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1. Introduction 

Diffusion tensor imaging (DTI) is an Magnetic Resonance (MR) method used for analysis of 
diffusion anisotropy in central nervous system (CNS). It provides the anatomic details of 
brain white matter. At present, it is also a very useful method in neuro-radiology, providing 
morphological markers of disease progression or reaction to treatment [1]. In the last 10-15 
years, the studies concerning magnetic resonance imaging technique focused more on the 
phenomenon of diffusion in living tissues [2]. The graphic representation of diffusion in MR 
is a pretty valuable observation method when dealing with nervous tissue structures, and 
due to its non-invasive character [2, 3] it is perfectly suited for assessment of brain 
throughout its development, from birth until reaching complete biological maturity, and 
further on to elderly age and senility.  Human brain, from the embryonic stage on, is subject 
to transformations due to development, differentiation, and proliferation of neurons, 
improvement of synaptic junctions, while maintaining those junctions is related to a long 
process of myelinization, lasting until 25 years of age [4]. Diffusion imaging in magnetic 
resonance investigation (DT-MRI) allowed for calculations of nerve fibre pathways, within 
the properly arranged structure of the white matter of brain. 

2. Discussion of the method: mathematical and physical aspect 

Diffusion is a process based on the movement of particles  of a substance dissolved in the 
solution, all well as movement of particles of the very solution (medium) [6], leading to 
levelling of concentrations of substrates contained in the solution (of liquid or gas). That 
phenomenon is related to the chaotic movement of particles of the solution, depending on 
the thermal energy of the system, also labelled as ‘random movement of particles’ also – 
historically “Brownian movements” [4]. In human body structures anisotropic centres are 
usually present, the nature of which results mainly from the fact of occurrence of many 
membranes, both cellular ones, and intracellular ones, which interfere with free diffusion. 
Human body may be divided into many centres, one different from another, which may be 
classified as one of the three basic areas, namely: extracellular space, intracelullar space, 
third space. Extracellular space is characterized by isotropy and  relatively high values of 
diffusion coefficient [4]. Due to the homogeneous properties of the basilar medium 
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(extracellular fluid), and proportionally large (in comparison with translocations of particles 
due to chaotic thermal motion) distances between cell membranes. Intracellular space, due 
to the medium (cytosol, formerly referred to as cytoplasm), as well as the occurrence of 
numerous cellular and intracellular membranes, as well as their arrangement (spatial 
arrangement in the form of “dense packing”), is anisotropic and has a relatively lower level 
of effective diffusion coefficient (absolute level of diffusion of the medium, corrected due to 
the barriers present) [2]. Some of the existing processes may cause reduction of the 
extracellular space, in favour of intracellular space, which is followed by changes in 
averaged values of the diffusion coefficient within the voxel. The third space is anisotropic, 
while the diffusion coefficient value depends on the composition of the medium (e.g. 
mucous serous content, purulent content, etc.) [4]. 
The bio-structure of brain belongs to anisotropic structures, thus the diffusion tensor is used 

to describe the coefficient of diffusion (highly differentiated, depending on the location and 

direction), instead of single scalar value [7]. The tensor, being a mathematical concept, 

independent on the selection of the coordinate system is, to simplify, similar to the notion of 

“vector”. It enables presentation of physical quantity, the value of which depends on 

direction. The application of diffusion tensor allows to provide an approximate description 

of the distribution of diffusion coefficient values, taking into account its direction in 

anisotropic spaces. 

Complementing the theoretical model, which solely takes diffusion into consideration, by 
phenomena occurring in the bio-structures, perfusion and micro-circulation among others, 
influencing the size of signal change in the sequence utilizing diffusion coding gradients, led 
to the formulation of the notion of “apparent diffusion coefficient” (ADC), calculated and 
presented in the form of ADC maps [4]. The principle has been assumed that in diffusion-
weighted imaging (DWI), areas of low diffusion are shown as bright ones. However, in 
interpreting them, one should always take into account the b value. In case of low values of 
b, the image contrast is strongly dependent on the time of transverse relaxation, T. That 
phenomenon is called T shining (T-dependent shining) [2]. 
Data calculated from measurements taken with the application of at least two sequences, 

with different values of b, is used for developing of ADC images. The contrast in ADC 

images is in proportion to diffusion – tissues with low diffusion are shown as dark areas, 

whereas tissues or spaces with high diffusion are encoded as bright ones [4]. In humans, 

anisotropic areas prevail, where the multi-directional differentiation of diffusion calls for 

more complex description, in the form of diffusion tensor. For the purpose of computing the 

tensor, it is indispensable to take measurements of diffusion in at least six, at best nine or 

more (in newest   MRI system up to 265) directions. 

Besides the notion of “diffusion coefficient”, also the notion of “diffusivity” is used [3], 

being correspondent to diffusion per time unit. One of the values used for describing the 

diffusion tensor is a scalar value of total diffusion, labelled as “trace” (D), as well as mean 

diffusivity (MD), being dependent on the former. Both those values represent the total value 

of diffusion in a given point in space, yet do not contain any information about its 

differentiation depending on direction. 

To express the level of anisotropy of the examined structure, the notion of fractional 

anisotropy (FA) is applied, which is a scalar quantity, and has values in the 0-1 range. The 

value of 0 corresponds to isotropic structure, whereas the value of 1 to a structure, in which 

diffusion is possible in one direction only [2, 4]. Due to the degree of organization, the white 
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matter of brain has high values of FA (the highest in the corpus callosum and pyramidal 

tracts), as well as relatively low value of MD. The grey matter is characterized by relatively 

low values of FA and MD [4, 8]. For cerebrospinal fluid, very low values of FA are typical 

(close to 0), at the same time the MD values occur to be high. There are different ways of 

imaging the diffusion tensor (DTI) distribution. Among the most popular ones are the MD 

images in various shades of grey, FA images in grey shading scale, and colour-coded FA 

images and tractography.  There is a rule, according to which in FA mapping using scale of 

grey, the areas of high anisotropy are presented as bright, whereas isotropic centres – as 

dark. In case of parametric colour-coded FA maps, the colour is determined by the direction 

of the maximum component of diffusion tensor (red: right-left, green: forward-backward, 

blue: up-down), while the intensity depends on the FA value [4, 5]. In tractography, the 

algorithm of plotting the tract of fibres from a selected point is used, based on the principle 

of continuity of  voxels, as well as selection of every next point, depending on the direction 

determined by the dominating component of diffusion tensor in the current voxel [6]. In 

other words, starting with the initial point, the line goes towards the maximum diffusion, 

until it encounters the first voxel [1]. Then it changes the direction to the maximum diffusion 

of the next new voxel. That process is continued until the critical end moment is reached [4]. 

The end point may be a relatively low level of anisotropy, indicating the necessity of 

terminating the tract in the white matter. Depending on the starting point, one can code the 

colours for specific tracts, thus the multi-coloured imaging [3, 8]. It should be remembered 

that the hypothetical tract of fibres, plotted in tractography, results from a mathematical 

model developed on the basis of diffusion tensor, averaged for a given voxel, not from the 

actual fibre route [2, 4]. 

3. Application of DTI – MR 

Tractography, treated as a way of imaging nerve tracts, has been used in clinical studies and 

diagnostics of brain diseases [5]. Tractography techniques enable showing the structures in 

white matter, and nerve tract  [7, 9]. That allowed, among other things, to study the tracts 

running in the major point of connection between cerebral hemispheres, which is the corpus 

callosum, and to discover new tracts between distant regions [1, 3, 6, 10], as well as 

development of a 3D model of nerve fibre bundles [5, 11]. Changes in fractional anisotropy 

or mean diffusivity in brain diseases enable accurate location of topical lesion. Finding out, 

which nerve tracts are visible, one may determine the degree of development and 

progression of the disease, as well as to select the intervention method [12]. That has been 

used in studies on epilepsy [13], where the impairment of nerve tract connections in both 

hemispheres have been shown. Also in neuro-oncology, radiological imaging by means of 

tractography provides information about the functions of specific nerve tracts, as well as 

their relations with the tumour being subject of surgical intervention [10]. That has found 

applications for pre-surgical mapping of tracts, as well as planning the scope and type of 

surgical intervention [12]. In Poland, neuro-surgical procedures are already carried out with 

simultaneous following the functions of nerve tracts. Thanks to modern software for 

tractography, available since December 2008, it was possible to visualize in real time – 

during the surgical procedure of tumour excision – the activity and functions of nerve fibres. 

The data obtained were subsequently utilized by the system for neuro-surgical navigation, 
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to enable more precise excision of tumour, which significantly enhanced the safety of 

surgical procedure, and reduced the risk of complications [12]. 

Tractography also allowed imaging of lesions in the brain in patients with multiple sclerosis 

(SM), as well as with amyotrophic lateral sclerosis (Charcot’s disease), where changes in 

diffusion and anisotropy, degeneration of cortico-spinal tract became visible [13]. Moreover, 

that type of investigation allows to diagnose not only changes related to defect, but also 

increased compensatory myelinization in case of brain with unilateral injury. Tractography 

served the purpose of proving the possibility of fibre regeneration or change in the  of nerve 

tract around the place of lesion in experimental studies carried out on Apes with injury of a 

part of brain [11]. DT-MRI adreno-leucodystrophy allows to identify degenerated white 

matter, which is not possible in conventional magnetic resonance (MR) [2]. The paper 

describing the results of studies on Alzheimer’s disease, describes using the DT-MRI 

method for independent imaging of the degree of defect of white matter, by measuring 

diffusivity and anisotropy, in comparison with control [14].  

To sum up, tractography enables reconstruction of the alignment of nerve fibres, in 

colourful 3D projection, in accordance with the highest level of diffusivity, fibres that 

connect one region with another in the brain [2, 11, 15]. It is based on imaging the diffusion 

tensor, and is a quickly developing method of examining the central nervous system [1]. In 

order to validate that technique, objective methods are required, which compare white 

matter tracts, as well as diameters of alignment of tracts in biological assays [2]. It is 

essential to be aware of the limitations resulting from application of that method. Due to the 

fact that the size of voxel is a few millimetres [13] it may contain dozens of thousands of 

axons with different arrangement/ arrangement [3, 6, 13]. What is more, one should take 

into account the fact that the image of fibre alignment (track) does not provide the answer 

about the direction of the fibres [8, 13]. In case of fibres having similar size, yet oriented in 

opposite directions, no path will be marked. In turn, when a pathway having bigger size 

passes next to smaller tracts, it may happen that the latter will be imaged as part of the 

former pathway, and true data about the alignment will be lost [1]. Difficulties may also 

arise from differentiating between crossing pathways, which form a bigger route [3]. The 

direction that we get image of is then analogical, despite differences in anisotropy. The inter-

penetration of pathways also distorts the regular/ regular image provided by DT-MRI [10]. 

It would seem that voxel size reduction would allow avoiding the limitations [10]. 

Unfortunately, that will increase costs and extend the examination time [3], which is 

connected with the occurrence of artefacts resulting from breathing, flow of fluids in brain, 

as well as eye movement, or movement of the entire head during examination [2]. 

In future, the method of diffusion imaging in MRI may be applied in other tissues 
containing fibres, such as heart, where it would provide information concerning correct 
development of the organ or diagnosing of the disease [1, 2]. The application of fibre tract 
visualization methods with the application of contrast media, such as manganite, together 
with DT-MRI shall provide additional possibilities in both diagnosing diseases, as well as 
observation of regular brain structures, as well as structures of other fibrous tissues. That, in 
turn, will explain the dependency of connections with central and peripheral nervous 
systems [1].        
DT-MRI is a method of imaging the structures of brain white matter [1, 5]. Disclosure of the 
connection system allows to get the understanding of how the brain organization works, it 
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also provides information on irregularities in those structures [16]. Dissemination of that 
method shall enable imaging nerve tract connections in the entire body. 
In otolaryngological diagnosing, particularly in otoneurological diagnosing, the following 
application possibilities are perceived: 
- assessment of hearing, olfactory, and gustatory tracts, in the aspect of physiological 

development; 
- disturbances in functions of tracts belonging to senses in the course of neuro-

degenerative diseases (Alzheimer’s disease, Parkinson’s disease, atherosclerotic 
syndromes, diabetes, metabolic diseases, neuropathies of renal origin); 

- diagnostics in patients with peripheral or central lesion of the organ of hearing, before 
surgical treatment, as well as post-surgery monitoring; 

- determination of morphological parameters on the basis of analysis of hearing tract 
image, in the treatment of patients with cochlear implants and bone anchored hearing 
aid (BAHA). 
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