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Summary 

 

Prostatectomy, surgical resection of the whole prostate is a common treatment for high-

risk prostate cancer. Common side effects include long-time urinary and or erectile dysfunction 

due to damage inflicted to periprostatic nerves. The aim of this study was to identify an optimal 

magnetic resonance diffusion tensor imaging protocol for visualization and quantification of 

these nerves, as pre-surgery visualization may help nerve-sparing surgery. Both scanner filter, 

parameters for accelerated scan techniques, diffusion-related acquisition parameters and post-

processing tractography parameters were investigated. Seven healthy volunteers were scanned 

with a state-of-art 3 T MRI scanner with varying protocol parameters. Diffusion data were 

processed and analysed using Matlab and Explore DTI. The resulting protocol recommendation 

included a normalized scanner filter, a parallel imaging acceleration factor of 2, partial Fourier 

sampling of 6/8, a right-left phase encoding direction, a b-value of 600 s/mm2, monopolar 

gradient polarity with applied eddy current correction, four acquisitions of 12 diffusion-

sensitizing gradient directions, and a reverse phase encoding approach for correction of 

geometrical image distortions induced by static field inhomogeneity. For post-processing 

tractography, the recommended parameters were a lower limit for fractional anisotropy of 0.05, a 

minimum tract length of 3 centimetres and a maximum turning angle between voxels of 60 

degrees. The limited parameter range that was tested and the low number of volunteers can be 

regarded as limitations to this study. Future work should address these issues. Furthermore, 

feasibility of periprostatic nerve tracking with the optimized protocol should be tested in a 

patient study. 

 

Keywords: Diffusion tensor imaging; Diffusion-weighted imaging; Magnetic resonance imaging; 

Nerve-sparing prostatectomy; Prostate cancer; Quantitative analysis; Tractography 
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Sammanfattning 

 

Att kirurgisk avlägsna hela prostatan, prostatektomi, är en vanlig behandlingsform vid 

högrisk prostatacancer. De vanligaste biverkningarna är långvarig urininkontinens- och eller 

erektionsproblem orsakat av skador på periprostatiska nerver. Målet med denna studie var att ta 

fram ett optimalt protokoll för diffusiontensoravbildning vid magnetisk resonanstomografi med 

avseende på visualisering och kvantifiering av dessa nerver, eftersom nervvisualisering kan hjälpa 

kirurgen vid nervskonande prostatektomi. Både skannfilter, parametrar för accelerationstekniker 

samt diffusionsrelaterade datainsamlingsparametrar och efterbehandlingsparametrar för 

traktografi blev undersöktes. Sju friska, frivilliga försökspersoner skannades med en modern 3T 

MR skanner med varierande protokollparametrar. Analysen av den insamlade diffusionsdatan 

gjordes med Matlab och Explore DTI. Studien resulterade i följande protokollrekommendation 

för diffusionstensoravbildning: normaliserande skannerfilter, accelerationsfaktor av 2 för parallell 

avbildning, partiell Fourier-sampling av 6/8, faskodningsriktning höger-vänster, b-värde 600 

s/mm2, monopolära gradienter, korrektion för virvelströmmar, fyra repetitioner av 12 

diffusionssensitiva gradientriktningar, och en reverserad faskodningsmetod för korrektion för 

bildförvrängning orsakad av inhomogeniteter i det statiska magnetfältet. Rekommenderade 

efterbehandlingsparametrar för traktografi var: en nedre gräns för fraktionell anisotropi 0.05, 

minimal nervlängd 3 centimeter och en maximal svängvinkel 60 grader. Begränsningar visade sig 

att vara det begränsade parameterintervallet som testades samt det låga antalet försökspersoner. 

Dessa begränsningar bör behandlas i framtida studier. En klinisk studie bör genomföras där 

möjligheten för nervmodellering det optimerade protokollet testas.     

 

Nyckelord: Diffusiontensoravbildning; Magnetresonansavbildning; Nervskonande 

prostatektomi; Prostatacancer; Kvantitativ analys; Traktografi 
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1 Introduction 

Cancer is a common disease, causing many millions of deaths worldwide every year. As a 

result, research currently focuses on developing new methods for defeating this disease. The male 

specific cancer type prostate cancer is the most common cancer type in men in Norway, with 

close to 5000 cases per year (1). In most cases, prostate cancer is detected at a local state, i.e. not 

(yet) spread to the regional lymph nodes or further. The treatment plan depends on whether a 

patient is considered to have low, intermediate or high risk of having clinically significant disease 

(2, 3).  

Low-risk patients are usually enrolled in a program of active surveillance, which means 

that they are monitored and no treatment is given until the cancer develops into a life threatening 

disease. However, for intermediate- and high-risk patients, the treatment of choice is often 

surgical resection of the prostate gland known as prostatectomy, which can be performed with a 

nerve sparing or non-nerve sparing technique depending on the local spreading (3).  

Prostatectomy aims to remove the whole prostate along with eventual locally affected tissue. The 

common side effect, regardless of nerve sparing or not, is long-time urinary or erectile 

dysfunction, which can have a negative impact on quality of life (4-6). The reason for these 

common complications is the damage inflicted to the periprostatic nerves that run through or in 

close vicinity of the area being resected. The recovery of these functions has reported to be better 

when using a nerve sparing technique (4-6), which is becoming increasingly important as younger 

men are being diagnosed with prostate cancer (7). Recently, it was suggested that Magnetic 

Resonance Diffusion Tensor Imaging (MR DTI) could play an important role in planning and 

evaluation of nerve sparing surgery, as a tool for visualization and quantification of the 

periprostatic nerves before and after surgery (8-10).  

DTI is a MR technique that gives the opportunity of mapping diffusion processes in 

biological tissue by using a MRI sequence that is sensitive to the direction and magnitude of 

diffusing water molecules. Since water molecules move along nerve fibres rather than 

perpendicular to them, DTI allows for modelling of nerve fibers, which is also known as 

tractography. DTI tractography is a well-documented tool for brain imaging (11-18), but it was 

just recently applied in the prostate area to visualize and quantify the periprostatic nerve fibers (8-

10).  Importantly, both the visual quality and the quantitative accuracy of DTI are dependent on 

application-specific acquisition and post-processing parameters such as the magnetic gradient 

polarity, artefact correction method or the magnitude of diffusion weighting, represented by the 

b-value (19). A systematic study that addresses these issues for DTI tractography of the 
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periprostatic nerves, however, is currently lacking and current studies (8-10) do not provide such 

information. In DTI brain imaging, a b-value of 1000 s/mm2 is the most common, and as the 

biological structure of the human body is not homogenous in any way the optimal b-value for 

brain is not necessarily the optimal b-value for prostate.  

1.1 Objectives 

The main objective of this study is to investigate and design the optimal MR DTI 

protocol for visualization and quantification of periprostatic nerves. Both acquisition and post-

processing parameters are considered.  

1.2 Demarcations 

Due to time limitations and limited scanner availability, only the acquisition and post-

processing parameters that are presented in the materials and methods chapter were investigated 

for their effect on DTI quality. Other factors such as the voxel size and correction for subject 

motion artefacts may also have an influence on the findings as further outlined in the discussion 

chapter.  
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2 Background 

This chapter presents background information required to understand the subsequent 

parts of the report. 

2.1 Clinical Background 

A basic and brief clinical background is presented first regarding prostate cancer. This 

section is gradually focusing it’s content towards the project relevant issue.  

2.1.1 The Prostate Gland  

Prostate cancer is a type of cancer that develops in the prostate gland. The prostate gland 

is located anterior to the rectum and inferior to the urinary bladder with the urethra passing 

through the centre of the prostate.  

The prostate only exists in men; hence only men are diagnosed with prostate cancer. It takes part 

in the protection and nourishment of sperm cells by creating some of the fluid responsible for 

these actions, accompanying fluid from the seminal vesicles located posterior to the prostate. A 

mans age is proportional with his prostate size with a non-linear growth that is most rapid during 

his teenage years. (20) 

2.1.2 Prostate Cancer 

Amongst men, 1 out of 6 will be clinically diagnosed with prostate cancer during their 

lifetime, and in 2009 the number of diagnosed men with this cancer type were 192 280 in the 

United States alone (21, 22).  

In 2010, the second most deadly cancer type amongst Norwegian men was prostate cancer, and 

in the same group of interest, prostate cancer were not only the second largest cause of cancer 

death, but also the most commonly diagnosed type of cancer (23).  

Even though it is the cause of many fatalities, the survival rate for prostate cancer can be 

considered to good. A table given by the American Cancer Society (2015) presents the 5-, 10-, 

and 15-year survival rate, all prostate cancer stages included, as follows: 
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Table 2.1: 5-, 10- and 15-year relative survival rate, all prostate cancer stages included 

 Relative survival rate 

5-year 100% 

10-year 99% 

15-year 94% 

 

These are all pleasant numbers to read, but the percentage value changes drastically if you were to 

look at prostate cancer for the most serious stages only. See section 2.1.2.3 Staging and 

Treatment Options.  

2.1.2.1 Properties and Risk Factors 

Prostate cancer most often develops from DNA changes in the gland cells, i.e. the cells 

creating the fluid added to the semen. Although this is the normal cell from which cancer 

develops in the prostate, there are also other cells that cancer can start developing from e.g. 

sarcomas, small cell carcinomas, neuroendocrine tumours and transitional cell carcinomas. 

Developing cancer from these cells is on the other hand very rare.  

All men holds a risk of developing prostate cancer, but men younger than 40 years are rarely 

diagnosed due to age being the biggest risk factor. Other risk factors include e.g. age, obesity and 

diet, while the negative habit of smoking does not seem to be of big importance for developing 

prostate cancer.  

Researchers are still today trying to verify how these risk factors leads to prostate cell malignancy 

and prostate cancer seems not to be a factor of inheritance, but rather something that develops 

during a mans lifetime. Prostate cancer is also, in most cases, a slow growing cancer type. This 

has resulted in autopsies showing men deceased from other causes that also had developed 

prostate cancer, most of them not even knowing about it themselves. (20) 

2.1.2.2 Symptoms and Diagnosis 

Many conditions can cause the same symptoms as prostate cancer. 

Blood in the urine, pain in areas to which the cancer has spread, problems passing the urine and 

problems getting an erection, known as erectile dysfunction, are normal symptoms for advanced 

prostate cancer. Early staged prostate cancer rarely cause any symptoms, and the normal way of 

detecting the disease are through a digital rectal exam (DRE) and or a prostate-specific antigen (PSA) 
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blood test often combined with transrectal ultrasound (TRUS) if their results are of significance, i.e. 

high PSA level or an abnormal DRE result. These tests are normally done when symptoms are 

occurring, but the PSA blood test is also used for detecting prostate cancer at an early stage. 

Although these test are used for detection, prostate cancer will not be diagnosed before a 

prostate biopsy is given. This procedure aims to collect a sample of body tissue for analysis under 

a microscope. By guidance of TRUS, the urologist inserts a needle through the rectum wall into 

the prostate. By pulling it out you remove a small part of prostate tissue that can be further 

analysed to give the right diagnose to the patient. (20) 

2.1.2.3 Staging and Treatment Options 

The staging of prostate cancer is normally done using the TNM staging system.    

This system divides prostate cancer into 4 stages dependent on the primary tumour (T) size and 

extent, extent of spreading to nearby lymph nodes (N) and if metastasis (M) or secondary 

tumours has developed due to spreading to other parts of the body (24). It is also common to 

group prostate cancer in registries according to what is known as summary staging. This way of 

grouping the cancer cares only about localization, i.e. if it has spread or not. If you look at the 

survival rate for prostate cancer in the most serious group, i.e. distant, the relative survival rate 

drops to 28% (20).  

 

The choice of treatment method for prostate cancer is of course dependent upon the stage of the 

cancer. Example of treatment methods includes surgery, radiation therapy, chemotherapy, 

hormone therapy and vaccine treatment. In general, if no metastasis has developed and the 

cancer is restricted to the local area of the prostate gland, surgical resection, or prostatectomy, is the 

preferred treatment option. This type of cancer, which is not spread beyond the prostate gland is 

called localized prostate cancer (25), and treating this surgically has shown to have the best 

benefit in terms of overall- and cancer-specific survival (26). On the other hand, this option as 

any other does not come without complications. This project aims to indirectly prevent specific 

complications related to this treatment method; hence the next section about complications 

focuses on this method only.   

2.1.2.4 Prostatectomy Complications and Relevant Anatomy 

Localized prostate cancer is treated with prostatectomy by removal of the whole prostate 

gland along with potentially damaged surrounding tissue and seminal vesicles. This procedure 
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aims to do this with as little damage to surrounding nerve fibres and blood vessels as possible, 

and it can be robotic assisted if preferred assuming equipment at hand.  

Furthermore this procedure can be done with a so-called nerve sparing technique. Using this 

technique or not is dependent on whether the cancer is spread to local nerves and or tangled with 

local nerves or not.  

Prostatectomy results in damages to the treated area with rectum injury, tightening of the urinary 

opening and problems controlling bowel movements as possible complications. The most 

common complications, regardless of nerve sparing or not, is long-time urinary and or erectile 

dysfunction, which can have a negative impact on quality of life (4-6). The reason for these 

common complications is the damage inflicted to the periprostatic nerves that run through or in 

close vicinity of the area being resected. The recovery of these functions is on the other hand 

better when using a nerve sparing technique (4-6), which is becoming increasingly important as 

younger men are being diagnosed with prostate cancer (7). For the sake of clarity; long-time 

urinary and or erectile dysfunction are the complications of interest in this project.  

Figure 1 shows fibrous structures, i.e. periprostatic nerves, relevant for nerve sparing to prevent 

these complications. These structures are known as the proximal neurovascular plate (PNP), 

predominant neurovascular bundle (PNB) and accessory neural pathway (ANP) (27). 

 

 

Figure 1: Lateral view of prostatectomy relevant fibrous structures 
Source: Figure from reference (27) 
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2.2 Theoretical Background 

In this part basic concepts of magnetic resonance imaging (MRI) are presented first 

before proceeding to the diffusion weighted imaging (DWI) part of MRI where the project relevant 

technique diffusion tensor imaging (DTI) is presented. MRI basics are well documented by Liang and 

C.Lauterbur (28) and this section is primarily based on that reference when nothing else is stated.  

2.2.1 Magnetic Resonance Imaging Basics 

The idea behind MRI is based upon imaging the behaviour of nuclear spins when atoms 

are exposed to a strong external magnetic field, which is the magnetic field created by currents 

running through the coils of the main magnet in the MRI-scanner. MRI introduces the possibility 

of creating images of the human body in great detail, with the amount of detail in the image being 

proportional to the magnitude of the external magnetic field. MRI is especially good for 

differentiation between different soft tissue types, and the fact that this technique delivers no 

ionizing radiation to the patient is considered to be the greatest benefit over other imaging 

techniques like computed tomography or regular X-ray.  

 

MRI is based upon the physical phenomenon of nuclear magnetic resonance (NMR), and the 

only NMR-active nucleus relevant to clinical MRI due to its high (enough) biological abundance 

in the human body is the proton, 1H.  Consider nuclei like the proton; it has both an electrical 

charge and a nonzero spin meaning that it rotates around its own axis. This spin property makes 

protons behave like a small magnet with a north and south pole. A magnetic field is usually 

represented by a vector quantity known as the nuclear magnetic dipole moment or magnetic moment,  

 

 µ = γJ (1) 

 

where γ is a nuclei dependent quantity known as the gyromagnetic ratio, and J is the angular 

momentum, a property of a rotating body (proton) that changes when external forces (external 

magnetic field) is applied.  

Required to be able to create signals, which later are reconstructed to an image, is a net magnetic 

field from the object being imaged. Due to thermal random motion, the direction of µ is random 

in the absence of an external magnetic field, meaning that there is no net magnetic field from the 

object (human body) because all the magnetic moments cancel each other out. When applying an 

external magnetic field, the property of the angular momentum J changes, and all magnetic 
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moments align with the applied magnetic field either in a parallel or anti-parallel state with the 

parallel being the dominant. The result is a bulk magnetization vector M (Figure 2), which is the basis 

for all MRI scans. M is in the same direction as the external magnetic field B0, and the smaller 

arrows represents the magnetic moments of individual protons. Following this alignment comes 

the acquisition of data, which later is used to reconstruct the MRI image, two processes 

addressed next.  

 

  

	
Figure 2: The Bulk Magnetization Vector, !  

Source: Figure from reference (29) 
 

2.2.1.1 Data Acquisition and Image Reconstruction 

Data acquisition can be divided into four physical processes, excitation, localisation, detection 

and sampling, while image reconstruction is simply a final mathematical step to create the image from 

the acquired data.  

In this regard it is necessary to pinpoint the most important hardware components for these sub 

processes before describing them briefly. Figure 3 is a simple illustration of these components. 
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Figure 3: Main hardware components of the MRI-scanner 
Source: Figure from reference (30) 

 

Referring to the illustration above: 

 

A) The main magnet responsible for creating the external static magnetic field noted as B0 in 

Figure 2.  

B) This part contain three magnetic coils, one for each direction, i.e. x-, y- and z-direction. 

These coils are responsible for changing the magnetic field in respective direction used 

for slice selection1 (assumed to be in z-direction in this section) and signal localisation (x- 

and y-direction). These magnetic fields are known as magnetic gradients.  

C) The radio frequency (RF) transmitter and receiver. They are both electromagnetic coils, 

which are used to create and detect a signal.  

 

Excitation 

Excitation refers to excitation by a RF pulse of all the individual magnetic moment vectors in a 

specific slice along the direction of the external magnetic field defined by the z-direction gradient 

coil. This excitation is for most cases a flip of M by 90° in to the transversal xy-plane. According 

to the Larmor equation 

 

 ω0 = γB0 (2) 

 

																																																								
1 Slice selection is also a part of the signal localisation in the z- or external magnetic field direction.  
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where ω0 represents the precession frequency and B0 the strength of the external magnetic field, 

applying a changing magnetic field along the z-direction creates different frequencies along the z-

direction as long as this gradient is on according to 

 

 ωrf = γB0 + γGz  (3) 

 

where Gz represents the magnetic gradient strength along the z-direction. The RF pulse 

bandwidth can then be tuned to frequencies close to ωrf according to Equation 3 to target 

different slices and slice thicknesses along the z-direction, i.e. only the slices containing protons 

precessing with ωrf will be excited. After the excitation, when the slice-selecting gradient in the z-

direction is turned off, all magnetic moments continue to precess with frequency ω0 again. The 

coil used for generating the RF-pulse is placed around the body as shown in Figure 3. 

  

Localisation 

When M is excited we know from which slice along the z-direction the signal is coming from, but 

of course this is not enough. Targeting the right frequency is then responsible for the slice 

selection, but frequency encoding is also used for localization along the x-direction. By coding 

the signal by using the x- and y-direction gradient coils we are able to tell where in the excited 

slice the signal is coming from. This is known as frequency and phase encoding of the signal, hence 

the x-directional magnetic gradient is known as the frequency encoding gradient and the y-directional 

magnetic gradient as the phase encoding gradient. These coils do the same thing as the slice selection 

gradient, i.e. changing the precessing frequency for a short while to put the spins in different 

phases along respective spatial direction, but they are named differently as they are applied at 

different times with different purposes. For localisation along the y-direction (phase encoding) 

the gradient are applied for a short duration after the slice excitation changing the precessing 

frequency linearly. When the gradient is turned off, all spins in the excited slice precess with the 

same frequency, but they have now acquired different radian phases at different locations along 

the y-direction in relation to the applied gradient duration and strength at different y-locations. 

For localisation along the x-direction (frequency encoding) the gradient is applied during the time 

when the signal is sampled, i.e. the sampled signal now contains different frequencies along the x-

direction and different phases along the y-direction. As the scanner knows the duration and the 

linear strength of both the x- and y-gradients, signals from different locations in the excited slice 

can be reconstructed to the correct location in the final image.  
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Detection 

Again when M is excited and flipped towards the transverse plane, all magnetic moments still 

continue to rotate with the Larmor frequency in the transverse plane where it creates a transverse 

magnetisation (31). Following this excitation, three different relaxations will happen that affects 

the signal. The fastest one is known as T2-relaxation. This refers to the decrease of the transverse 

magnetization due to the fact that protons start to go out of phase (in the transverse plane) 

immediately after excitation because of interaction between the spins (32). This relaxation is 

therefore known as spin-spin relaxation. During this relaxation a similar RF pulse is sent back 

from the imaged object that induces a current in the receiver coil, i.e. a signal is detected (31, 33). 

The point at which it is chosen to detect the signal is crucial as the signal decays over time 

because of the proton dephasing and static magnetic field inhomogeneities. This signal decay is 

known as T2*-relaxation. The RF signal created by the excitation, sent back from the imaged 

object, contains both information about where it comes from (localisation) and signal intensity, 

which can be used to plot a grey scaled, cross sectional image after reconstruction (33). The 

receiver coil differs from the transmitting coil, by the fact that it is usually placed closer to the 

object (body) to improve detection. The last relaxation that affects the detected signal is known 

as T1-relaxation. This refers to regrowth of M back to alignment with the external magnetic field 

when each proton goes back to its pre-excitation state, or in other words, when each proton 

aligns itself with the external magnetic field again. This relaxation is a result of transferred energy 

from the spins to neighbouring molecules (the lattice) (32). This relaxation is therefore known as 

spin-lattice relaxation. The duration for this to happen differs between tissues, and since a larger 

M before excitation will give higher signal intensity after excitation (larger transverse 

magnetisation) the point at which one choose to excite again decides the signal intensity from 

different tissues. I.e. tissue with shorter T1-relaxation times will have higher signal intensity for a 

shorter TR, because more protons have aligned themselves with the external magnetic field 

before excitation.  

 

Sampling 

In order to get a 2D-image of a slice, the signal has to be sampled in a 2D-space known as k-

space, which is the Fourier transform of the image (see next part about reconstruction). 

The easiest way of describing this is by using the illustration below for conventional MRI 

sampling.  
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Figure 4: Conventional sampling of signal in k-space 
Source: Figure from reference (34) 

 

In the most conventional MRI-scan, for each excitation the phase encoding gradient is changed 

to “jump” to a new location (A) in k-space before acquiring the signal along kx-direction during 

when the frequency-encoding gradient is on (thick black arrow towards B). The former gradient 

decides ky and the latter kx as coordinates in k-space.  

For each dot (point) represented in Figure 4 the signal is acquired, and the whole k-space is filled 

to get as much detail in the final 2D image as possible. Different MRI sequences are used for 

different imaging purposes. The type of sequence decides how sampling of k-space is done, and 

thus the amount of image detail. A more specific example can be seen in section 2.2.2.2 regarding 

the MR DTI technique. k-space is in other words a matrix filled with frequency-encoded 

information of both lower and higher frequency components. In terms of the spatial distribution 

of these components in k-space, higher frequencies are distributed further from the centre while 

lower frequencies is found closer to the centre. As higher frequencies are responsible for detail in 

the image, while lower frequencies are responsible for image contrast, one could always choose to 

acquire less of the periphery to decrease scan-time at the cost of less image detail.  

It should be noted that a fixed position in k-space is not representing the information at the same 

fixed position in the image, as each point in k-space contributes to the whole image meaning that 

image quality is proportional to the number of points acquired.  

 

Reconstruction 

The process of creating an image from detected data is known as image reconstruction. The problem 

of reconstruction may be described according to  
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 S = T(I) (4) 

 

where S is the measured signal (k-space), T is the transformation operator and I is the image 

function. In theory T can be invertible leading to 

 

 I = T-1(S) (5) 

 

Since data is only partially sampled the problem becomes finding an image function that satisfies 

Equation 4 by approximation of Equation 5. Most MRI images are reconstructed from a 

rectilinearly sampled k-space (Figure 4) where the most common transform operator T is the 

Fourier transform. The image is then created by taking the inverse Fourier transform (T-1) of k-

space (S), i.e. separating the frequency components of a signal in time and space.  

2.2.2 Magnetic Resonance Diffusion Tensor Imaging 

MR diffusion weighted imaging (DWI) was first developed in the 1990s for brain imaging 

purposes where it showed good results for evaluating suspected acute ischemic stroke (12). As a 

subset of DWI, diffusion tensor imaging (DTI) was developed later. It can be used to map 

nervous system tissues in a region of interest (ROI), e.g. the brain or the prostate, where the main 

area of application still being brain imaging.  

The key of DTI lies in calculation of the diffusion tensor and derivation of additional information 

from this in order to model the fibrous structures in three dimensions through tractography. 

Tractography is a technique for 3D modelling of fibrous microstructures, which will be explained 

later in greater detail. In order to understand DTI and calculation of the diffusion tensor and the 

information it provides for tractography, a description of physics and underlying theory of DWI 

is necessary to present first.   

2.2.2.1 Physics Background 

MR diffusion imaging is based on the constant random microscopic molecular motion of 

water molecules due to heat known as Brownian motion (35). At a fixed temperature the rate of 

diffusion can be described by 

 

 <r2> = 6Dt (6) 
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where  <r2> is the mean squared displacement, t is diffusion time, and D the diffusion constant. 

The diffusion constant is expressed in units of square millimetres per second, and is the average 

displacement of a molecule (water) over an area during the observation time (12). Clinically the 

diffusion constant is known as the apparent diffusion coefficient (ADC) with higher values indicating 

more mobile water molecules. In vivo there are of course other sources of water mobility, e.g. 

active transport and flow along pressure gradients, and the ADC reflects the limitation that in 

vivo diffusion cannot be separated from these sources (12).  

 

In biological structures diffusion of water happens inside, outside, around and through 

cellular structures, with cellular membranes hindering the diffusion causing water molecules to 

take more twisting paths. This decreases the mean squared displacement, thereby also the ADC 

according to Equation 6. (14) 

Furthermore diffusion is divided into categories based on the directional motion of the 

molecules. Isotropic diffusion relates to equal molecular motion in all directions, while anisotropic 

diffusion (AD) is when molecular motion is not equal in all directions (12). In biological 

structures there will of course be barriers present e.g. fibers, arteries, veins or muscles, illustrated 

as diffusion trajectory in Figure 7. Since diffusion in fibrous structures is relatively unrestricted 

parallel to the fibers and highly restricted perpendicular to the fiber orientations, the diffusion in 

fibrous tissue is anisotropic (14). 

 

MRI Diffusion Encoding 

In order to calculate the diffusion tensor and derive diffusion information from it before 

finally creating a 3D model of the fibrous structures, a MRI diffusion-weighted scan is required. 

Creating a signal that is diffusion-weighted is done by using Stejskal-Tanner diffusion encoding:  

Two diffusion-sensitizing (DS) gradients (diffusion gradients, Figure 5) are added along the same 

direction to a T2-weighted spin-echo sequence, before and after the 180° refocusing pulse, to 

obtain diffusion-weighting.  

In Figure 5 the illustrated gradients are unipolar (same polarity) where the first creates a spin phase 

difference along the gradient direction before the second unwinds these phase differences. This 

results in signal loss along this direction if molecular motion has occurred; i.e. incomplete 

rephrasing of water proton spins that changes position between and during application of the DS 

gradients. (12, 36) 

The principle behind a diffusion sensitive pulse sequence with its signal loss phenomenon is 

illustrated in Figure 5 below. 
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Figure 5: Principle of diffusion-weighted pulse sequence 

with signal loss 
Source: Figure from reference (37) 

 

Such DS gradients can be applied in any of the three directions x, y and z. By using 

combinations of the diffusion gradients Gx (red), Gy (green) and Gz (purple) (Figure 6) DW can 

be achieved in any arbitrary direction (14).  

 

 

Figure 6: Principle of diffusion-weighted pulse sequence 
with gradient combinations 

Source: Figure from reference (14)(edited by author) 
 

All water molecules in a voxel contribute to the magnetization in which the sum is proportional 

to the MRI signal (14). Due to the spin dephasing illustrated in Figure 5, signal attenuation will 

occur where the diffusion signal !! along any direction ! (created by combinations of Gx, Gy and 

Gz) is described by 
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 Si = S0e-bADCi (7) 

 

where S0 is the signal without any applied DS gradients (no diffusion-weighting), and b 

representing the diffusion-weighting in terms of strength, duration and temporal spacing known 

as the b-value. This value is given by  

 

 b = γGδ 2(Δ – δ/3) (8) 

 

where G is the amplitude of the DS gradient in milliteslas per meter, δ the duration of each DS 

gradient in milliseconds, and Δ is the duration between the onset of the first and second DS 

gradient in milliseconds giving the b-value a unit of seconds per square millimeter (12).  

Note that Equation 7 looks different in its original form also considering effects from T1- and T2 

relaxation, and the amount of protons in the tissue known as proton density (PD), according to  

 

 S1 = PD(1 - e-TR/T1)e-TE/T2e-b1ADC (9) 

 

where TR represents the time between excitations, and TE the echo time between excitation and 

signal readout (36). Since the b-value, i.e. the magnitude of diffusion-weighting, is the interesting 

parameter to vary, the effects from proton density, and T1- and T2-relaxation can be treated as 

constant terms simplified into S0 (36). Here ADC can be calculated by obtaining two images 

using two different b-values, preferably with b1 ≈ 0 to have one diffusion insensitive image, i.e. 

S1 = S0e-b1ADC and S2 = S0e-b2ADC. While keeping everything else constant the resulting ADC-

value along one unique direction is given by 

 

 
ADC = -ln ( S2

S1
) (b1-b2) 

(10) 

 

where S2 > S1. Again, by combining Gx, Gy and Gz, measurements of ADC along any direction 

can be made (36). 

From Equation 7, it is clear that the diffusion weighting will increase, i.e. more signal loss along 

direction !, if the b-value is increased. Consider Equation 8, and it is clear that an increased DS 

gradient G or gradient duration δ may be the easiest way of boosting the DW.  
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Although this applies, Equation 7 points out that the ADC-value, i.e. the magnitude of diffusion, 

is also necessary to take into consideration. This parameter differs in value between organs, 

between malignant and benign tissue as well as being age dependent (12, 38). 

  

 Considering anisotropic diffusion where the diffusion is greater along the fibers, which 

naturally causes higher ADCi-values when i is parallel to the tracts. This means that more than 1 

diffusion-encoding direction is required for characterization of anisotropy (12). Therefore, in 

clinical work, the ADC value is rather known as the mean value of all ADC-values along each 

diffusion-encoding direction according to 

 

 
ADC = ADC1 +…+ ADCn-1 + ADCn

n
 

(11) 

   

where n is the number of diffusion-encoding directions. Inserted into Equation 7 the signal now 

represents the average DWI rather than along one diffusion direction alone.  

 

The Diffusion Tensor 

What makes MR DTI possible is the knowledge about diffusion physics and the 

possibility of designing a MR-sequence where signal intensity is a function of molecular diffusion, 

or random motion. This enables calculation of the diffusion tensor, which is the basis of MR DTI. 

To determine precise fiber orientation, calculation of the tensor is required, and while it provides 

directional information it also provides information about the degree of diffusion (12, 36). 

 

By voxel-wise calculations of the ADC according to Equation 10, an ADC map can be 

created representing the extent of diffusion for each pixel in any of the three directions X, Y and 

Z. Each of these directions could be assigned its own colour, and by determining which direction 

having the largest ADC (in each pixel) a colour-coded orientation map can be created of all 

pixels. However, since biological tissue is complex and the fibers almost without exception run 

oblique to these three directions one cannot be accurate in determination of fiber orientation 

without using thousands of directions. As this would be too time consuming the diffusion tensor 

is used instead where a 3D ellipsoid (right column, Figure 7) is created by diffusion 

measurements along different directions (ADCs) with the ellipsoid shape representing the 

average diffusion distance in each actual direction and not a projection on one of the three axes 

as in ADC (36). The ellipsoid properties are the length of the longest, middle and shortest axis 
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known as the eigenvalues and their directions known as the eigenvectors, which can be obtained from 

the diffusion tensor as described below (36). 

 

 

Figure 7: Diffusion types and the diffusion tensor 
Source: Figure from reference (12) 

 

The diffusion tensor (bottom right, Figure 7) is a mathematical representation of the ellipsoid 

containing information from the diffusion measurements where D is, as mentioned earlier, 

clinically known as the ADC (Equation 11) describing the average displacement of a water 

molecule over an area during the observation time (Equation 6), where the observation time is 

equal to the duration of the DS gradients.  

The tensor is diagonally symmetric, i.e. Dxy = Dyx, with only six out of nine values being 

independent. This indicates that measurements along six directions are required as a minimum in 

addition to at least one b = 0 acquisition to present the tensor (16, 17, 39), and for any arbitrary 

direction more DS directions will improve the accuracy of the tensor calculations (40-42).  

Furthermore, it has been shown that the best ratio between the number of low b-acquisitions 

(b = 0) and the number of high b-acquisitions lies in the range of 0.1 to 0.2, i.e. one low b-

acquisition image set in addition to every 5-10th new diffusion directional image set acquired with 

the higher b-value (13).     

 

λ is an eigenvalue to the matrix D if a vector v exists such that Dv = vλ in which case v is called 

an eigenvector of D corresponding to λ where D is a quadratic matrix (43). The relationship 

between the diffusion tensor in Figure 7 and the corresponding eigenvalues and eigenvectors is 

given by 
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D = 

Dxx Dxy Dxz
Dyx Dyy Dyz
Dzx Dzy Dzz

 = ET
λ1 0 0
0 λ2 0
0 0 λ3

E 
(11) 

 

where λ1-3 are the eigenvalues and E a 3 x 3 matrix whose columns represents the eigenvectors 

(16). This can be considered as rotation of the data from the coordinate system where it was 

acquired (in the MRI-scanner) to a new system whose axes are determined by the directional 

diffusion information given by the tensor (16).  

The tensor can be interpreted as a tool to convert ADC measurements along every direction used 

(six or more) into the six required parameters, i.e. eigenvalues and eigenvectors, that models the 

ellipsoid (36). By creating such an ellipsoid for each pixel, in which the longest axis (eigenvector) 

represents the diffusion direction for that pixel, accurate fiber orientation mapping can be 

performed.  More about the actual 3D modelling of the fibers is presented in section 2.2.3. 

2.2.2.2 Diffusion Tensor Imaging Data Acquisition  

Signal-to-noise (SNR), scan-time and image resolution are factors affecting each other 

(36). Fiber tracking accuracy is proportional to the number of DS gradients, and in DWI the 

whole volume-of-interest (VOI) is scanned before moving to the next direction, therefore DWI 

is considered a slow MRI-imaging technique with also having relatively low SNR and low spatial 

resolution (2 - 2.5 mm voxels at best) (11, 36). MR acquisition times should be limited in clinical 

practice for patient comfort, but also because DWI is exquisitely sensitive to subject motion; 

hence being dependent on reducing this as an artefact source (35). Therefore specific DWI pulse 

sequences are used in combination with accelerated imaging techniques (11). 

 

A typical imaging pulse sequence used to acquire DTI data is shown in Figure 6 with unipolar DS 

gradients before and after the 180° refocusing pulse, known as monopolar gradients. Another 

option is to use bipolar gradients. A bipolar DS gradient pulse sequence is simply adding another 

gradient after each of the gradients seen in Figure 6 with equal magnitude and duration, but with 

opposite polarity. A study by Hong and Dixon (44) showed that a bipolar sequence decreases 

spin dephasing as a result of field inhomogeneity as well as being less sensitive to bulk motion, 

i.e. motion due to pressure or temperature changes. On the other hand, using monopolar DS 

gradients allows for shorter TE, hence stronger signal intensity due to less signal decay. 

The most common MRI technique used to acquire diffusion information is echo planar imaging 
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(EPI) due to its scan-time advantage over conventional imaging as well as being less sensitive to 

subject motion (11, 45). EPI can be divided into single-shot (SS) and multi-shot (MS) EPI, where SS-

EPI samples the whole k-space after a single excitation, i.e. in one TR, while MS-EPI samples 

parts of k-space after each TR until it is done. This naturally makes SS-EPI a faster imaging 

sequence compared to MS-EPI. Here, single-shot refers to the first excitation. The 180° 

refocusing pulse is not considered as an excitation in that way. 

 

Figure 8 of a SS-EPI pulse sequence is an extension to Figure 6, by addition of gradient trains in 

the frequency (Gx) and phase (Gy) direction during the time that the signal in k-space is sampled.  

 

 

Figure 8: Diffusion-weighted echo planar imaging pulse sequence 
with gradient combinations and readout gradient trains 

Source: Figure from reference (14)  
 

In conventional MRI one of these gradients is kept constant during readout, while changing the 

other after each excitation, and in that way acquire each line in k-space one-by-one (left, Figure 9) 

for each slice. The gradient trains used in EPI are responsible for a so-called “zig-zag” approach 

of sampling the k-space, where the first Gx acquire one line in k-space and the short Gy moves to 

the next line where the next Gx acquire a new line and so on (right, Figure 9).  
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Figure 9: Acquiring k-space, conventional versus echo planar imaging 
Conventional (left) and with EPI (right)  

Source: Figure from reference (46) 
 

By doing this the whole k-space can be acquired after a single excitation for each slice. Finally it is 

just a matter of performing the reconstruction as described in the final part of section 2.2.1.1. 

This makes EPI a really fast, as oppose to conventional MRI, which it has to be in order to 

collect diffusion data from a sufficient number of diffusion directions while also eliminating 

subject motion described in the next section.      

2.2.2.3 Diffusion-Weighted Imaging Artefacts 

There are three main types of MR DWI artefacts: eddy current induced artefacts, subject 

motion or macroscopic tissue motion artefacts, and static field geometrical distortion artefacts induced 

by static field inhomogeneities (35, 47). 

 

Eddy currents 

For diffusion MRI, the DS gradients are switched rapidly on and off. This switching is 

inducing currents in the other hardware components of the MRI scanner (e.g. the RF coils) since 

current and dynamic magnetic field are related according to Ampère’s law  

 

 
B dl = µ0I 

(12) 

  

where I is the current and µ0 is a physical constant known as magnetic permeability.  

These currents result in new small magnetic fields that may persist through the readout phase of 

the data acquisition, i.e. after the DS gradients are switched off. Hence proton spins are exposed 

to a combination of DS gradients and eddy current magnetic fields, which is not what was 
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programmed to create a signal and reconstruct the image (35).  

As this is not taken into account when reconstructing, the resulting image suffers from 

geometrical distortion2 that increases with stronger DS gradients (higher b-values) and varies 

between different DS gradient directions (35). From a DTI point of view this corresponds to 

inaccuracy in fiber modelling due to miscalculations of parameters such as ADC and the b-value. 

Examples of possible geometrical distortions as a result of induced eddy currents are illustrated in 

the figure below.  

 

	
Figure 10: Eddy current induced distortion  

Correctly reconstructed image top left  
Source: Figure from reference (35) 

 

The common solution to the eddy current issue, standard in MRI-scanners today, is known as 

self-shielding of the gradient coils (13). Additional wiring in the coils is responsible for keeping the 

gradient effect inside the gradient coils as much as possible. Still further designing of the coils is 

needed to reduce the amount of conductive material, although eddy currents are never fully 

removed (35, 48). It is also known that pulse sequences using bipolar DS gradients effectively 

reduce the geometric distortion due to eddy currents as compared to monopolar DS gradient (49, 

50). As an addition to this, one may also use post-processing software as an eddy current 

correction tool for preventing image distortion and ADC miscalculations (35, 51, 52). 

 

Subject motion 

As illustrated by Figure 5, random molecular motion creates phase shifts at specific 

locations (pixels) resulting in signal loss that allows for ADC calculation and the corresponding 

ADC map. DWIs high sensitivity to subject motion lays in the fact that macroscopic tissue 

																																																								
2 Geometrical distortion is used as a common term when image information is shifted away from its correct position.  
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motion creates phase shift of a much higher order (101 to 102) than the diffusion itself. 

Although diffusion is a self-consistent process, subject motion is not identical throughout the 

whole process, i.e. not the same subject motion exposure to a given voxel for each TR. The 

problem then arises because each echo signal sampled in k-space will have different overall phase 

shift due to diffusion in combination with incoherent subject motion. (35) 

The resulting image artefacts is known as “ghost” in the phase encoding direction (Figure 11). 

 

	
Figure 11: Subject motion ghosting 

Source: Figure from reference (35) 
 

Some options exist to reduce subject motion artefacts in DWI, e.g. synchronize the acquisition 

with the motion or using so called “navigator echoes” (18, 50, 53-56). The idea is to correct the 

phase error in all recorded echoes by using an additional recorded non-phase-encoded echo (35). 

Disregarding the possibility of eliminating subject motion, using a MRI sequence less prone to 

motion artefacts is the best option. This is where EPI comes in handy being the gold standard 

for diffusion MRI due to its single-shot acquisition approach (35).  

 

Inhomogeneous Static Field Induced Geometrical Distortion 

Inhomogeneity effects on the detected signal are well characterized by Brown et al. (57). 

In an ideal situation there are no inhomogeneities in the static magnetic field, and without any 

gradient encoding the signal induced in the receiver coil is given by  

 

 δS x, y, z, t  � ρ(x, y, z)ei2πγ B0(x, y, z)dt
t
0  · e-t/T2*  (13) 

   

where ρ(x, y, z) is the proton density and t is the duration after the excitation pulse. In this 

situation the signal evolution is governed solely by the free induction decay. However, in the 
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presence of readout and phase gradients and including a B0 variation induced by static field 

inhomogeneities and susceptibility the first exponential term in Equation 13 becomes  

 

 ei2πγ Gr(t)x dt
t
0  + Gp(t)y dt

t
0  + ΔB0(x, y, z)dt

t
0  (14) 

 

where x is defined as the readout direction and y as the phase encoding direction giving Gr/pe 

equal to the earlier denoted Gx/y, and with ΔB0(x, y, z) introduced as a field inhomogeneity term 

since the field is never 100% homogeneous, and the tissue or material placed in the scanner will 

experiment certain degree of magnetic susceptibility. In conventional imaging, when a single line 

in k-space is acquired for a single excitation, the phase difference between adjacent points in k-

space becomes  

 

 Δϕr = 2πγ GrxDW + ΔB0(x, y, z)DW ,  
Δϕpe= 2πγΔGpeyτpe 

(15) 

 

with Δϕras the phase difference in the readout direction, Δϕpe as the phase difference in the 

phase encoding direction, DW the dwell time (time between acquired points in k-space) and τpe 

as the duration of the phase encoding step. Equation 15 shows that only the phase difference in 

the readout direction is affected by the field inhomogeneity, because only one line along this 

direction is acquired per excitation, and thus could lead to a partial shift in the assigned position 

for a certain received intensity along this direction after Fourier transformation.  

In a conventional spin-echo scan this shift is barely noticeable at high fields, and theoretically 

zero in the phase encoding direction. However, this is not the case when using EPI.  

In EPI where all lines in k-space is acquired after one excitation the phase difference now 

becomes  

 

 Δϕr = 2πγ GrxDW + ΔB0 x, y, z DW , 

Δϕpe= 2πγ ΔGpeyτramp + ΔB0 x, y, z (2τramp+ N.DW)  

(16) 

  

where τramp is the time during which the switched gradients is on and N.DW is the dwell time in 

the phase encoding direction, i.e. N × DW where N is the matrix size in the readout direction. 

Equation 16 shows that both directions are affected by inhomogeneities, but more important that 
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the phase encoding direction is affected quite much with a larger pixel shift by a factor of 

(2τramp+ N.DW)/DW compared to the readout direction.  

The reason for this lies in the longer dwell time. Since the sampling of k-space in EPI is done 

along the readout direction first before moving to the next phase encoding step (zig-zag), the 

time between two “phase encoding” k-space points (the next line) is much longer than between 

two k-space points along the readout direction, i.e. you have to move N times DW to reach the 

next phase encoding step.  

Since the bandwidth is the inverse of the time between two points in k-space, the phase 

bandwidth will be N times lower than the readout bandwidth and a much smaller phase shift is 

required for a pixel to be reconstructed at the wrong position along the phase encoding direction. 

Hence the phase encoding gradient is much more sensitive to field inhomogeneity.  

This shift is present almost entirely in the phase encoding direction for EPI readout, 

while frequency readout directional shifts can be considered negligible. Therefore, correction 

methods for this artefact are focusing only on the phase encoding direction, limiting the problem 

to a set of linear 1-dimensional unwarping. An early approach was made by Jezzard and Balaban 

(47) to characterize the field inhomogeneities with a field map acquired to calculate the 1D-shifts. 

Later studies have been focusing on solving the problems with reversed phase encoding approach 

implemented in the brain (58, 59), proved successful in the breast (60), and very recently applied 

to diffusion studies of the human prostate (51). 

2.2.2.4 Accelerated Imaging Techniques 

Even though EPI is a fast imaging technique, further reduction of the scan-time is 

recommended, especially to reduce artefacts during k-space sampling and when using a lot of 

diffusion directions. Partial Fourier (PF) and parallel imaging (PI) are common techniques to reduce 

the time required for sampling k-space.  

 

Parallel Imaging 

In PI, the long gradient trains, known as echo trains (ET), during readout (Figure 8) in an 

EPI sequence are a result of hardware limitations. As the signal decays over time (T2*) and 

creating image blurring artefacts, keeping these ETs as short as possible becomes desirable for 

EPI acquisitions (35). Reduction of the ET length has also shown to reduce geometrical 

distortions in the image (61). To do this ET length reduction, PI is implemented.  

PI is possible when using multi-array RF coils for detecting the signal, i.e. multiple RF coils 

placed around the area being imaged for increased signal detection accuracy. There are multiple 
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PI reconstruction techniques available today, but they are all taking advantage of an array of 

multiple receiver coils to reduce ET length and thereby accelerating image acquisition. The most 

well-known techniques are SENSE and GRAPPA, where the reconstruction process for the 

former takes place in the image space while being performed in the k-space for the latter (62).  

In order for PI to work some requirements exist (62): 

 

1. Multiple coils covering the FOV with different sensitivity profiles are required. 

2. The signal from each coil needs its own pathway in k-space, i.e. individual sampling.  

3. Accurate knowledge of each coils sensitivity profile is required.  

 

These sensitivity profiles are pre-scan determined, representing individual coil signal sensitivities. 

What this means is that using one of these coils would give an image with different detail and 

spatial information than using another.    

Using one coil for signal detection requires N phase encoding steps creating an image with a 

certain FOV. By using multiple coils where each coil simultaneously samples its acquired signal in 

their own independent k-space, a full FOV image can be reconstructed from each coil with 

information according to the individual sensitivity profiles.  

Using N/2 phase encoding steps can use this fact to e.g. halve the FOV for each individual coil 

image simultaneously in half the scan-time. In the image reconstruction step the individual coil 

images are combined to a full FOV image which information is based on the individual sensitivity 

profiles. A reduction of the number of phase encoding steps like this (kept in mind that the phase 

encoding is responsible for jumping to a new line in the zig-zag k-space sampling for EPI) means 

halving the echo train length creating a factor known as the acceleration factor (AF) equal to 2.  

For PI the resulting SNR is reduced by a factor of AF. I.e. PI reduce the scan-time and thereby 

EPI-related artefacts indirectly, but at the expense of a lowered SNR. (62) 

 

Partial Fourier 

 For further reduction of the scan-time, PF is implemented in the reconstruction process 

and it is (as the name reflects) a partial Fourier transform of k-space. A fraction of the total 

number of lines in k-space (decided by the number of phase encoding steps) is acquired before 

using the fact that one half of the k-space should be the complex conjugate of the other half to 

calculate the rest of the lines using so called homodyne reconstruction (63, 64). Figure 12 

illustrates the concept with full sampling (a) and PF (b). 
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Figure 12: Full versus partial k-space sampling with image example after reconstruction 
a) Full k-space, b) Partial Fourier  

Source: Figure from reference (65) 
 

Used in combination with PI it means an even faster imaging process, with PF also 

introducing an acceleration factor known as the partial Fourier fraction (PFf); the ratio between the 

size of the partial k-space sampling and the full k-space.  

2.2.3 Tractography 

Once the MRI DWI EPI scans have been acquired, the next step is 3D modelling of the 

nervous tissue using the diffusion data. In this regard tractography can be considered as the main 

tool for performing DTI, and since it is done after data acquisition it is regarded as a post-

processing step.  

As mentioned in section 2.2.2.1, the diffusion tensor can be interpreted as a tool to 

convert ADC measurements along every direction used (six or more) into the six required 

parameters, i.e. the eigenvalues and eigenvectors, which model the ellipsoid for each voxel. In the 

tractography step, all of these ellipsoids are used to create a 3D model of the fibers where their 

trajectories, streamlines, follow the primary eigenvector from voxel to voxel (12).   

For manipulation of these streamlines, constraints can be set to some parameters of interest, i.e. 

fiber length, angle threshold and fractional anisotropy (FA).  

The fiber length decides the lower and upper limit for the length of the fibers drawn while the 

angle threshold decides the maximal allowed turning angle for a streamline extending from one 

voxel to another. Finally, constraints set to FA decides the level of anisotropy required in a 
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certain voxel in order for a fiber to be drawn through this voxel after tractography. FA is a 

measurement of the level of anisotropy from 0 (isotropic) to 1 (maximum anisotropic) calculated 

according to  

 

 
FA = 3

2
λ1 - Dav 2 + λ2 - Dav 2 + λ3 - Dav 2

λ1
2 + λ22 + λ32

 
(17) 

 

where Dav is the mean between the eigenvalues λ1, λ2, λ3 describing the directionally averaged 

diffusivity of water within a voxel (12, 16).  

For better understanding FA can be further divided into seed FA threshold (sFAT) and FA 

tracking range (FATR) as done in (66) where sFAT is a condition on whether a certain voxel’s 

FA value is high enough for a streamline (nerve fiber) to start from this voxel and FATR decides 

whether a voxel’s FA value is high enough (within the range) for a streamline to continue 

through this voxel. The visual outcome of the tractography process is dependent on the 

manipulation of these parameters, i.e. the combinations in which they are used together.  

Finally, the voxel size is also an important factor for the fiber tracking accuracy. Since only one 

fiber orientation is modelled per voxel (one tensor per voxel), larger voxels that are likely to 

contain more than one fiber will cause errors in estimation of fiber orientations for DTI (13). 

Nonetheless, the strength of DTI is the fact that one can combine the information that it gives 

with higher spatial anatomical resolution images to define specific fibrous pathways (15, 67, 68).  

 



	

 
 29 

3 Materials and Methods 

This chapter describes the materials and methods used in this project. In section 3.1 and 

3.2 a brief description of the MRI scanner, volunteers, software and scripting are presented. 

Section 3.3 describes the initial protocol optimization step that forms the basis for the 

optimization of diffusion-related acquisition and tractography parameters presented in section 

3.4. 

3.1 Data Acquisition 

3.1.1 Scanner 

A 3T Siemens MAGNETOM® Skyra (Siemens Healthcare, Erlangen, Germany) with an 

18-channel body coil and a 32-channel spine coil integrated in the Tim® patient table was used 

for scanning of all volunteers. This scanner is located in the Neurocenter at the St. Olavs 

Hospital, Trondheim, Norway.  

3.1.2 Volunteers 

Seven healthy volunteers participated in this study with written informed consent 

obtained prior to data acquisition. Employees at the Department of Circulation and Medical 

Imaging, NTNU, were asked whenever the scanner was available if they had time to participate.  

Data from volunteer 1 and 2 were chosen pre-exam to be acquired for optimization of the basic 

acquisition parameters (section 3.3). As scanner- and volunteer availability was limited, volunteer 

2 was examined a second time for the optimization of diffusion-related acquisition and 

tractography parameters (section 3.4) as well, together with volunteers 3-7. In total, eight exams 

were performed. Each exam contained a number of scans were parameters in section 3.3 and 3.4 

(not tractography as this is a post-processing step) were varied. Specifications for each exam are 

given in 3.1.2.1 Exam Specifications, for clarification. Additionally, volunteer characteristics and 

exam purpose are given in Table 3.1, and the volunteers were scanned in the order of the 

volunteer number. 
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Table 3.1: Specifications healthy volunteers, characteristics and purpose  

 Volunteer specifications 

Volunteer Age [y] Height [cm] Weight [kg] Optimization purpose 

1 24 184 68 Basic acq. parameters + EPI correction 

2 (1st exam) 31 182 72 Basic acq. Parameters + EPI correction 

2 (2nd exam) 31 182 72 Diffusion-related acq. parameters 

3 43 175 64 Diffusion-related acq. parameters 

4 30 183 85 Diffusion-related acq. parameters 

5 31 182 74 Diffusion-related acq. parameters 

6 29 182 68 Diffusion-related acq. parameters 

7 36 178 76 Diffusion-related acq. parameters 

3.1.2.1 Exam Specifications 

Three T2W spin-echo scans were acquired in all exams below, in the transverse, sagittal and 
coronal plane with 23 slices, previous to the scan defined as 1. These images were used for 
planning the FOV in the scans in the tables. All listed scans were acquired with 45 slices. An 
additional B0 acquisition was acquired for all scans with the opposite phase encoding direction to 
be used in the reversed phase encoding approach for geometrical distortion correction.  
 
Table clarifications: 

1. || = Same value/setting as the above. 
2. The partial Fourier factor was set as low as the choice of phase encoding direction 

allowed for, except when varied in volunteer 2, 1st exam.  
   
 

Table 3.2: Exam specifications volunteer 1 

Exam Protocol – Volunteer 1 

Scan B-value 
Gradient 

polarity 

Number of DS  

gradient 

directions 

Phase 

encoding 

direction 

Scanner 

filter 

Acceleration 

factor 

Partial 

Fourier 

factor 

1 800 Bipolar 1 × 64 RL No filter 2 6/8 

2 || || || AP || || 7/8 

3 || || || RL Normalized || 6/8 

4 || || || AP || || 7/8 

5 || || || RL 
Pre scan- 

normalized 
|| 6/8 

6 || || || AP || || 7/8 
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Table 3.3: Exam specifications volunteer 2, 1st exam 

Exam Protocol – Volunteer 2, 1st exam 

Scan B-value 
Gradient 

polarity 

Number of DS  

gradient 

directions 

Phase 

encoding 

direction 

Scanner 

filter 

Acceleration 

factor 

Partial 

Fourier 

factor 

1 800 Bipolar 1 × 64 AP Normalized 2 7/8 

2 || || || AP || || 8/8 

3 || || || AP || 4 7/8 

4* || || || RL || 2 6/8 

* Additional scan used in the phase encoding comparison with volunteer 1 and 2 RL/AP. I.e. 
scan 3 and 4 in volunteer 1 compared with scan 1 and 4 here. 
 
 

Table 3.4: Exam specifications volunteer 2, 2nd exam 

Exam Protocol – Volunteer 2, 2nd exam. 

Scan B-value 
Gradient 

polarity 

Number of 

DS  

gradient 

directions 

Phase 

encoding 

direction 

Scanner 

filter 

Acceleration 

factor 

Partial 

Fourier 

factor* 

1 600 Bipolar 1 × 64 RL Normalized 2 6/8 

2 800 || || || || || || 

3 1000 || || || || || || 

4 800 Monopolar || || || || || 
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Table 3.5: Exam specifications volunteer 3 

Exam Protocol – Volunteer 3 

Scan B-value 
Gradient 

polarity 

Number of 

DS  

gradient 

directions 

Phase 

encoding 

direction 

Scanner 

filter 

Acceleration 

factor 

Partial 

Fourier 

factor* 

1 600 Bipolar 1 × 64 RL Normalized 2 6/8 

2 800 || || || || || || 

3 1000 || || || || || || 

4 800 Monopolar || || || || || 

 
 
 

Table 3.6: Exam specifications volunteer 4 

Exam Protocol – Volunteer 4 

Scan B-value 
Gradient 

polarity 

Number of 

DS  

gradient 

directions 

Phase 

encoding 

direction 

Scanner 

filter 

Acceleration 

factor 

Partial 

Fourier 

factor* 

1 600 Bipolar 1 × 64 RL Normalized 2 6/8 

2 800 || || || || || || 

3 1000 || || || || || || 

4 800 Monopolar || || || || || 

 
 
 

Table 3.7: Exam specifications volunteer 5 

Exam Protocol – Volunteer 5 

Scan B-value 
Gradient 

polarity 

Number of 

DS  

gradient 

directions 

Phase 

encoding 

direction 

Scanner 

filter 

Acceleration 

factor 

Partial 

Fourier 

factor* 

1 600 Bipolar 1 × 64 RL Normalized 2 6/8 

2 800 || || || || || || 

3 1000 || || || || || || 

4 800 Monopolar || || || || || 
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Table 3.8: Exam specifications volunteer 6 

Exam Protocol – Volunteer 6 

Scan B-value 
Gradient 

polarity 

Number of 

DS  

gradient 

directions 

Phase 

encoding 

direction 

Scanner 

filter 

Acceleration 

factor 

Partial 

Fourier 

factor* 

1 600 Bipolar 5 × 12 RL Normalized 2 6/8 

2 800 || || || || || || 

3 1000 || || || || || || 

4 800 Monopolar || || || || || 

 
 
 

Table 3.9: Exam specifications volunteer 7 

Exam Protocol – Volunteer 7 

Scan B-value 
Gradient 

polarity 

Number of 

DS  

gradient 

directions 

Phase 

encoding 

direction 

Scanner 

filter 

Acceleration 

factor 

Partial 

Fourier 

factor* 

1 600 Bipolar 5 × 12 RL Normalized 2 6/8 

2 800 || || || || || || 

3 1000 || || || || || || 

4 800 Monopolar || || || || || 

 

3.2 Data Processing 

For post-processing and image analysis, the high-level language and interactive 

environment MATLAB® was used in combination with ExploreDTI (66), a Matlab toolbox for 

tractography, and Elastix (69), an image registration toolbox. In additional, a tool for distortion 

correction was implemented and is described in section 3.4.3.  
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3.3 Optimization of Basic Acquisition Parameters 

Before optimization of diffusion-related acquisition and tractography parameters was 

possible, some basic acquisition parameters needed to be optimized first. These parameters 

included the scanner filter, accelerated imaging techniques and phase-encoding direction and 

were varied in volunteer 1 and 2.    

3.3.1 Scanner Filter 

Scanner filter was varied in volunteer 1 between pre-scan normalized, normalized and no 

normalization (see Appendix A). Mentioned scanner filters correspond to Siemens’ definitions, 

while for other manufacturers they may be given a different name. When a surface coil is used 

such as the 18-channel body coil, sensitivity, and therefore image brightness, is inversely 

proportional to the distance from the coil. The normalized filter works to reduce image 

brightness for areas in vicinity with the coil while increasing it for areas farther away from the 

coil. The pre-scan normalized filter is applied with the same purpose, but the data used for 

homogenization is acquired pre-scan through an adjustment measurement. According to the 

Magnetom Skyra documentation, a normalized filter is recommended when using a surface coil 

while the pre-scan normalized filter serves as the best choice for an endorectal coil combined 

with either a spine or body matrix element (see Appendix B). 

Image quality was compared visually between scanner filter variations and quantitatively 

using signal-to-noise ratio (SNR) in a ROI placed inside the prostate on the center transversal 

slice of the B0-images.   

B0-images were used for SNR calculation, since SNR can depend on the diffusion direction (70). 

A reliable and appropriate method for SNR calculation implemented in both (70) and (71) 

requires a sum and difference image of two b0-images closely acquired in time. 

 

SNR = 

mean(SN r,k1  + SN r,k2 )
2

std(SN r,k1  - SN r,k2 )
2

 (18) 

 

The SNR is then given by Equation 18 as the ratio between the mean signal in the ROI in the 

sum image and the standard deviation of the signal in the same ROI in the difference image. 

Division with a factor of 2 is present because of assumption of a Gaussian noise distribution 

inside the ROI in the difference image (71).  
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3.3.2 Accelerated Imaging Techniques 

The accelerated imaging techniques are implemented to the EPI protocol for further 

reduction of the scan-time especially to reduce artefacts during k-space sampling and when using 

a lot of diffusion directions. Parameters for parallel imaging and partial Fourier were varied in 

volunteer 2. Acceleration factor (AF) was varied between 2 or 4 with GRAPPA as the method 

for parallel imaging, while the partial Fourier factor (PFf) was varied between 7/8 or 8/8. For 

each AF variation the PFf was kept as low as possible, and vice-versa.  

Image quality was compared visually for each accelerated imaging technique variation and 

quantitatively using SNR according to Equation 18. 

3.3.3 Phase Encoding Direction  

The phase encoding (PE) direction is an important parameter in EPI since distortion 

artefacts due to eddy currents and static field inhomogeneities are more pronounced in the 

phase-encoding direction than in the read-out direction (13, 14, 47, 72). PE direction was varied 

between anterior-posterior (AP) and right-left (RL) in volunteers 1 and 2. The effect of eddy 

current correction (ECC) and geometrical distortion correction (GDC) algorithms was also 

investigated, where GDC corresponds to correction of static magnetic field inhomogeneity-

induced distortions. 

ECC-images are automatically provided by the scanner because of the built in dynamic field 

correction applied post-scan by the 3T Siemens Skyra to the original raw images. GDC was 

performed on the ECC-images providing a correction combination of ECC + GDC. The 

method chosen for GDC is developed by Holland et al. (59), and all distortion corrections were 

done with an algorithm provided in the Computational Morphometry Toolkit (CMTK; SRI 

International, Menlo Park, California, USA). It requires one additional B0-image acquired with 

the opposite PE direction as the original B0-images. The correction method is then based on the 

geometrical difference between the additional B0-image and one of the original ones, i.e. the 

difference in shift because of opposite PE direction.  

Calculation of Dice Similarity Coefficient (DSC), a measure of similarity, was performed 

to compare the magnitude of geometrical distortion between the two PE-directions, and to 

evaluate the effect of ECC only and ECC + GDC in comparison with no correction. ROIs were 

drawn by the student around the prostate on DWI images with no correction applied, with only 

ECC and with the combination of ECC + GDC for each of the two PE directions. An additional 
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ROI was drawn on a T2W image transformed to the DWI image space3 for both RL and AP PE 

direction, providing the gold standard (T2W image is undistorted) and thus allowing for 

calculation of the DSC according to Equation 19 (73). 

 

 
DSC X, Y  = 2 X ∩ Y

X  + Y  
(19) 

 

where X is the binary T2W ROI image and Y the binary DWI ROI image.  

3.4 Optimization of Diffusion-related Acquisition and Tractography 

Parameters 

The visual quality and quantitative accuracy of nerve fibre tractography is dependent on 

interplay between acquisition and post-processing settings. Modelling of nervous tissue in the 

ROI is required in order to analyse the effect of the diffusion related acquisition parameters. 

Hence, optimization of tractography parameters (post-processing) was performed first. This was 

done in volunteers 2-5 (volunteer 2, 2nd exam) because these volunteers were scanned with the 

exact same imaging protocol, and as there is no point of analysing different tractography settings 

if the comparison is done between volunteers which data is acquired with different scan 

parameters. Optimization of the diffusion-related acquisition parameters was subsequently 

evaluated in volunteers 2-7, using the optimized tractography settings.  

In each volunteer, T2W images with high anatomical detail were used to draw ROIs right 

and left posterolateral of the prostate where most of the nerves are reported to be running (74). 

ROIs were drawn in all slices where these nerves were visible, usually in 10 slices. The ROIs were 

drawn after consultation with a radiologist in training that possesses expertise in interpretation of 

prostate MR images, but the radiologist was not present at the ROI drawing due to very occupied 

work schedule. To account for small differences between the location of the nerves in the DWI 

images as compared to the T2W images, which may be present due to distortion artefacts and 

slight movement of the volunteer, the T2W images were non-rigidly registered to the B0 images 

using Elastix (69). The same transformation matrix was subsequently used to transform the ROIs 

from the T2W image space to the DWI image space. The transformed ROIs were used as seed 

voxels for tractography, meaning that any fiber tract running through the seed ROI that satisfies 

the tractography settings will be modelled. The quantitative values number of tracts and mean tract 

length, which were provided for each tractography run by the ExploreDTI software, were used as 

																																																								
3 Different image space equals different dimensions, i.e. number of slices, resolution etc. 
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quantitative measures of tract quality. Increasing values in both may indicate higher quality tracts, 

and here more and longer tracts are preferred for recommendation of a certain scan parameter 

over the other. However, uncertainties around these measurement is further outlined in the 

discussion.  

3.4.1 Tractography Parameters 

Seven tractography runs were performed per scan in volunteer 2-5 where parameters 

affecting the 3D modelling of nervous tissue were varied according to Table 3.10 with the 

“default” settings based on experience after initial pioneering. When one of the parameters in the 

table is varied (“variations”), the others are kept constant according to the default settings, e.g. if 

the angle threshold is varied from 45 to 30 or 60, the lower FA tracking range limit is kept at 0.1 

and the lower fiber length limit at 3 centimetre.  

 

 

 

Table 3.10: Tractography parameters of interest with variations 

 Diffusion properties Physical properties 

 sFAT FATR 
Fiber length 

range [cm] 

Angle threshold 

[deg] 

Default 

Kept equal to the 

lower level of 

FATT 

[0.1 − 1] [3 − 20] 45 

Variations 

Kept equal to the 

lower level of 

FATT 

[0.05 - 1] 

[0.15 − 1] 

[1.5 - 20] 

[4.5 − 20] 

30 

60 

 

These variations were quantitatively analysed for each of the scans with different acquisition 

parameters (as described in the next section). The results were averaged as the median over 

volunteers 2-5 to find the settings providing the highest number of tracts and mean tract length. 

The median was used as oppose to the mean, since the mean is affected by a too high or too low 

value compared to the rest. When the term “average” is used in consecutive sections, it refers to 

the median.   
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3.4.2 Diffusion-related Acquisition Parameters 

Based on the results of section 3.3, all scans in this section were performed in RL PE 

direction with an AF of 2, a PFf 6/8 and a normalized scanner filter (see Appendix A). The b-

value and gradient polarity, and distortion correction methods were varied in volunteer 2-7. To 

find the optimal diffusion weighting, the b-value was varied between 600, 800 and 1000. Gradient 

polarity was varied between bipolar and monopolar whereas distortion correction was varied 

between no correction, ECC, and ECC + GDC. As bipolar gradient pulses are in theory 

unaffected by eddy currents, whereas monopolar gradient pulses are much more sensitive in this 

regard, ECC-images of both cases were also included in the analysis of gradient polarity to see 

the effect of this correction. In volunteers 2-5 (volunteer 2, 2nd exam), one acquisition of 64 DS 

gradient directions were used, whereas in volunteer 6 and 7 the number of DS gradient directions 

was changed to 12 and repeated five times with one b0-acquisition before each new cycle giving a 

total of 60 direction acquisitions. The 5 × 12 setting was chosen since it was used in a patient 

study performed at the hospital 2 years prior to the current study. According to Mukherjee, 

Chung (13), a high number of different DS gradient directions should be the best for accurate 

DTI, while it is also stated that averaging a lower number of equal DS gradient directions holds 

the advantage of a higher SNR. The variation of repetitions and directions were tested on that 

basis, and the initial plan was to perform the exam with 5 × 12 on two more volunteers to have 

the same number of volunteers for each DS gradient direction variation, but due to limited 

scanner availability and time at hand this was not possible. This is a limitation that is further 

outlined in the discussion, and furthermore it was considered of interest to also vary the other 

diffusion-related parameters and correction methods for both DS gradient settings. Additionally, 

since the number of acquisitions of the 12 DS gradient directions was possible to vary with the 

tractography software, the effect of this number was investigated by varying it between 1 and 5. 

An overview of the acquisition parameters is given in Table 3.11, with “default” and “variation” 

settings. For a more detailed specification of each scan, see Appendix B (does not contain 

correction). 
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Table 3.11: The base for scan parameters with variations 
*Only 1x64 DS gradient directions were used in volunteers 2-5 (volunteer 2, 2nd exam), whereas only five acquisitions of 12 DS 
gradient directions were used in volunteers 6 and 7 where the number of acquisitions (additionally 1-4) were possible to vary in 

the tractography software. All other parameters were varied in all other volunteers 

 Scan parameters 

 B-value Gradient polarity DS gradient directions Distortion correction 

Default 800 Bipolar 1 × 64 or 5 × 12* No correction 

Variations 
600 

1000 
Monopolar 

1 × 12 

2 × 12 

3 × 12 

4 × 12 

ECC 

ECC+GDC 

 

Based on the results of the section 3.4.1, tractography was performed using an sFAT of 0.05, 

FATR of 0.05 – 1, fiber length range of 3 – 20 cm and angle threshold of 60 degrees. Number of 

tracts and mean tract length were then averaged as the median using this tractography over 

volunteer 2-5 and 6-7, respectively, providing separate b-value, gradient polarity and distortion 

correction results for each DS gradient direction variation.  



	

 
 40 



	

 
 41 

4 Results 

In this chapter the results are presented following the same structure as in chapter 3.  

4.1 Initial Acquisition Protocol Optimization 

4.1.1 Scanner Filter 

SNR was highest when using no filter and lowest with pre-scan normalization (Figure 13). 

When looking at image homogeneity, using a pre-scan normalized filter also provided a noisy 

signal band located on the prostate in the RL direction providing inhomogeneity in the AP 

direction. This effect was less apparent for the normalized filter and opposite, but less intense, 

when no filter was used (Figure 14). Consequently, higher signal intensity in the prostate region 

can be observed for both the normalized and pre-scan normalized filter in comparison to the 

third option. Based on these results, and in line with Siemens’ recommendations, the normalized 

filter was opted for.  

 

 

Figure 13: Signal-to-noise values for scanner filter variations 
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Figure 14: Diffusion-weighted images from the first diffusion direction acquisition for scanner filter variations  
Transverse view with a) Normalized filter, b) Pre-scan normalized filter (with a clear noisy band RL) and c) No filter applied 

 

4.1.2 Accelerated Imaging Techniques 

With regard to parallel imaging, an AF of 4 led to lower SNR than an AF of 2. With 

regard to partial Fourier sampling, the SNR was higher for a higher PFf (Figure 15). The effect of 

a high AF was easily spotted in the diffusion image (Figure 16), while the PFf effect was less 

apparent when visually comparing the diffusion images. Also keeping in mind the possible 

positive effect of accelerated imaging techniques on distortion artefacts, an AF of 2 and a PFf of 

7/8 (6/8 in case of for RL phase encoding direction) was opted for. 

 

 

Figure 15: Signal-to-noise values for accelerated imaging technique variations 
AF = Acceleration factor, PFf = Partial Fourier factor 
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Figure 16: Diffusion-weighted images from the first diffusion direction acquisition for accelerated imaging technique 
variations  

AF = Acceleration factor, PFf = Partial Fourier factor. 
Transverse view with a) Base, b) Increased AF and c) Increased PFf. 

  

4.1.3 Phase Encoding Direction  

The effect of phase encoding direction was evaluated in the first 2 volunteers. 

Interestingly, volunteer 1 (Figure 17) had a lot more air in the rectum than volunteer 2 (Figure 

18), and the effect was a substantially higher share of geometrical distortion in the first when no 

correction was applied (top row). For volunteer 1 the distortion of the prostate was worse in the 

PE direction when having it AP compared to RL, as confirmed by the DSC values: 0.76 > 0.55. 

In this case the correction effectiveness was also higher when using RL as PE direction: 

0.91 > 0.67. The images of volunteer 2 were less affected by distortion in both AP and RL PE 

direction, and the correction effectiveness was also close to equal between PE directions. Due to 

the lower share of geometrical distortion and higher correction effectiveness in volunteer 1, RL 

was opted for as the PE direction.   
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Figure 17: Diffusion-weighted B0 images with ROI overlay for phase encoding direction and correction variations 
Transverse view in volunteer 1. 

RL = Right-Left, AP = Anterior-Posterior, DSC = Dice similarity coefficient.  
T2W-based ROI (blue) represents where the DWI ROI (red) should be positioned if no distortion would occur. 

 

 

Figure 18: Diffusion-weighted B0 images with ROI overlay for phase encoding direction and correction variations 
Transverse view in volunteer 2. 

RL = Right-Left, AP = Anterior-Posterior, DSC = Dice similarity coefficient. 
T2W-based ROI (blue) represents where the DWI ROI (red) should be positioned if no distortion would occur. 
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4.2 Quantitative Analysis 

4.2.1 Tractography Settings 

The 3D-model of fibre tracts after tractography seeded from the voxels in the VOI is 

dependent upon the tractography settings used (Figure 19). When applied to scans with different 

acquisition and distortion correction settings, it can be observed that both the mean tract length 

and the number of tracts consistently increased with decreasing (lower) FA start and tracking 

limits (Table 4.1). In the same way, both the mean tract length and the number of tracts 

consistently increased with increasing angular acceptance. Decreasing the lower tract length limit 

consistently led to an increase in number of tracts, but also to a sharp decrease in mean tract 

length. Based on these results for an optimized tractography protocol with a low FA limit of 0.05, 

a high angular acceptance of 60 degrees and an intermediate lower tract length limit of 3 cm were 

opted for. The results of tractography with the optimized protocol are also shown in Table 4.1 

and Figure 19.  

 

 

Figure 19: 3D-models of fibre tracts for variation of tractography settings  
Transparent B0-image, sagittal view in middle slice; all 3D fibers are visualized. 

Original – No correction, RL B800 BP from Table 4.1 were used in volunteer 5. 
a-b) Variation of lower limit of fractional anisotropy tracking range, 0.05 and 0.15. 

c-d) Variation of minimum tract length in millimetres, 15 and 45. 
 



	

 
 46 

 

Figure 19 (continued): 3D-models of fibre tracts for variation of tractography settings 
Transparent B0-image, sagittal view in middle slice; all 3D fibers are visualized. 

Original – No correction, RL B800 BP from Table 4.1 were used in volunteer 5. 
e-f) Variation of turning angle threshold in degrees, 30 and 60. 

g) Base and h) combination providing the highest quantitative values. 



! ! ! ! ! ! ! ! !
! ! ! ! ! ! ! ! ! 47 

Table 4.1: Quantitative values for different tractography settings 
Tractography settings (light grey): lower FA tracking range limit, lower tract length limit, and the angle threshold. First row, default settings (underlined). Last row, optimized settings (underlined). 

Quantitative values (white): Presented as median and range. Highest values in each column are given in bold font. 
Scan settings (dark grey): PE direction (RL), gradient polarity (MP/BP) and b-value (BX). 

Values are given for non-corrected original images, images with ECC and images with both ECC and GDC. 

  Original – No correction Original - ECC ECC - 
GDC 

Tractography settings 
Value 

specification 
RL B600 

BP 
RL B800 

BP 
RL B1000 

BP 
RL B800 

MP 
RL B600 

BP 
RL B800 

BP 
RL B1000 

BP 
RL B800 

MP 
RL B800 

BP Low 
FATR Lower TL AT 

0.1 3.0 45 

Mean tract 
length 

4.58 
[3.83-5.04] 

4.39 
[3.77-5.68] 

3.96 
[3.60-4.45] 

4.64 
[4.08-5.26] 

4.40 
[4.04-4.57] 

4.55 
[3.39-4.88] 

3.83 
[3.47-4.51] 

4.40 
[3.95-5.05] 

4.47 
[3.42-4.64] 

Number of 
tracts 

168 
[88-369] 

237 
[43-899] 

40 
[6-142] 

287 
[98-968] 

159 
[93-370] 

131 
[57-313] 

41 
[13-142] 

238 
[104-423] 

141 
[50-594] 

0.05 3.0 45 

Mean tract 
length 

4.93  
[4.48-5.68] 

4.67 
[4.03-5.68] 

4.09 
[3.74-4.55] 

4.91 
[4.53-5.79] 

4.74 
[4.71-5.32] 

4.82 
[4.02-5.02] 

4.00 
[3.58-4.43] 

4.89 
[4.41-5.46] 

4.72 
[3.85-5.16] 

Number of 
tracts 

588 
[148-899] 

515 
[272-899] 

188 
[71-325] 

657 
[159-1605] 

393 
[178-842] 

336 
[230-697] 

218 
[131-361] 

603 
[193-743] 

429 
[306-1033] 

0.15 3.0 45 

Mean tract 
length 

3.96 
[3.44-5.68] 

3.99 
[3.66-5.68] 

3.94 
[3.74-4.18] 

4.09 
[3.94-4.55] 

3.56 
[3.10-4.57] 

3.91 
[3.10-4.06] 

3.79 
[3.30-4.18] 

3.56 
[3.23-4.26] 

3.70 
[3.00-4.30] 

Number of 
tracts 

42 
[3-899] 

175 
[34-899] 

62 
[8-138] 

50 
[7-282] 

30 
[1-66] 

40 
[2-230] 

34 
[1-141] 

26 
[8-91] 

26 
[1-179] 

0.1 1.5 45 

Mean tract 
length 

3.19 
[2.57-5.68] 

3.13 
[2.21-5.68] 

2.29 
[1.90-3.13] 

3.04 
[2.80-4.23] 

3.04 
[2.53-3.25] 

2.97 
[2.25-3.32] 

2.30 
[1.98-3.05] 

3.08 
[2.64-3.48] 

2.96 
[2.63-3.53] 

Number of 
tracts 

631 
[223-899] 

511 
[298-899] 

284 
[129-322] 

733 
[280-1469] 

498 
[204-798] 

375 
[261-701] 

308 
[154-357] 

582 
[323-884] 

384 
[321-1059] 

0.1 4.5 45 

Mean tract 
length 

5.51 
[5.27-5.25] 

5.59 
[5.31-5.68] 

5.08 
[1.90-5.55] 

6.01 
[5.53-6.46] 

5.78 
[5.21-6.21] 

6.01 
[2.25-6.36] 

5.15 
[1.98-5.30] 

5.84 
[5.40-6.50] 

5.78 
[5.00-6.29] 

Number of 
tracts 

107 
[23-899] 

80 
[7-899] 

50 
[2-288] 

106 
[38-554 

65 
[27-133] 

94 
[46-261] 

48 
[2-344] 

75 
[28-231] 

56 
[3-244] 

0.1 3.0 30 

Mean tract 
length 

4.24 
[3.40-5.68] 

4.06 
[3.55-5.68] 

3.33 
[1.90-4.36] 

4.12 
[3.70-4.46] 

4.08 
[3.26-4.19] 

4.14 
[3.21-4.70] 

4.18 
[3.05-5.15] 

4.12 
[3.62-4.49] 

4.30 
[3.27-4.57] 

Number of 
tracts 

91 
[26-899] 

107 
[13-899] 

49 
[1-288] 

87 
[27-363] 

39 
[21-153] 

56 
[22-114] 

11 
[2-92] 

91 
[20-175] 

48 
[9-315] 

0.1 3.0 60 

Mean tract 
length 

4.84 
[4.23-5.70] 

4.71 
[3.82-5.68] 

4.21 
[3.70-4.54] 

5.28 
[4.71-6.12] 

4.65 
[4.20-4.91] 

4.83 
[3.53-4.98] 

3.97 
[3.59-4.63] 

4.90 
[4.27-5.68] 

4.69 
[3.59-4.88] 

Number of 
tracts 

360 
[202-572] 

380 
[104-899] 

96 
[25-225] 

608 
[199-1522] 

319 
[164-601] 

233 
[108-528] 

116 
[34-212] 

392 
[255-715] 

226 
[99-796] 

0.05 3.0 60 

Mean tract 
length 

6.02 
[5.56-6.20] 

5.37 
[4.85-6.02] 

4.77 
[4.12-5.38] 

6.24 
[5.43-8.23] 

5.63 
[5.53-6.84] 

5.74 
[4.52-6.33] 

4.90 
[4.26-5.12] 

6.32 
[5.47-6.96] 

5.58 
[4.78-6.40] 

Number of 
tracts 

1243 
[534-1712] 

989 
[836-1439] 

807 
[667-969] 

1705 
[598-3415] 

1245 
[579-1904] 

995 
[728-1526] 

916 
[679-1108] 

1472 
[708-1784] 

1156 
[861-1801] 

!
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4.2.2 Acquisition Parameters 

4.2.2.1 B-Value 

A b-value of 600 s/mm2 increased both the number of tracts and the mean tract length 

inside the VOI compared to a b-value of 800 and 1000 s/mm2 (Table 4.2). A fact that is visible 

after tractography (Figure 20), at least for the number of tracts. It can be observed for the 

variation of averages and DS gradient directions that both the number of tracts and mean tract 

length are higher for each b-value using 5 × 12. Interestingly the mean tract length for a b-value 

of 1000 s/mm2 is now higher than for 800 s/mm2 since the averaged minimum is particularly 

high compared to the 1 × 64 value. Based on these results a b-value lower than 800 s/mm2 was 

opted for.    

Table 4.2: Quantitative values for b-value variation 
DS gradient directions (light grey): (number of times acquired) × (number of diffusion sensitizing gradient directions). 
Quantitative values (white): Presented as median and range. Highest values between variations are given in bold font. 

1 × 64 averaged over volunteer 2-5, 5 × 12 averaged over volunteer 6-7. 

  B-Value 
DS gradient  
directions 

Value 
specification 

600 800 1000 

1 × 64 
(4 volunteers) 

Mean tract 
length 

6.02 
[5.56-6.20] 

5.37 
[4.85-6.02] 

4.77 
[4.12-5.38] 

Number of 
tracts 

1243 
[534-1712] 

989 
[836-1439] 

807 
[667-969] 

5 × 12 
(2 volunteers) 

Mean tract 
length 

6.98 
[6.81-7.14] 

5.88 
[5.27-6.50] 

5.98 
[5.90-6.05] 

Number of 
tracts 

1386 
[1329-1442] 

1099 
[881-1317] 

848 
[717-978] 
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Figure 20: 3D-models of fibre tracts for variation of the b-value 
Transparent B0-image, sagittal view in middle slice; all 3D fibers are visualized. 

a-c) in volunteer 2, d-f) in volunteer 7. 
1x64, 600 equals one acquisition of 64 DS gradient directions with b-value of 600. 

 

4.2.2.2 Gradient Polarity 

Using monopolar gradients increased both the number of tracts and the mean tract length 

compared to using bipolar gradients, both with and without ECC applied (Table 4.3, Figure 21). 

Applying ECC decreased the number of tracts, but increased the mean tract length for a 

monopolar pulse sequence, while increasing both values for a bipolar one (Table 4.3)(Figure 22). 

Between variation of averages and DS gradient directions, the values for mean tract length and 

number of tracts increased using 5 × 12. From these results a monopolar gradient polarity with 

applied ECC was opted for.   
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Table 4.3: Quantitative values for gradient polarity variation with eddy current correction 
DS gradient directions (light grey): (number of times acquired) × (number of diffusion sensitizing gradient directions). 
Quantitative values (white): Presented as median and range. Highest values between variations are given in bold font. 

Gradient polarity (dark grey): MP = Monopolar, BP = Bipolar, ECC = Eddy current correction. 
1 × 64 averaged over volunteer 2-5, 5 × 12 averaged over volunteer 6-7. 

  Gradient polarity 
DS gradient  
directions 

Value 
specification 

MP MP 
w/ECC 

BP BP 
w/ECC 

1 × 64 
(4 volunteers) 

Mean tract 
length 

6.24 
[5.43-8.23] 

6.32 
[5.47-6.96] 

5.37 
[4.85-6.02] 

5.74 
[4.52-6.33] 

Number of 
tracts 

1705 
[598-3415] 

1472 
[708-1784] 

989 
[836-1439] 

995 
[728-1526] 

5 × 12 
(2 volunteers) 

Mean tract 
length 

7.82 
[6.8-8.80] 

7.92 
[7.39-8.46] 

5.88 
[5.27-6.50] 

6.17 
[5.35-7.00] 

Number of 
tracts 

2350 
[1921-2779] 

2216 
[1604-2828] 

1099 
[881-1317] 

1313 
[1005-1620] 

 

 

Figure 21: 3D-models of fibre tracts for variation of gradient polarity 
Transparent B0-image, sagittal view in middle slice; all 3D fibers are visualized. 

a-b) in volunteer 2 and c-d) in volunteer 7. 
1x64, MP equals one acquisition of 64 DS gradient directions with monopolar gradients. 
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Figure 22: 3D-models of fibre tracts for variation of gradient polarity with eddy current correction 
Transparent B0-image, sagittal view in middle slice; all 3D fibers are visualized. 

a-b) in volunteer 2 and c-d) in volunteer 7. 
1x64, MP - ECC equals one acquisition of 64 DS gradient directions with monopolar gradients and eddy current correction 

applied. 
 

4.2.2.3 Number of Diffusion-Sensitizing Gradient Directions 

As shown in Table 4.2 and Table 4.3, the 5 × 12 directions gave consistently more and 

longer tracts compared to 1 × 64, although one has to keep in mind that these scans were 

acquired in different volunteers. The mean tract length and number of tracts were proportional 

to the number of times of averaging the DS gradient directions (Table 4.4). Increasing this 

number also changed the structure of the nervous tissue in the VOI for the better (Figure 23), 

and another interesting observation that can be made from the table is the low difference 

between 4 × 12 and 5 × 12. Based on these results, 4 × 12 was opted for shortening the scan 

time.  
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Table 4.4: Quantitative values for variation of averaging the diffusion-sensitizing gradient directions 
DS gradient directions (dark grey): (number of times acquired) × (number of diffusion sensitizing gradient directions). 
Quantitative values (white): Presented as median and range. Highest values between variations are given in bold font. 

All values averaged over volunteer 6-7. 

  DS gradient directions 

Scan 
Value 

specification 1 × 12 2 × 12 3 × 12 4 × 12 5 × 12 

RL B800 BP 
(2 volunteers) 

Mean tract 
length 

4.64 
[4.37-4.91] 

4.85 
[4.62-5.08] 

5.43 
[4.98-5.87] 

5.88 
[5.09-6.67] 

5.88 
[5.27-6.50] 

Number of 
tracts 

583 
[573-737] 

674 
[489-1030] 

899 
[657-1386] 

1081 
[760-1544] 

1099 
[881-1317] 

 

 

Figure 23: 3D-models of fibre tracts for variation of averaging the number of diffusion sensitizing gradient directions 
Transparent B0-image, sagittal view in middle slice; all 3D fibers are visualized. 

a-e) in volunteer 7. 
1x12 equals one acquisition of 12 DS gradient directions. 

 

4.2.2.4 Distortion Corrected versus Non-Corrected Images 

The mean tract length and number of tracts was increased after ECC and the GDC 

continued to increase the number of tracts while decreasing the mean tract length for 1 × 64 

(Table 4.5). Using 5 × 12 showed to consistently increase both quantities. Based on the 5 × 12 

results, full correction with ECC + GDC was opted for. 
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Table 4.5: Quantitative values for correction variations 
DS gradient directions (light grey): (number of times acquired) × (number of diffusion sensitizing gradient directions). 
Quantitative values (white): Presented as median and range. Highest values between variations are given in bold font. 

1 × 64 averaged over volunteer 2-5, 5 × 12 averaged over volunteer 6-7. 
  Correction 

DS gradient  
directions 

Value 
specification 

No-
Correction ECC ECC + 

GDC 

1 × 64 
(4 volunteers) 

Mean tract 
length 

5.37 
[4.85-6.02] 

5.74 
[4.52-6.33] 

5.58 
[4.78-6.40] 

Number of 
tracts 

989 
[836-1439] 

995 
[728-1526] 

1156 
[861-1801] 

5 × 12 
(2 volunteers) 

Mean tract 
length 

5.88 
[5.27-6.50] 

6.17 
[5.35-7.00] 

6.67 
[6.17-7.17] 

Number of 
tracts 

1099 
[881-1317] 

1313 
[1005-1620] 

1320 
[1096-1544] 

 

 

Figure 24: 3D-models of fibre tracts for correction variation 
Transparent B0-image, sagittal view in middle slice; all 3D fibers are visualized. 

a-c) in volunteer 2 and d-f) in volunteer 7. 
1x64 equals one acquisition of 64 DS gradient directions. 
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4.3 Summary of Recommended Parameter Settings 

Based on the results, recommended diffusion-related acquisition protocol settings are a b-

value of 600 s/mm2, monopolar gradients, a RL PE direction, while using 

12 DS gradient directions acquired four times with applied ECC and additionally GDC using the 

reversed phase encoding approach. Furthermore a normalized scanner filter in combination with 

an acceleration factor of 2, and a partial Fourier factor as low as the choice of PE direction allows 

are recommended. With regard to post-processing, recommendation for tractography settings are 

a combination of 0.05 for FA parameters, minimum tract length of three centimetres and a 

maximum turning between voxels of 60 degrees.  
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5 Discussion 

The aim of this study was to investigate and design the optimal MR DTI protocol for 

visualization and quantification of periprostatic nerves. Basic and diffusion-related acquisition 

parameters as well as tractography parameters were varied for this purpose. Due to practical 

reasons, i.e. limited scanner availability, number of volunteers and time at hand, parameters could 

only be varied over a limited range. Therefore one has to keep in mind that the optimal value for 

each of these parameters could be outside of this range.  

It was recently suggested (8-10) that Magnetic Resonance Diffusion Tensor Imaging (MR DTI) 

could play an important role in planning and evaluation of nerve sparing surgery, as a tool for 

visualization and quantification of the periprostatic nerves. However, both the visual quality and 

the quantitative accuracy of DTI are dependent on acquisition and post-processing parameters. 

This study shows that tracts can be identified in the prostate area. The identified structures 

showed good correspondence with the structures identified in previous studies with regard to 

DTI of the prostate (8, 9). In addition to that, the results indicate a strong dependency on 

acquisition and post-processing parameters for both visual quality and quantitative evaluation of 

the nerve fibres. Furthermore, although the number of tracts and mean tract length may 

represent the image quality and quantitative ‘accuracy’ of prostate DTI in a good way one cannot 

draw this conclusion without any further supporting evidence as there is no guarantee that the 

tracts correspond to actual nerve fibers. A study by Sievert, Hennenlotter (75) evaluated the 

distribution of nerves on the prostate surface by analysing specimens from 17 patients diagnosed 

with prostate cancer, who underwent prostatectomy. As this could serve as a good indication for 

how periprostatic nerves should run while also corresponding overall in a good way to what the 

tractography figures illustrates, there is reason to believe that the identified tracts, at least, include 

the actual nerve fibers. 

Recommendations based on the initial protocol acquisition optimization are a normalized 

scanner filter, an acceleration factor of 2, a low partial Fourier factor, and RL as the PE direction. 

One could argue that no partial Fourier sampling of k-space, i.e. 8/8, provided somewhat better 

SNR. As this is a trade-off between SNR on one side and speed and reduced artefacts on the 

other, while the directional images showed little difference between the variations, the lowest 

factor is recommended. In terms of PE direction, DSC values showed that the magnitude of 

geometrical distortion was much higher compared to using RL, and additionally much harder to 

correct for when the subject had air in the rectum. Using AP may then be a risk in terms of not 

tracking the nerves at their correct location. On the other hand, the human body is less wide 
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along the AP direction compared to RL for most patients, which allows for a smaller FOV and 

less PE steps in sampling of k-space. This opens possibilities for a shorter TE and thus increased 

signal intensity. In the absence of air in the rectum, using AP as PE direction may then be 

beneficial, but as this factor is not easily controlled in clinical practice it serves as a bias for 

calculation of the quantitative values.   

Tractography parameters can of course be changed to model more tracts than the recommended 

settings provide. One could e.g. change the minimum tract length to one centimetre as opposed 

to three, but this type of change appeared to only add additional noise into the VOI for the most 

part. Modelling tracts of 1 centimetre is neither suitable nor of interest as the preferred nerves are 

longer than that, while tissue turning with 90 degrees between two subsequent voxels is not very 

likely. That said, recommended settings should be considered as a guideline that might not be 

optimal for each individual patient.  

DTI studies in brain (11-14, 16) either suggest or use a b-value between 700-1300 s/mm2, with 

1000 being the most common. Because of biological differences between the brain and the 

prostate, the best b-value for brain DTI might not be the best for tracking nerves in close vicinity 

to the prostate. Determination of the b-value is complicated by affected factors like SNR, echo 

time and artefacts from eddy currents and subject motion (76). However, the results from the 

quantitative analysis suggest that a b-value around 600 or lower than 800 s/mm2 for prostate DTI 

as it can only be stated that 600 is better than 800 and that 800 is better than 1000. The most 

logical explanation seems to be because of the larger FOV for prostate DTI compared to brain 

DTI. A larger FOV decreases the SNR as a larger k-space needs to be acquired leading to a 

longer echo time and less time for repetition. The need of a lower b-value then presents itself to 

compensate for this as lower b-values provide higher SNR because of lower diffusion weighting, 

i.e. less signal attenuation is required to be color coded as high intensity in the image. 

It is a known fact that a pulse sequence using bipolar gradients is less sensitive to eddy currents 

compared to using monopolar ones (49). On the other hand, if successfully corrected for, or 

absent e.g. due to proper self-shielding of coils, monopolar gradients provide possible benefits 

over bipolar gradients, such as an increase in signal intensity and shorter scan times due to the 

shorter echo time. Results showed that mean tract length was longer and number of tracts higher 

when using monopolar gradients compared to bipolar ones. Furthermore, ECC gave higher mean 

tract length for monopolar gradients although fewer tracts were provided. ECC also increased the 

tract length when using bipolar gradients as well as increasing the number of tracts. Reasons 

could be either because eddy currents are still present for bipolar gradients, or overcompensation 

made by the ECC. Regardless, mean tract length and number of tracts are higher when using 
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monopolar gradients whilst ECC in general makes the fibrous tissue structure look better after 

tractography.  

In theory it is preferable to acquire diffusion information from as many directions as possible. 

The reason is that more directions should provide more detailed information and thus be a good 

base for tractography since each direction contains unique information. In clinical practice DTI 

of the prostate seems to be SNR-limited however, which implies that it might be better to obtain 

a limited number of directions with high SNR (i.e. by multiple averages) than a lot of directions 

with low SNR. This theory is backed up by our results, which showed that 

5 averages × 12 DS gradient directions provided more and longer tracts with a better nerve 

structure model than using 1 acquisition × 64 DS gradient directions. Although it should be 

noted that variation between the two were acquired in different volunteers. In addition, only little 

improvement in tract length and number of tracts was found between 4 and 5 averages of 12 

directions. If then using 4 × 12 instead of 1 × 64 directional acquisitions, not only better results 

are likely to be provided, but also a decreased scan time, which is one of the most important 

parameters in clinical practice.  

Using the built in ECC provided by the 3T Siemens Skyra scanner seemed to improve 

tractography when using monopolar gradients. For bipolar gradients ECC can be disputed, 

although it seemed to improve tractography in this study. For the geometrical distortion 

occurring in the PE direction, the benefit of the reversed phase encoding GDC approach is 

apparent from the observed reduction in distortion after correction. An error in the analysis may 

arise from the fact that the GDC was only applied to ECC-images acquired with bipolar 

gradients (and not monopolar due to time concern) and therefore the effect of ECC was present 

in the quantitative analysis of GDC. In future work GDC-only should be investigated for 

potential distortion correction if bipolar gradients are used, while the ECC + GDC combination 

is probably okay when using monopolar gradients.  

When performing research in humans, biological difference between test subjects is something 

that cannot be neglected. In this regard, a limitation in results provided by this study lies in the 

fact that all volunteers were 1) healthy and 2) younger than the typical prostate cancer patient, e.g. 

where it is shown that the prostate increases in size with increased age (77). Therefore, 

conclusions may not be the same in future work with actual patients.  

For this study, ROIs were drawn in multiple slices creating a VOI for each volunteer that served 

as seed regions for tractography. As each human is unique, even at a microscopic level, drawing 

of ROIs in one volunteer was never equal to the other, although quite similar. In patients on the 

other hand, a larger structural difference may be the case. This error was minimized by 
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consultation with a radiologist prior to ROI drawing; something future studies should take into 

consideration as well. The preferred option would be to let the actual radiologist perform the 

ROI drawing, but in this study the student did this due to the highly restricted spare time of the 

radiologist. 

Not included in this study, which may be of interest for future work is the effect of a different 

voxel size and correction for subject motion. Preferably a larger voxels size should be tested 

because of higher SNR, but at the cost of less detail. As tractography accuracy is inversely 

proportional to the voxel size and because of limited time at hand, this parameter was chosen as 

low as Mukherjee, Chung (13) suggested for brain imaging, i.e. 2 × 2 × 2 [mm]. The correction 

for subject motion was deemed unnecessary because of the limited sensitivity of EPI to this, but 

it may have an effect. Also no statistical calculations were performed because of a low number of 

volunteers, and although scanner availability is often limited, increasing this number should be 

done to prove the findings of this study. Future work should therefore aim to extend the current 

study with more volunteers, especially for the 5 x 12 directions, while also validating current 

results by using other tractography software. The choice of Explore DTI as the tractography 

software for this study was based on the good interaction with Matlab, but other software should 

also be tested, e.g. FSL (78). Finally the protocol should be implemented in the clinic and tested 

in a patient study, where the possibility of visualization of nervous structure in the prostate 

should be the main focus. 

A wide range of parameters is investigated as the optimal MR DTI protocol for the current area 

of interest includes not only the imaging part, but also the tractography process. Still there are 

some parameters left out, as mentioned, i.e. voxel size and correction for subject motion. Even 

though all the investigated parameters in this project are important to identify the optimal 

protocol, it is likely to hurt the quality of the methods used when such a wide range is studied. 

I.e. the measurements reliability would benefit from a lower number of possible parameter 

combinations (immense as of now) with a more repetitive approach. This naturally means that 

forthcoming studies would need to investigate parameters that otherwise would have been 

included, but with an increased reliability on the measurements and increased quality of the 

methods used. As an external stakeholder it would also facilitate the interpretation.  

As normal urinary and erectile function are essential for everyone, improving nerve-sparing 

surgery of prostate cancer should not only increase the overall survival rate, but also have a 

positive impact on patients’ quality of life. It is certainly not ethical to preserve these functions by 

leaving out resection of high-risk tissue. Hence an effective tool for visualization and 
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quantification of high-risk cancerous nerves that can improve nerve-sparing accuracy would have 

a positive social effect as well.    
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6 Conclusion 

In this study, basic and diffusion-related acquisition parameters as well as post-processing 

tractography parameters have been varied to investigate the optimal protocol for DTI of 

periprostatic nerves. Visualization and quantification of nervous tissue in close vicinity to the 

prostate has shown to be feasible. This study confirms the feasibility of recent studies in terms of 

visualization, while providing additional results identifying the optimal MR DTI protocol. This 

protocol included both acquisition and post-processing parameters. The resulting protocol 

recommendation includes a normalized scanner filter, a parallel imaging acceleration factor of 2, 

partial Fourier sampling of 6/8, a right-left phase encoding direction, a b-value of 600 s/mm2, 

monopolar gradient polarity with applied eddy current correction, four acquisitions of 12 

diffusion-sensitising gradient directions, and a reverse phase encoding approach for correction of 

geometrical image distortions induced by static field inhomogeneity. For post-processing 

tractography, the recommended parameters are a lower limit for fractional anisotropy of 0.05, 

minimum tract length of 3 centimetres and maximum turning angle between voxels of 60 

degrees.
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Appendix A: Siemens scanner filter specifications 

Slides are from a parameter specification document provided by Siemens, not available for public 

access. Provided with consent from the Department of Circulation and Medical Imaging, NTNU.  
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Slope

Shows the slope along the flanks of the filter.

S: Slope at the flanks of the filter
W: filter width

Normalize

If you are using surface coils, the area in the vicinity of the coil 
will appear lighter in the images and darker in the areas farther 
from the coil. The signal intensity is greater in the vicinity of the 
coil.

Use the normalization filter to reduce the brightness of areas in 
the vicinity of the coil and increase the brightness in areas 
farther away from the coil.

Use of the normalization filter may lead to a loss of contrast and
an increase in background noise.

Cut off

Determines the level of brightness below which the pixels are 
no longer corrected with the normalization method, but rather 
with a fixed value.

The threshold is given as a percentage of the maximum
intensity profile. For a value of 20, e.g., all pixels with an
intensity that lies below 20% of the maximum value, a factor of
5 (=1/20%) only is used for correction.
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Prescan normalize

This filter corrects for signal intensity decays caused by the coil 
profiles.

It works the similar way as the Normalize filter (→ Page A.3–18) 
but the data used for homogenization are acquired through an 
adjustment measurement.

Use the Normalize filter instead of the Prescan normalize filter
when you:
- use the Body Coil for the measurement,
- use other nuclei as H-nuclei for image generation.

Prescan normalization should be selected when using the
endorectal coil in conjunction with a Spine or Body Matrix
element.

Option Description

Normal This is the default mode, which will correct for signal intensity decays caused 
by the coil profiles.

Broad range The Normal mode utilizes a signal threshold, which is used to avoid noise 
enhancement in regions far from the coils. 
In Broad range mode, the threshold is decreased, so that a wider range of the 
object is normalized. 
Possible applications are spine images, if the spine is distant from the coil.

Moderate In Normal mode, noise in the center of the image might be enhanced too 
much. 
The Moderate mode does a progressively weakened normalization, so that 
the optical impression can be less noisy.
However, the resulting images will show remainders of the original coils 
sensitivity profiles.



TRITA 2015:075

www.kth.se


