nordicBrainEx.  

Step 3: 

 Import structural images: The final part was to have everything in one file. I started 

to import the structural images or the T1 weighted images to Mimics. 

 Segmentation: First I segmented the tumor by both using thresholding and region 

growing command but more often this needed to be done manually. When doing 

manually an empty mask was created and a multi-slice command was used. In this 

command I marked the tumor on few slices where the tumor was present and then an 

interpolation command was used which connects the marked slices together by finding 

pixels with same gray values as I marked. Finally 3D object of the tumor was created. 

 Import skull.STL file and fibertract.STL file: I first imported the tractography 

planning and since the tractography planning was done with DTI that was registered 
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correctly with the structural images the fiber tracts were placed correctly. Since the 

STL files only included the 3D object of the tracts I could verify their position on the 

2D structural images by visualize the contour of the 3D tracts. The contour appeared 

on the structural images and I could scroll through the images and see how the tracts 

lied. Next was to import the STL file of the skull. Since the CT and MRI 

measurements were separated and had not been registered the skull needed to be 

located correctly manually by moving and rotating it. I found it best to visualize the 

contour of the skull to see it in 2D and use the anatomical landmarks to place the skull 

correctly. 

 Create bridges: When I was satisfied with the location of the skull the final step was 

to connect the tumor and the fiber tracts to the skull in order to rapid prototype it as a 

one unit. A few bridges were drawn manually on few slices and 3D objects of it 

created. 

 Save as planning.STL file: The skull, tumor, fiber tracts and the bridges was made as 

a one unit by selecting these items and use boolean command. This one unit was then 

saved and a STL file was created. Protocol to create 3D model with tractography 

planning is in Appendix AIII for result from StealthViz and Appendix AIV for result 

from nordicBrainEx. 

 Export planning.STL file to 3D printer: The STL file of the final 3D model is 

exported to a 3D printer located in Össur. The printer is a ProJet® (3D systems, Rock 

Hill, USA) and uses a material called VisiJet®M3-X which is an organic colorless 

mixture. The mixture is then harden with an infrared light.  
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Figure 19: The main steps to combine previous objects together in order to have all parts 

together in a 3D model to be able to 3D print the result.  

2.8  Surgical Navigation System 

In surgical navigation systems a medical images such as computer tomography (CT) 

images or MRI can be viewed and used as a guide during surgery. The navigation systems can 

therefore enable surgeons to perform more precise procedures. Surgical navigation systems 

are not only used in brain [75], [76] and spinal cord surgeries but also in craniomaxillofacial 

[77], [78] and orthopedic [79], [80] surgeries. In this study the goal of using the navigation 

system involves two parts; first is to see the fiber tracts merged with the structural MR images 

and use as a guide during surgery and second to assess the 3D printed models accuracy. For 

the first part the tractography planning is imported to the navigation system, 
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StealthStation®S7® (Medtronic, Minneapolis USA) (Figure 20) 

through the PACS so it can be viewed in the navigation system. The 

tractography planning is merged with the structural images and that 

images can be used intraoperative for guidence. The assessment of 

the 3D printed model was performed by taking the models to the 

operation theater and use the navigation system in same way as it 

would be the head of a patient. By pointing with a pointer on known 

anatomical landmarks on the 3D models the navigation system 

showed exactly that same point on the structural images as shown in 

Figure 21. 

 

Figure 21: When pointing with a special pointer on some anatomical landmark such as tumor 

(B) the navigation system shows exactly that location on the structural images that is viewed on 

the navigation system screen (A).  

2.9  Assessment of Fiber Tracts 

2.9.1. Qualitative Assessment: Anatomical Accuracy and Incorrectly Displayed 

Fibers 

It has been showed that different software gives different results even though the 

software are based on the same tractography algorithm [81]. For this reason I did a 

comparison between the software by comparing the anatomic accuracy and incorrectly 

displayed fibers for each fiber tract. These comparisons were done by grading the fiber 

tracking results. Table 6 shows the grading for incorrectly display fibers and in Table 7 the 

grading for anatomic accuracy is shown. All grades were from 1 (best) up to 4 (worst). A 

white matter atlas [61], [82] was used as a reference for the evaluation.  

Figure 20: 

StealthStation®S7® from 

Medtronic. Borrowed 

from [72]. 
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Table 6: Grades for incorrectly displayed fibers. 

Incorrectly Displayed Fibers 

Grade 1 None 

Grade 2 <10% of all displayed fibers 

Grade 3 <25% of all displayed fibers 

Grade 4 >50% of all displayed fibers 

 

Table 7: Grades for anatomic accuracy. 

Anatomic accuracy 

Grade 1 Follow fiber tracts within anatomical 

boundaries 

Grade 2 Follow fiber tracts outside anatomical 

boundaries 

Grade 3 Follow poorly anatomical fiber tracts 

Grade 4 Do not follow anatomical fiber tracts 

 

2.9.2. Quantitative Assessment: Fiber Tracts Volume 

For quantitative assessment I used Mimics to compare volume (in cubic millimeter) 

between the fiber tracts mask from both the software. I imported each fiber tract from the 

StealthViz and nordicBrainEx to Mimics as a fiber tracts STL file. From the STL files I 

calculated the tracts as a mask and found its volume, shown in Table 8. To see the difference 

in the volume between tracts and software I took one fiber tract from StealthViz and 

subtracted it with boolean operation in Mimics from the same tract made in nordicBrainEx 

and vice versa and repeated this for every fiber tracts. From the tract STL it is possible to read 

out the volume and associate it to every single tract and in Figure 22 a mask for corpus 

callosum from both software is shown with its characteristics.   
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Table 8: This table shows the volume of each fiber tract mask in Mimics both from StealthViz 

and nordicBrainEx.  

 StealthViz nordicBrainEx 

Broca’s area 14332.7 mm
3
 1969.3 mm

3
 

Corpus Callosum 163062.8 mm
3
 34692.5 mm

3
 

Left Motor and Sensory cortex 48823.9 mm
3
 55488.4 mm

3
 

Right Motor and Sensory cortex 44801.4 mm
3
 8022.2 mm

3
 

Optic tract 20098.5 mm
3
 2719.9 mm

3
 

 

 

Figure 22: This figure shows the difference in the characteristics of the mask from both 

software. The mask is showing corpus callosum.  

3. Results 

3.1. MR Images and DTI 

 One of the thesis goal was to assess the integration. To do so I needed to create a 

protocol with the radiologist at LSH that would be followed through the study. The image 
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protocols are listed in Table 3 and Table 4 and Figure 23 shows an example from this study of 

structural image (Figure 23A) and DTI as an overlay on structural image (Figure 23B). 

 

Figure 23: A – Example of structural image as used in the study in axial view. B – Same axial 

slice as in A but now with DTI as an overlay.  

 After creating the image protocols I needed to get familiar with the software and learn 

how to do fiber tracking and create protocol that was not time consuming and can give as 

precise results as possible. In beginning of the study the software used was StealthViz but 

later on nordicBrainEx was also used since it was new. For both software I create a protocol 

that I believe the neurosurgeons can follow and do not take more time than necessary and 

gives precise result. The protocol for StealthViz is in Appendix AI and the protocol for 

nordicBrainEx is in Appendix AII. 

3.2. Comparison Between Software 

Since two software for fiber tracking were available at LSH it was obvious that a 

comparison would be interesting in order to see if there were any difference and if so what are 

the difference and which software should be used.  

3.2.1. Parameters  

Comparison on StealthViz and nordicBrainEx on the major steps when performing 

tractography are listed in Table 9. The parameters or steps mentioned in the table are those I 

thought important for fiber tracking and what I think will matter for the neurosurgeon so they 

can perform the fiber tracking by themselves without being time consuming.   
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Table 9: Comparison between StealthViz and nordicBrainEx. Major steps when 

performing fiber tracking in this study listed.  

 StealthViz nordicBrainEx 

Importing via CD via PACS system 

Importing time Up to 40 min Up to 5 min 

Registration Automatically Automatically 

Segmentation Yes No 

Types of VOI Box Ellipsoid, Cube, Polygon, 

Scatter, Free-Hand 

Removing fibers available Yes Yes 

Multiple VOI Yes Yes 

3D model of patient head Yes, always Yes, possible 

Export planning as one file Yes No, multiple files 

Error margin Yes No 

Export to navigation system Yes No 

Export to PACS system No Yes 

Color coded fibers Yes Yes 

Time 3hr – 1d 2hr – 1d 

Snapshots Yes Yes 

Export USB USB, PACS 

fMRI No Yes 

Algorithm FACT FACT 

Software location Next to the neurosurgeons At radiology department 

 

3.2.2. Fiber Tracking 

The figures that will be shown as a results in this thesis are from patient 1 and also a 

part from patient 4 since it was used for preoperative planning and intraoperative. In Figure 

24 the tractography planning performed in StealthViz is shown. The five fiber tracts that were 

focused on in this study can be seen in 3D. Figure 24 shows the fiber tracts as a thin fiber both 

left and right view while Figure 25:B shows the same fibers (left view) when the error margin 

have been added, the error margin here is 1mm and it is added to every fiber tract. The same 

five fiber tracts from the same data set were also traced in nordicBrainEx and can be seen in 

Figure 26. In nordicBrainEx no error margin needs to be added to the fibers. As mention 
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earlier both Figure 24 and Figure 26 shows the same fiber tracts and same fiber tracts have the 

same color on the images except the optic nerve is purple in Figure 24 and Figure 25: while it 

is cyan in Figure 26.  

 

Figure 24: This figure shows the tractography planning done for patient 1 in StealthViz. The 

planning is shown in the 3D view so all the tracts can be seen at the same time. A is showing the 

left side and B is showing the right side.  

 

Figure 25: This figure is showing the difference when an error margin has been added to the 

fiber tracts in StealthViz. A is showing when the fibers are thin and B shows when an error 

margin have beed added to the fibers. The error margin in this case was set to 1mm. The red 

color represents the fibers from corpus callosum. Green is tracts from motor and sensor area on 

left side while yellow showing them on the right side. The blue is supposed to represent the tracts 

from Broca’s area to Wernicke’s but as can be seen the loop that should be there as shown in 

Figure 13B is not present. The purple represent part of the optic nerve to visual cortex. The 

front part of the optic nerve was not found.  
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Figure 26: Tractography planning for patient 1 made in nordicBrainEx. To see all the fibers 

both left (A) and right side (B) needs to be shown with the sagittal side of the patient as 

reference. Red color represent fiber tracts from corpus callosum. Green is the tracts from both 

motor and sensory area on left side and yellow shows these tracts on right side. Dark blue 

represent the fiber tracts from Broca’s area to Wernicke’s area. As can be seen here the loop is 

displayed perfectly unlike the result from StealthViz shown in Figure 24. Cyan  is the optic 

nerves.  

 

3.2.3. Exported Comparison 

The tractography planning was exported as it would be seen in the surgical navigation 

system. The comparison was done in XERO which is a software that e.g. neurosurgeons can 

use to assess two series of medical images for the same patient. I and Dr. Olafsson 

neurosurgeon compared all the fibers tracts one by one and in Figure 27 the corpus callosum 

from patient1 can be seen and in Figure 28 is the arcuate fasciculus tract (from Broca’s area) 

for patient 1 is shown.  
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Figure 27: This figure is showing the results of fiber tracts from corpus callosum fro patient 1. 

As can be seen there is difference between the results from nordicBrainEx (A) and StealthViz 

(B). Because of the error margin that needs to be added when exporting the tractography from 

StealthViz it looks like there is fiber tracts in big areas, also in the CSF. A and B are showing the 

same slice. 

 

Figure 28: The figure is showing the arcuate fasciculus, that is the fiber tracts from Broca’s area 

to the Wernicke’s area for patient 1. The same slice is shown with the result from nordicBrainEx 

(A) and StealthViz (B).  
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3.3. Assessment of Fiber Tracts 

3.3.1. Anatomic Accuracy and Incorrectly Displayed Fibers 

Anatomic accuracy and incorrectly displayed fibers assessment was performed for all 

four patients. The grades were from 1 up to 4 for both the assessments. The grading for 

anatomic accuracy is shown in Table 10 and plotted in Figure 29. For the incorrectly 

displayed fibers the result of grading is in Table 11 and the grades are plotted in Figure 30. 

Table 10: The results from anatomic accuracy for StealthViz and nordicBrainEx. 

ANATOMIC 

ACCURACY 

Patient1 Patient 2 Patient 3 Patient 4 

SV BE SV BE SV BE SV BE 

Arcuate 

Fasciculus 
3.5 1.0 3.5 2.8 2.8 2.8 3.8 3.8 

Corpus Callosum 2.0 1.0 2.0 1.2 2.0 1.0 2.0 1.2 

Left Motor and 

Sensory Tracts 
2.0 1.5 2.0 1.5 2.0 1.2 2.0 1.2 

Right Motor and 

Sensory Tracts 
2.0 1.5 2.0 1.5 2.0 1.2 2.0 1.2 

Optic Tracts 4.0 3.0 4.0 3.7 4.0 4.0 4.0 4.0 

 

Table 11: The results from incorrectly displayed fibers for StealthViz and nordicBrainEx 

INCORRECTLY 

DISPLAYED 

FIBERS 

Patient1 Patient 2 Patient 3 Patient 4 

SV BE SV BE SV BE SV BE 

Arcuate Fasciculus 3.5 1.2 3.5 2.0 3.8 3.0 3.8 3.8 

Corpus Callosum 2.8 1.3 2.8 1.4 2.0 1.3 2.8 1.2 

Left Motor and 

Sensory Tracts 
2.1 1.7 2.5 2.0 2.2 1.2 1.8 2.0 

Right Motor and 

Sensory Tracts 
2.6 1.6 2.1 2.0 2.2 1.2 1.8 2.0 

Optic Tracts 3.8 3.4 3.8 3.0 3.8 3.8 3.8 3.8 
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Figure 29: The anatomic accuracy grades showed in a histogram format. Blue color represents 

the color for StealthViz (SV) and red color nordicBrainEx (BE). 
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Figure 30: The incorrectly displayed fibers grades showed in a histogram format. Blue color 

represents the color for StealthViz (SV) and red color nordicBrainEx (BE).  

3.3.2. Fiber Tracts Volume 

To see the difference in volume between each tract I subtracted the fiber tracts 

performed in StealthViz from the fiber tracts performed in nordicBrainEx and vice versa. This 

was only done for patient 1. The difference is shown in Table 12 and can be visualized in 2D 

in Figure 31 and in 3D in Figure 32. 

Table 12: This table shows the volume difference between software for each fiber tracts in 

patient 1.   

 StealthViz minus 

nordicBrainEx 

nordicBrainEx minus 

StealthViz 

Broca’s area 12696.2 mm
3
 332.8 mm

3
 

Corpus Callosum 135116.5 mm
3
 6746.2 mm

3
 

Left Motor and Sensory Cortex 43720.9 mm
3
 385.3 mm

3
 

Right Motor and Sensory Cortex 37720.4 mm
3
 941.3 mm

3
 

Optic nerve 18659.4 mm
3
 1280.8 mm

3
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Figure 31: The difference of fiber tracts for patient 1 performed in both StealthViz (blue) and 

nordicBrainEx (pink). As can be seen the result from StealthViz gives more area of fiber tracts. 

Also the figure shows that most fibers are in similar areas.   
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Figure 32: A subtraction was done for each fiber tract made from StealthViz and noridBrainEx. 

This figure shows the results for patient 1. BE stands for nordicBrainEx and SV stands for 

StealthViz. The first two figure columns show the subtraction while the last column shows the 

fiber tract from both software added together. BE stands for nordicBrainEx and SV stands for 

StealthViz.  

3.4. Results from Preoperative Planning With DTI 

I put the result from patient 4 especially here because this was the only patient that I 

did part of the fiber tracking preoperative. For this patient I traced the fiber tracts from the 
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corpus callosum because the location of the tumor was in area where the fiber tracts go up to 

the cortex. The neurosurgeon wanted to see how close the tumor was to the fiber tracts and 

how the tumor had dislocated the tracts. The planning as shown in Figure 33 was exported to 

the PACS and the neurosurgeon could import it to the navigation system and use 

intraoperative. A RP model for this patient was also created both from StealthViz and 

nordicBrainEx and was supposed to use for comparison with the navigation system.  

 

Figure 33: Tractography planning was done preoperative for patient 4. The fiber tracts from 

corpus callosum was founded and is shown in the figure in axial (A), coronal (B) and sagittal 

view (C). As can be seen from these figures the tumor have dislocate the fibers by pushing them 

down and to the side and know tracts goes into the tumor.  

3.5. 3D Printing Technology in DTI Planning 

 One part of the thesis was to combine the tractography planning with 3D model of 

patient skull and pathology. The process of creating 3D model of the skull and tumor was 

already known so adding the tractography planning was what needed. The procedure has 

already been described and the protocol is shown in appendix AIII when the fiber tracking is 

performed in StealthViz and in appendix AIV when fiber tracking is performed in 

nordicBrainEx. The final results of 3D models for patient 1 created in Mimics are shown in 

Figure 34 as well when they have been 3D printed in Össur.  
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Figure 34: 3D models made in Mimics both with tractography results from StealthViz (A) and 

nordicBrainEx (B). These models were 3D printed in Össur and painted by author. The final 3D 

printed models are shown in C (StealthViz) and D (nordicBrainEx). 

 

3.5.1 3D Model Accuracy 

Accuracy of 3D models when it only included patient skull and it pathological part 

was assess and the result showed that the models are precise and can be used for preoperative 

surgical planning. It was not possible to assess the accuracy of the 3D models when 

tractography planning had been added.    
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4. Conclusion  

4.1. Data 

As can be seen in Table 5 all patients had low grade gliomas. The reason for using 

patients with low grade gliomas in this study is because under those circumstances the edema 

around the tumor is negligible. That result in better image quality and it is easier to distinguish 

between tumor and healthy tissue. For patient 4 the corpus callosum was traced (Figure 33) 

preoperative. The fiber tracking was both used pre- and intraoperative. The neurosurgeon 

claims it was helpful for the planning as well in the surgery itself where it was used for 

guidance when removing the part of the tumor that was located close to the tracts. The 

tractography planning that was used was performed in nordicBrainEx.  

4.2. Image Protocols 

The DTI protocol that we used in this study follows recommendations for 1.5 T 

scanner in literatures [34], that is number of diffusion directions, number of repetitions and 

values for the b-value. In the very beginning of the study we tried to increase the number of 

diffusion directions up to 64 but that did not improve the quality of fiber tracking. The reason 

is that the fiber tracking software used at LSH does not support this amount of data. By 

increasing the diffusion direction the scan time increases which is not desirable for patients. 

By comparing our protocol (Table 4) for the structural (T1-weigthed) image to what is 

standard from literatures (Table 2) it can be seen that our protocol has higher TR time. A MP-

RAGE sequence is used to perform the structural images in this study and the TR time are 

even lower than the directive from Siemens. Our TR time is equal to 1800ms while the 

Siemens standard in this sequence is equal to 2200ms. The reason why the TR is higher in our 

protocol than from literatures can be explained how the TR is calculated. The TR for MR-

RAGE sequence is calculated with equation (5) 

 𝑇𝑅 = 𝑇𝐼 + 𝑁 ∗ 𝜏 + 𝑇𝐷 (5) 

 where TR is repetition time, TI is inversion time, N is number of RF readout, τ is echo 

spacing and TD is time delay [83]. When the TR is calculated some include the time delay 

resulting in long TR time while other skips it and therefore have short TR. Both ways are 

correct and it differs between manufactures if TD is included or not.  

The DTI protocol is not time consuming since it only takes 4 extra minutes and I 

would like to see it performed every time an MRI study is done on brains, especially when 
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tumor is present. That would give me and the neurosurgeon an opportunity to do fiber 

tracking when it is thought to be necessary and practice to perform it in different cases. I’m 

also interested in studying fMRI further and then use it more with the fiber tracking. By 

combining these two methods the localization of ROI can be more precise and hopefully 

increase the accuracy of the fiber tracking. Kleiser et al [84] claim that DTI benefits of 

combining it with fMRI to reconstruct fibers that are related to specific functional areas. This 

combination can be crucial in complex areas like the motor cortex where many neuronal 

systems are very close to each other and even tighter if tumor is present there. When I was 

tracing the tracts from the Broca’s area in patient 1 I used fMRI data to localize my ROI in 

nordicBrainEx. I would have done the same thing in for the other patient if it would have 

fMRI and in StealthViz but that software does not offer use of fMRI data.  

4.3. Comparison Between Software 

4.3.1. Parameters 

After working in both StealthViz and nordicBrainEx I find nordicBrainEx easier to 

use because its interface is better and it works faster. It also connected to the PACS system so 

to import new data it is possible to search for the patient ID number instead of asking 

specialist at LSH to copy it on CD in order to be able to import the data like is needed for 

StealthViz. The importing time in nordicBrainEx is also shorter and that is a good advantage 

especially for the neurosurgeon since they have lack of extra time. To start the fiber tracking 

takes also longer time in StealthViz because there are more steps that need to finish before 

starting tracking and more manual work is needed. In nordicBrainEx there are five different 

options for VOI while there is only one in StealthViz. Having more options for VOI is crucial 

to get the seeding point as accurate as possible. Combining fMRI with the fiber tracking is 

only available in nordicBrainEx as mention before which I think is a big advantage. In 

StealthViz an error margin is needed when exporting the results, this error margin causes 

difficulty to see the exact pathway and also can cause insecurity because it look like the fiber 

tracts are “everywhere”, like they go to the gray matter and even out of the brain like is can be 

seen in Figure 31. It is not possible to export the tractography planning directly to the PACS 

system from StealthViz except with detour that cost extra time. So in summary there are more 

advantage and less disadvantage of using nordicBrainEx for fiber tracking. Therefore from 

this result I would recommend using that software.  
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4.3.2. Fiber Tracking 

There were five different fiber tracts used in this study and for all patients they were 

traced. Fiber tracts from the corpus callosum are easy to find because it is so visible on the 

structural images. In StealthViz it is little bit more complex to trace them or be sure that all 

parts of the corpus callosum is included. The reason is because in StealthViz it is only 

possible to use boxes for VOI so when doing fiber tracking for the corpus callosum many 

boxes needed to be placed on the corpus callosum and I needed to be sure that there were no 

gaps between them. In nordicBrainEx several steps are also needed to cover corpus callosum. 

I used the free-hand tool to cover corpus callosum and it needed to be done on every third 

slice but it is easier to see if gap was present and this took less time. These different methods 

to trace tracts from corpus callosum can affect the results. When searching for tracts from the 

motor and sensory cortex I searched for the “omega sign” in the brain and used that as a 

reference for the seeding point. I then added another ROI in mid-brain area to be more precise 

and exclude fibers that ran in other directions. The difference in result from these areas 

between the software can be explained partly that the ROI were not placed on exactly the 

same place even though I followed the same anatomical landmark. Also can the size of VOI 

affect the difference between software. In search for the optic tract I looked for the optic 

chiasm and placed the ROI there and followed the result from that in order to trace the optic 

tract back to the visual cortex. For most of the patients it was not possible to trace fibers tracts 

that ran frontal to the retina. Finding fiber tracts from Broca’s area was the most difficult part, 

at least for patients that did not have any fMRI data and for all patients done in StealthViz 

because it can’t read fMRI data. When I could not use fMRI I used figures from books and 

online figures to find the most correct anatomical location as possible in each case. Then I 

started with big VOI and made it smaller and moved it according to the result. For patient 1 I 

used the fMRI data that were available for seeding point and the tract appeared beautifully 

like can be seen in Figure 26A (blue fiber tract) and it was the only patient that arcuate 

fasciculus appeared correctly according to reference. It is clear that the accurate location of 

seeding point is difficult to find and can be even more challenging in brains where tumor is 

present because the tumor can dislocate the area and therefore the fiber tracts [84]. Therefore I 

suggest more use of fMRI with tractography. 

4.3.3. Exported Comparison 

Assessments of the results from both of the software were done in several ways. First 

a visual assessment was performed by exporting the results from StealthViz and 
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nordicBrainEx to the PACS and compared in XERO. Each fiber tract was compared by me 

and Dr.Olafsson and we saw that the result from StealthViz was sometimes inaccurate, like 

we saw that some fibers went in to the CSF, gray matter and in some cases out of the brain. 

The reason for this is because when exporting the tractography planning in StealthViz an error 

margin needs to be added to every fiber tract. In this study the error margin was 1mm. Figure 

27B and Figure 28B shows how the fiber tracts performed in StealthViz go in the CSF and 

gray matter. For this reason it can be said that the result from StealthViz is not very accurate 

and it gives false positive result so it is difficult to rely on it. I and Dr. Olafsson could though 

see that the fiber tracts from both software followed same or similar pathways.  

4.4. Qualitative and Quantitative Assessment of Fiber Tracts 

4.4.1. Anatomic Accuracy and Incorrectly Displayed Fibers 

Anatomic accuracy and incorrectly displayed fibers assessment was performed by 

grading the results from StealthViz and nordicBrainEx for all the four patients. The grading 

tables are shown in Table 6 and Table 7and the results are displayed in Table 10 and Table 11 

as well in Figure 29 and Figure 30. From these tables and figures it can be seen that corpus 

callosum performed in nordicBrainEx score overall best both for anatomical accuracy and 

incorrectly displayed fibers. That is explained because corpus callosum can be seen very well 

on the anatomical MR images and in nordicBrainEx a free hand tool is used to create the VOI. 

By using the free hand tool it minimize that other areas is inside the VOI. The optic tract from 

both software scores worst. That is because it include fewer fibers than the other fiber tracts 

and it is hard to localize the VOI correctly and it is difficult to receive the Meyer’s loop 

because of it large turn. It could be possible to receive the Meyer’s loop by increasing the 

value of maximum angle turn but it could take time. From these results it can be seen that the 

arcuate fasciculus made in nordicBrainEx for patient 1 have good score and have good 

anatomical accuracy and do not show lot of incorrectly displayed fibers. The reason for this is 

that a fMRI data for the patient was used to localize the VOI which was not possible for the 

other patients. For incorrectly displayed fibers nordicBrainEx score better for all the five fiber 

tracts. The reason is because of the error margin that is added in StealthViz. The fiber tracts 

are possible in correct location but because of this margin some fiber tracts are displayed 

outside their anatomic boundaries, that is they are inside e.g. the CSF and do not stay inside 

the brain.  
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4.4.2. Fiber Volume 

By looking at the 3D models it can be seen right away that the models made from 

StealthViz have more volume than the model from nordicBrainEx. For that reason I measured 

the volumes of each fiber tract for patient 1 from both software and the result is listed in Table 

8. I then subtracted the fiber tracts performed in StealthViz from fiber tracts performed in 

nordicBrainEx and vice versa to see if one software is showing some important information 

that the other one is missing. I have not seen this approach in any literature. The numeric 

result can be seen in Table 12 and visual result for each fiber tract is shown in Figure 32. 

From these results it can be seen that there are some difference between the tractography 

planning and the result from StealthViz gives more volume for each tract. That can be 

explained by the error margin that is added in this software as has been mention before. When 

subtracting StealthViz from nordicBrainEx there are some volumes remaining, meaning that 

nordicBrainEx is tracing some fiber tracts that StealthViz does not and Figure 32 

demonstrates that.  These extra fiber tracts in arcuate fasciculus and corpus callosum from 

nordicBrainEx in Figure 32 are giving important information. For arcuate fasciculus it shows 

the pathway correctly compared with references and if tumor is located close to the 

Wernicke’s area this result from nordicBrainEx can give important input for surgical 

planning. For the fiber tracts from corpus callosum the result for all patients from 

nordicBrainEx included the tapetum tracts (coming from posterior end of corpus callosum) 

which can be helpful to see if tumor is in that area. The tapetum tracts did not appear in 

StealthViz. It is not possible to say if StealthViz is showing some fiber tracts that 

nordicBrainEx does not show because the volume from StealthViz is much more than the 

volume from nordicBrainEx. Figure 31 shows that the fiber tracts from nordicBrainEx are 

mostly located inside the volume from StealthViz so when subtracting nordicBrainEx from 

StealthViz the outline of fiber tracts from StealthViz still remains and that volume is mostly 

the error margin but not any extra information.  

4.5. 3D printing Technology in DTI Planning 

 As mention previously Mimics is used to create a 3D model of a patient skull and 

tumor. This process and use of this kind of rapid prototyped model as preoperative tool in 

brain surgeries was published by Gargiulo et.al [67] in 2013. Since this process was available 

and showed improvements in surgical planning I wanted to see if it was possible to integrate 

the tractography planning with these models. I imported the tractography planning both from 

StealthViz and from nordicBrainEx to Mimics and analyzed them, then created a 3D object of 
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it and finally a STL file. The importing was done once for the result from StealthViz but for 

the result from nordicBrainEx the importing was equal to the number of fiber tracts. Since the 

fiber tracts from nordicBrainEx were separate files I needed to find a way to add them 

together in one file. I first tried to use image registration in many different ways but the result 

was poor. Both I was not sure if all tracts ended in correct location and also the fibers got 

thicker. I then realized that it was easiest to export each tract as a STL and add them together 

like that. By doing that they were also all in correct location and they could be added to the 

structural images. The fiber tracts from StealthViz were also exported as STL and imported to 

the structural images like that. Now this issue was over so the next one was to find a way to 

have the each fiber tract from nordicBrainEx as one solid tract in order to be able to 3D print 

it. I tried several methods and the method used now and is showed in appendix AIV needs to 

be modified so the tracts can be more precise. After importing the tractography planning and 

adding the tumor and the skull and creating the bridges these objects were merged and an STL 

file is created. This STL file is then sent to a 3D printer and in few hours the model is ready 

and can be used.  

4.5.1. 3D Model Accuracy  

I wanted to compare these rapid prototyped model with the tractography planning in 

order to see if the models were missing some information and if so which information. I also 

wanted to compare the model from StealthViz with the planning from nordicBrainEx and vice 

versa to see if the software were showing the same results that we could not see. To do these 

comparisons we needed to take the models to the operating theater to access the surgical 

navigation system. Unfortunately that did not work because the navigation system wouldn’t 

import the CT data of the patient which is necessary because the model of the skull is made 

from the CT data. The registration was therefore not possible and as a result we were not able 

to continue with the comparison. A 3D printed model of patient 1 and patient 4 were 

attempted for comparison with the navigation system but in both cases the CT data could not 

be used. What would be needed in order to do this assessment is to create a CT protocol that 

can be used with the navigation system.    

5. Discussion  

DTI tractography is not fully reliable method but it can give neurosurgeons idea about 

fiber tracts position and it has been shown that it increases tumor resection and decreases 

postoperative deficits [2], [37]. I belief that sooner than later more advanced imaging methods 
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and algorithms will solve a large deal of the limitation that is present in DTI tractography 

today and will be available for clinical applications. I do also think that using DTI 

tractography with DES can be more widely used since it has shown great success when 

removing tumor [85] as well as combining tractography and fMRI in order to get more precise 

fiber tracking.  

An interesting study ongoing in Reykjavik University is the usage of DTI tractography 

with electroencephalography (EEG) source localization (Figure 35). This research aiming to 

see if there is difference in brain activity between participant that is healthy and participant 

that has undergone transtibial amputation of the lower leg. The participants are asked to 

perform specific task and meanwhile the EEG signal is recorded with 256 channel EEG 

system. The EEG shows the brain function when performing the task in real time while 

tractography shows the brain function in general. The combination of these two techniques 

could lead to better understanding on brain patterns and how different brain areas 

communicate and if it is different between healthy person and amputated person.  

 

Figure 35: EEG signal to right and EEG source localization merged with DTI fiber tracts to left. 

 

5.1. Future Work 

 An interesting request came to me about this topic, which is to compare above 

mentioned fiber tracking software (StealthViz vs nordicBrainEx) to another fiber 
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tracking software from Brainlab (Munich, Germany). That software is not available at 

LSH but I have had a meeting with the R&D department that is willing to grant me a 

trial version of Brainlab fiber tracking software, even if they have not released it yet. 

The software from Brainlab uses Monte Carlo probabilistic algorithm for the fiber 

tracking.   

 In order to be able to give neurosurgeons 3D printed models of the fiber tracking it is 

necessary to do an assessment on them with the surgical navigation system. The 

assessment would be used to see if the models are missing any information compared 

to the tractography planning that can be seen visually on the navigation system 

screens.   
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6. Appendices 

6.1. AI - StealthViz Protocol 

 Turn on the computer and select STEALTVIZ 

 FILE -> IMPORT DICOM -> mnt/CDrom or USB -> OK and the data will be 

imported. This can take few minutes 

 The patient name will appear in study/series list 

 Select the patient name and click VIEW. All the studies for the patient should have a 

green dot next to the name 

 Click LOAD and gradient assignment window will open. Drag the bar so that the blue 

color will disappear from the brain (this is air). When finished all series should be 

green or yellow. If some series are red that need to be fixed 

 Click NEXT 

 A gradient registration window will appear. Click on the latest research and check if 

the fusion is OK by drag the bar 

 If OK click on VERIFY ALL REGISTRATION and click NEXT 

 A coregistration window will appear now and click on VERIFY ALL REGISTRATION 

if everything is OK and click NEXT 

 Next is tensor computation. Click COMPUTE and finally FINISH 

 Now the patient data is ready for analyze 

 The patient name is in the study/series list, double click on the name and it will open 

 All the images data is visible in the lower bar 

 By drag the bar under the 3D view window the transparency will change 

 To start the fiber tracking place the crosshair in ROI and click ADD on the right side 

 A bow will appear where the crosshair is located. Adjust the box so it will fit on ROI. 

It is possible to add mid region box and/or end region box in order to get more precise 

 When finished click COMPUTE 

 To view the tracts on structural images check the box called MPR LINES 

 If there are some fibers that are not correct it is possible to remove them from the 

group with the CROP FIBERS command 

 To crop fibers, select the fiber group and click on the command. Then draw on the 

structural image a closed form around the fibers that is not needed. The fibers will 

disappear 
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 To rename the tract right click and select RENAME TRACT 

 The change color click on the color left to the tract name 

 To change fibers parameters go to MORE OPTIONS –>DIALOG. There the seed 

density, max directional change and minimum fiber length can be changed. The FA 

value and ADC stop value can be changed in the main view 

 To segment e.g. a tumor go to the SEGMENTATION tab 

 Select tool 

o Pick Region Tool, Brush Tool, Lasso Tool, Magic wand or Blow Tool 

 Select area of interest. Do the segmentation on every few slices and then go to 

SELECTION -> INTERPOLATE  

 When the segmentation is finished click ADD SELECTED VOXELS and the software 

will create a 3D object 

 Go back to VIEW window were the 3D object will be displayed in the 3D view 

window 

 It is possible to take screenshots by click on the camera in the upper bar 

 To export the tractography planning check the MPR box in the DTI FIBER 

TRACKING tab for all tracts that should be exported 

 The tracts will be visible in the 3D OBJECT tab. Check SURF and 3D/THICK 

o Now the fibers will be showed as thick fibers -> error boundary. To change the 

error boundary go to MORE OPTIONS -> DIALOG and change the 3D 

OBJECTS DISTANCES 

 To save on USB go to FILE -> SAVE 3D OBJECTS ->USB 

o Click on F9 before and F10 when finished 

 To export to navigation system go to FILE -> EXPORT 3D OBJECTS and select the 

navigation system 

 

 

6.2. AII - nordicBrainEx Protocol 

 Open BrainEx software 

 Go to IMPORT and select the files that should be imported 

o Make sure that INCLUDE SUBFOLDERS is checked 

 Push SCAN and when finished push OK 
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 The patient name, ID, birth date, sex and number of series will appear in a list. Select 

correct patient name for analyzing. 

 In the lower half of the window all the series for the patient is listed. Select the series 

that is needed and choose correct type of series it is, e.g. structural, DTI, BOLD 

o In our case the structural series have the name “t1_mpr_tra” and the DTI series 

have the name “ep2d-Tractografia” 

 Select the series and click NEXT in the upper right corner. Wait until loading is 

finished 

 A coregistration will be done automatically. A window will appear saying that the 

registration needs to be evaluated manually. Click OK 

 In upper right corner push EVALUATE COREG to see the coregistration and click 

VERIFY if it is ok 

 The software than starts to calculate all the fibers and visualize them in the 3D view 

window 

 To the left you can see all derived data that the software calculates: cDTI, FA, 

TraceW, ADC, Lambda_1, Lambda_2 and Lambda_3. By clicking on them they will 

appear as a overlay on the structural images. Click on them again to hide 

 To do tractography begin to find region of interest (ROI) and move the crosshair there 

 Select ADD NEW VOI and choose what kind of form you like. Adjust the VOI as 

needed 

 Select the operation you wish from the VOI; AND, OR or NOT 

 When satisfied make sure that the box left to the created VOI is checked. Now you 

need to add this to a new group 

 Click on ADD TO NEW GROUP in lower right corner and give it name and click OK 

o You can change the color of the fiber group 

 To visualize the tracts on the MPR images have the tract group checked and click 

VIEW IN MPR  

 If clicking on MERGE the tracts will be merged with the MPR images and can be 

saved liked that 

 To save it is possible to save it as a session so it is possible to continue later. Or save 

to database 

 When save in database a new window will open. Click on the patient name and choose 

correct study. In series level you need to choose what you want to save. Next click 
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EXPORT and select were you want to save. Select the output format: jpeg, bmp, 

DICOM. 
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6.3. AIII - Protocol to make 3D model from StealthViz data 

 Open new Mimics file 

 Import the tracts to Mimics 

 Select THRESHOLD command and select the range so all pixels are included. Check 

the FILL HOLES and push APPLY 

 CALCULATE MASK IN 3D with all parts 

 When tract is ready go to STL+ and select the tract and change the output format to 

BINARY STL FILES and click ADD and FINISH 

 Open new Mimics file that includes the structural images 

 Go to FILE -> IMPORT -> STL and choose all the tracts 

 Segment the tumor 

 Open new Mimics file that includes the CT data of the patient 

 Segment the skull and cut the top of it with CUT WITH POLYPLANE 

 Export the lower part as a STL in same way as with tracts 

 Import the skull into the Mimics file that included the structural images 

 The skull is not in correct location since it is from another study 

 To place the skull correctly it is best to have the contour checked so it can be visible on 

the structural images. The use MOVE and ROTATE commands to place the skull as 

accurate as possible by using known anatomical landmarks 

 Next create a bridge between the skull and tracts/tumor for printing. This is done 

manually 

 Create a new empty mask and use MULTISLICE EDITOR to draw the bridges 

 When finished all components; skull, tumor, tracts and bridges needs to merge in one 

object. Select MERGE and choose everything that should be merged 

 Finally create a STL file and send to 3D printer 
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6.4. AIV - Protocol to make 3D model from nordicBrainEx data 

 Open Mimics and select NEW PROJECT WIZARD 

 Select the folder that include the tractography planning and select the target folder 

 Select CONVERT 

 Select THRESHOLD command and select the range so all pixels are included. Check 

the FILL HOLES and push APPLY 

 Select MORPHOLOGY OPERATION and select CLOSE with 2 pixels and check 26-

CONNECTIVITY and push APPLY 

 CALCULATE MASK IN 3D with all parts 

 In 3D object select WRAP 

o Have smallest detail equal to 0.25mm and gap closing distance equal to 2.5mm 

and click OK. 

 This can be changed – different between patients 

 When tract is ready go to STL+ and select the tract and change the output format to 

BINARY STL FILES and click ADD and FINISH 

o Do this for all tracts 

 Open new Mimics file that includes the structural images 

 Go to FILE -> IMPORT -> STL and choose all the tracts 

 Segment the tumor 

 Open new Mimics file that includes the CT data of the patient 

 Segment the skull and cut the top of it with CUT WITH POLYPLANE 

 Export the lower part as a STL in same way as with tracts 

 Import the skull into the Mimics file that included the structural images 

 The skull is not in correct location since it is from another study 

 To place the skull correctly it is best to have the contour checked so it can be visible 

on the structural images. Then use MOVE and ROTATE commands to place the skull 

as accurate as possible by using known anatomical landmarks 

 Next create a bridge between the skull and tracts/tumor for printing. This is done 

manually 

 Create a new empty mask and use MULTISLICE EDITOR to draw the bridges 

 When finished all components; skull, tumor, tracts and bridges needs to merge in one 

object. Select MERGE and choose everything that should be merged 

 Finally create a STL file and send to 3D printer 


