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ABSRACT

The use of quantitative mapping of diffusion characteristics carries great potential for diagnosis and therapy of
brain diseases, since it potentially allows to classify tumors, determine the degree of their malignancy, differentiate
various morphological structures of tumor and non-tumor pathologies (such as tumor stroma, necrotic zones, cysts,
various types of edema, etc.), and predict the course and outcome of diseases, in particular, a clinical response to
treatment. Based on diffusion weighted magnetic resonance imaging (MRI), it is possible to perform 3D modeling
of the white matter pathways of the brain, which is called tractography. In addition to a unique ability to visualize
the location of tracts in relation to intracranial pathologies, this technology allows to build and analyze complex
maps of communication networks in the brain (connectomics).

The review is devoted to the discussion of the physical and technical concept of diffusion weighted MRI, the key
ways of its application in tumor and non-tumor processes, and problems that complicate correct interpretation of
results. Since the problem of developing software for diffusion MRI data remains relevant, this review presents
our own experience in developing an application as part of the project on creating effective methods for processing
diffusion MRI data and modeling white matter tracts.
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PE3IOME

Hcnionp30BaHue pa3IMYHBIX KapT KOJMIECTBEHHBIX XapaKTePHCTHK OU(GY3UH HeceT B cebe OOIBIIOi MOTeHIHN-
aJ A1 MeJUIUHCKON TUAarHOCTHKU M TEPANHHM ITaTOJIOTHH TOJOBHOTO MO3Ta, TaK KaK MO3BOJSET KIACCH(HIN-
pOBaTh OMYXOJH, OMPEJETATh CTENCHb MX 3JI0KAYeCTBEHHOCTH, MU (HEePEeHIMPOBATh PA3IHIHBIE MOpQOIoTHIe-
CKHE CTPYKTYPBI OITyXOJIEBBIX U HEOITyXOJIEBBIX MATOJIOTHYECKUX MPOIECCOB (TaKMX KaK CTPOMA OIMYXOJIIH, 30HBI
HEKpO3a, KUCTHI, PAa3INIHBIC BHIBI OTEKa H T.A.), TPOTHO3NPOBATH TEUCHUE U HCXO]] 3a00/IeBaHNH, B YACTHOCTH
KIMHIYECKUH OTBET Ha MpoBeneHHoe JiedeHne. Ha ocHoBe nu(y3noHHO-B3BEIIEHHOH TOMOrpaduy BO3MOXKHA
peanu3anus TpEXMEpHOIl peKOHCTPYKITMH BOJIOKOH O€JIOr0 BEIIECTBA TOJIOBHOTO MO3Ta, Ha3bIBaeMas TPaKToTpa-
¢ueit. [ToMnMo yHUKaTBHON BO3MOXKHOCTH BH3YaJIM3MPOBATh PACIIONOKEHHE TPAKTOB OTHOCHTENIFHO MHTpPaKpa-
HHUAIBHBIX TATOJIOTHYECKUX M3MEHEHHH, JTaHHAS TEXHOJIOT U MO3BOJSIET CTPOUTH U aHATH3UPOBATh KOMIIIIEKCHbIE
KapTHI CIIOKHBIX CETeH CBsI3eH B TOIOBHOM MO3Te (KOHHEKTOMHKA).

O030p mOCBsAIIEH 00CYXICHUIO (PU3UKO-TEXHUYECKOH KOHIeNnun An(Qy3nOHHO-B3BEIICHHONH TOMorpaduw,
KJIIOYEBBIX HAIpaBJICHUIl MPUMEHEHNS B CIydae OIyXOJEBBIX M HEOIYXOJEBBIX IPOLECCOB, a TaKxke MpobiieM,
3aTpyIHAIOLIMX MPOLIECC KOPPEKTHOH MHTEPIpPETaluy pe3ysibTaToB. Tak Kak B HACTOSIIMH MOMEHT OCTAeTCS
aKTyaJIbHOM 3ajlaya INPUMEHEHUs NPOrpaMMHOro obecriedeHus Ui paboTsl ¢ JudPy3MOHHBIMU TOKA3aTEISIMU
MarHUTHO-PE30HAHCHOH ToMorpaduu, TO B NMPEJICTaBICHHOM 0030pe MOKa3aH COOCTBEHHBIM ONBIT Pa3pabOTKH
NPHUIIOKEHHS B paMKaX MPOEKTa 110 CO3aHMI0 S3(Q(PEKTHBHBIX METOAMK HHTEepHpeTaun An(dy3HOHHBIX JaHHBIX U
MOCTPOCHHIO TPAKTOB OEJIOr0 BEIIECTBA F'OJIOBHOTO MO3ra.

KnarodeBble c10Ba: MarHNTHO-pe30HAHCHAs ToMorpadus, 1uddy3noHHO-B3BEIICHHAs TOMOTpadus, TpaKTorpa-
(bust, TOIOBHOM MO3T, HEHPOHAYKH.
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org/10.20538/1682-0363-2021-2-191-201.

INTRODUCTION

Introscopy is a key discipline in medical diagnos-
tics. Technical advances in computed tomography
machine design and software made it possible to
solve existing problems and open up new scientific
directions that previously could not be invasively
studied on people. In this context, diffusion weighted

imaging (DWI) has become a widely used technique
for studying the structure and functions of the brain,
since it allows to measure the orientation of white
matter fibers in vivo. This is especially relevant in
the fields of stereotactic radiosurgery and neurosur-
gery, where it is important to measure the degree
of involvement of functionally significant areas in
the pathological process, while in certain cases, the
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standard set of images (T1-weighted (T1w), Tlw
contrast-enhanced, T2-weighted (T2w), fluid-attenu-
ated inversion recovery (FLAIR) images, etc.) may
not be enough to differentiate various morphologi-
cal structures in tumor and non-tumor pathological
processes.

PHYSICAL AND TECHNICAL FEATURES
OF DIFFUSION MRI DATA

DWTI is a technique of magnetic resonance imaging
(MRI) that provides information about microscopic
displacements of water molecules that occurs in bio-
logical tissues due to physical diffusion.

Vector r, is the initial position of the particle at
t =0, and vector r is its subsequent position at ¢ = 7.
Generalizing the Einstein’s equation [1] to the case of
an anisotropic medium, we obtain:

Dxx Dxy Dxz
Dyx Dyy Dyz|,
Dzx Dzy Dzz

D=é(RT-R)= (1)

where D is the diffusion tensor, and the vector R =r-r,
shows particle displacement. It can be shown that this
second-rank tensor is symmetric and positive definite,
and that its eigenvalues are real.

It is necessary to obtain several DWI in different
noncollinear directions of the gradient g, k=1,..,N)

to calculate the diffusion tensor D(r) [2]. In general,
the diffusion tensor can be calculated by solving the
following system of equations:

Sk(r) — S() (r)e—bng(r)gT(’ riue g; = ”“g—k”’ (2)
k
where S (r) is the signal in the absence of diffusion
gradients (i.e., Igl = 0).
Coefficient b is the so-called b-factor, introduced
in [3] and defined as:

1)
b =282 (4-3) llgll%. )

where vy is the gyromagnetic ratio of hydrogen (42.58
MHz / T), & is the signal duration, and A is the time
between the pulses.

The probability density function p(r|r,, 1) for an
anisotropic medium:

(r—rO)T-D_l-(r—rO)
p(r Io ‘[) = ;e 4T s “4)
' J(@4n)3|D]

Also, since the lg |l are different, the b-factor can be
expressed as follows:

6
b = 2824 — Dllgel, )

It is more convenient to rewrite the system of equa-
tions (2) in the form:

2 _Dxx(r)— 1, So(r)
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If more than 6 directions are obtained, then the
system of equations (6) can be solved using the least
squares approximation. For example, if you use a lin-
ear unweighted least squares approximation, then:

D) = (GT-G)1-GT-B(r). (7)

In diffusion tensor imaging (DTI), it is assumed [4]
that distribution of molecules undergoing diffusion is
characterized by the conditional probability density
function p(r|r,,t) given by the expression (4). Thus, D
can be associated with an ellipsoid, which is a proba-
bility density isosurface of molecule diffusion. Since

[

D(r) B(r)

D is a symmetric positive definite second-rank tensor,
it can be decomposed into eigenvectors (which form
an orthogonal basis) and real eigenvalues [5]:

D=E-A-E71, (®)
A 0 O

E = [61 (=5} 63] ul= 0 AZ 0 . (9)
0 0 Az

WORKING WITH DIFFUSION MRI DATA

The development of methods and tools for work-
ing with diffusion MRI data involves a comprehensive
consideration of several aspects.
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In this section, the key questions are: “Why do we
use diffusion weighted images? What capabilities do
they have? What information can be obtained with
their use along with other MRI modalities?”

DWIIN THE STUDY OF TUMOR PROCESSES

Due to processing of diffusion MRI data and ana-
lysis of their parameters (apparent diffusion coeffi-
cient (ADC), fractional anisotropy (FA), average dif-
fusion coefficient, etc.) together with other MRI mo-
dalities available for a particular patient, it is possible
to non-invasively:

1. Classify a process.

Central nervous system (CNS) lymphoma often
exhibits a lower ADC [6-9] than other potentially
similar formations on structural MRI, such as glial tu-
mors, metastases, or infectious lesions.

Some of the most common brain tumors in chil-
dren significantly differ in their diffusion properties,
which can be useful in differential diagnosis. In par-
ticular, medulloblastomas tend to have a significantly
lower ADC [10] than ependymomas or pilocytic as-
trocytomas.

In most cases, DWI makes it possible to distin-
guish an abscess from tumor necrosis (on structural
MRI, the signals from them often mimic each other),
since the ADC for purulent exudate is usually much
lower than for necrosis [11].

2. Determine the tumor grade.

In the study [12], a statistically significant correla-
tion was demonstrated between tumor cellularity and
the minimum ADC, which was not detected in rela-
tion to T2w images. It was noted that the ADC for
high-grade glial tumors ((0.82-2.46) - 10 mm?/ s, the
average ADC value = (1.26 £ 0.40) - 103 mm?/ s) )
significantly exceeded the value for low-grade tumors
((1.94 -3.31) - 10°* mm?/ s, the average ADC value =
(2.7 +£0.7) - 107 mm?/ s).

3. Predict the course of the disease, its outcome,
and a clinical response to treatment.

Since not all brain tumors respond to a particular
therapy in the same way, early detection of treatment
failures will allow for faster implementation of alter-
native treatment. It was shown that DWI is sensitive
to tissue cellularity and, therefore, can potentially be
used as a therapeutic biomarker [13]. For example, a
method of functional diffusion mapping was proposed
in [14]. It was calculated as an ADC change between
the maps constructed upon admission of the patient for
treatment (baseline) and at the current moment. Each
voxel is mapped with one of 3 colors: blue voxels — a

decrease in ADC, indicating an increase in cell density
in the tumor; red voxels — an increase in ADC, indica-
ting a decrease in cell density; green voxels — no sig-
nificant change in the ADC. Thus, this method makes
it possible to quantitatively assess the tumor response
to treatment at runtime, provided that structural MRI
cannot always reliably demonstrate this response.

4. Perform tractography.

In its simplest form, tractography can be interpret-
ed as follows [15-17]: each voxel is characterized
by one predominant fiber orientation and combines
these local orientations to derive global trajectories.
Mathematically, a set of local fiber orientations can be
considered as a three-dimensional (3D) vector field,
and global trajectories — as its streamlines [18-20]. A
streamline is any curve that is tangential to the vector
field along a path and can be represented as a three-di-
mensional spatial curve r(s), parameterized by arc
length s. To align the streamline with the vector field,
the tangent over the arc length s must be equal to the
vector in the appropriate ratio:

dr(s) _
where r(s) denotes the position along the streamline
and v is the three-dimensional vector field.
The above-described equation is differential and

can be solved as follows:

r(s) = fSOV[r(s)]ds’ a1
where r(s,) = r, represents the starting point of the
streamline.

The above described streamline orientation is com-
monly called streamline reconstruction or tractogra-
phy, and the resulting trajectories are called tracts or
paths. A tractogram is a set of tracts reconstructed
using tractography.

There are two different approaches in tractogra-
phy: deterministic and probabilistic (there is also a
global one [21-23], but its detailed consideration re-
mains outside this article). With their help, it is pos-
sible to visualize various information [24, 25], such
as brain tracts and connection maps, respectively. A
lack of information about the error in the fiber trac-
king procedure is a significant limitation of determin-
istic tractography methods. To assess this uncertainty,
probabilistic tractography algorithms create a large
set of tracts (or a distribution of possible trajectories
from each starting point). The results of probabilistic
tractography are often presented in the form of quan-
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titative maps showing the number of tracts that pass
through a voxel, since it is assumed that the areas of
the brain that are displayed with higher densities of
the resulting trajectories have a higher probability of a
connection with the starting point [26, 27].

DWIIN THE STIDY OF NON-TUMOR
PROCESSES

The parameters of diffusion MRI can be consid-
ered as predictors of pathology long before it appears
morphologically. For example, DTI allows to detect
specific changes in the quantitative diffusion para-
meters of patients with functional pathologies, such
as epilepsy, multiple sclerosis (MS), Parkinson’s and
Alzheimer’s diseases, obsessive-compulsive disorder
(OCD), etc.

According to the data of post-mortem studies,
there is widespread involvement of the gray matter in
the demyelinating process in MS. At the same time,
some cortical tumors remain invisible on structural
MRI (even using 3.0 T MRI scanners [28]). In a study
[29], it was shown that the FA values for intracorti-
cal MS lesions are higher than for lesions in the gray
matter. This self-contradictory discovery may actually
reflect loss of dendrites within the lesion and activa-
tion of microglial cells. In another work [30], a rela-
tionship between T2 relaxation time and quantitative

DTI data was investigated. MS lesions with longer
times showed the most pronounced diffusion anoma-
lies, which strongly correlated with a reduced content
of myelin water. Taken together, these results support
the idea that DTI is capable of detecting and assessing
the severity of functionally significant tissue damage
in MS at early stages.

It was shown that in the potentially epileptogenic
areas [31], a decrease in FA and an increase in the ave-
rage diffusion coefficient were observed. At the same
time, tractography detected changes in the brain fibers
responsible for memory and speech in patients with
temporal lobe epilepsy.

The cingulum has long been known to be involved
in the pathogenesis of OCD, but the results of its
research are ambiguous. Studies on the left cingu-
lum revealed both higher [32] and lower FA values
compared to the control [33]. Other works [33; 34]
demonstrated lower FA values in the right cingulum
in patients with OCD. In addition to the data on the
cingulum, high FA values were found in the inner
capsule, corpus callosum [34; 35], and centrum se-
miovale [36]; low FA level was observed in the pari-
etal lobe, supramarginal gyri, and left lingual gyrus in
the occipital lobe [33]. The data described above are
successfully used for functional stereotactic radiosur-

gery [37] (Fig. 1).

Fig. 1. Gamma Knife radiosurgery plan for a patient with obsessive-compulsive disorder: as a target, the inner capsule is chosen
((orange outline), prescribed radiation dose of 80 Gy along the 50% isodose line); inner green line — 140 Gy, yellow line — 80 Gy,
outer green line — 15 Gy

RADIOSENSITIVITY OF THE BRAIN WHITE
MATTER TRACTS

Another way of using diffusion weighted ima-
ging relates to visualization of critical structures and
optimization of the dose they receive during stereo-
tactic radiosurgery. In modern clinical practice, we
have limited recommendations on the tolerance doses

for critical structures. If we discuss the effect of the
dose on the brain, there is no differentiation of dose
restrictions for the white matter, cerebral cortex, and
various structures of the gray matter. The need for
such differentiation and the need for visualizing and
isolating tracts adjacent to or involved in a tumor and
reducing the radiation dose applied to them are being
discussed.
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The study [38] demonstrated that with an increase
in the radiation dose applied to the area of interest and
time after the course of radiation therapy, the values
of the coefficients of mean, axial (All), and radial (AL)
diffusion significantly increased with a correspond-
ing decrease in FA, which indicated changes in fi-
bers and their radiosensitivity to therapeutic radiation
doses. The changes were significant after 4-6 months
or more (p <0.001). Hence, it can be concluded that
when planning the irradiation of targets located in the
vicinity of functional zones, negligence of adjacent
white matter tracts is likely to result in neurocognitive
impairments.

INSTRUMENTS FOR WORKING WITH
DIFFUSION MRI DATA

The key questions discussed in this section are:
“How to develop instruments for working with diffu-
sion MRI data? What problems and limitations can be
faced and how to solve them? What software is avai-
lable today?”

Problems of working with diffusion MRI data:

1. Processing of ambiguous local geometries.

When using the tensor model for working with
diffusion MRI data, it is impossible to distinguish at
the voxel level such fiber configurations as crossing,
kissing, bending, and fanning [39]. In this case, it may
be necessary to use higher order diffusion models
[40-47].

2. Reconstructions near the cortex.

Tracking fibers near the cortex and gyri is a chal-
lenging task [48, 49], since it is determined by large
modeling errors in the local assessment of fiber ori-
entation when approaching the gray matter. Higher
order algorithms provide high quality assessment of
fiber orientation in white matter voxels. However,
along with this, they can give unreliable results in
voxels partially containing gray matter. To solve this
problem, it is necessary to use local models that take
into account the presence of other types of tissues or
microstructural compartments.

3. Spatial resolution.

Currently, acquisition of whole-brain DWI for rou-
tine use within a reasonable scan time is limited to 2
mm?® spatial resolution. At the same time, it is obvious
that in order to characterize the fine structures of the
white matter and, in particular, the intricate structures
of the cerebral cortex or small structures near the gray
matter (nuclei, brain stem), higher spatial resolution is
required. Increasing it is not a trivial task, since it is
usually accompanied by either a significant decrease

in the signal-to-noise ratio or a significant increase in
the acquisition time.

4. Angular resolution.

Local orientation models fail to distinguish be-
tween two fiber populations, when the angle between
them falls below a certain threshold. Such effects
could potentially generate entirely artificial fibers. De-
spite the existence of such a term as high angular reso-
lution diffusion imaging, angular resolution of DWI is
rather limited. As a consequence, even with the most
advanced high angular resolution diffusion imaging
and advanced fiber orientation techniques, angles be-
low 30° between fibers are rarely resolved.

5. False positives.

As shown in [50-52], due to the fact that different
fiber configurations can lead to the same MRI signal
in the voxel, a large number of false positive tracts and
connections are generated. For 96 tractograms shown
at the ISMRM 2015 Tractography Challenge by the
21 International Group, there were on average four
false positives per a valid fiber.

6. Artifacts.

DWI, like any echo planar imaging, is charac-
terized by a number of artifacts: physical hardware
(magnetic susceptibility, eddy currents, gradient arti-
fact, etc.) and artifacts associated with the object of
the study (artifacts of movement, blood pulsations,
chemical shift, fat suppression, etc.).

IMAGE DISTORTION CORRECTION

Before working with DWI, it is necessary to pro-
cess the image, namely, to correct the distortions
caused by the above-described artifacts. At the same
time, new methods (both hardware and software) for
dealing with them already exist and are constantly de-
veloping.

The most interesting is the correction method im-
plemented in FSL toolbox (FMRIB, England). It is
based on the choice of a covariance function that pre-
dicts the signal from voxels even with complex fiber
configurations.

Diffusion MRI data (in each voxel) are obtained by
measuring the signal after applying diffusion weigh-
ting (characterized by a b-factor and a unit-length vec-
tor g defining the direction). A complete diffusion pro-
tocol consists of multiple measurements in different
gradient directions. Hence, the data can be viewed as
a response variable (signal) obtained at the surface of
the sphere.

Two important aspects should be noted: 1) the sig-
nal changes smoothly when the angle of the diffusion
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weighting direction changes; 2) the signal is axially
symmetric, that is, the signal along g is identical to the
signal along -g.

Since the diffusion signal is distributed over the
sphere, the methods used in geostatistics can be used
to work with it. One such method is kriging, it is a
special case of the Gaussian process observed on the
sphere. For these methods, covariance is often defined
as a function of the angle # between two vectors from
the center of the sphere to x (observed points) and x’
(points predicted in the absence of distortion). These
vectors are easily represented as the g-vectors de-
scribed above. Two popular covariance functions that
determine the relationship between observed points
and predicted (sought) points in geostatistics are:

1) exponential model:

cO) =elafor0o<so<m (12)

where a is the positive parameter of the scale;
2) spherical model

30 | 63

0 for 8 >a, (13)

where a is a positive parameter of the scale, which
here defines the distance at which the covariance 6
tends to zero.

SOFTWARE FOR WORKING WITH DWI

The process of working with diffusion images is
divided into the following stages: pre-processing,
including correction of artifacts and extraction of
the brain mask, direct work with the image and vi-
sualization, namely, estimation of diffusion tensors,
construction of maps for diffusion parameters and
tracts, clustering, and then quantitative analysis. If
we consider the whole variety of software that works
with DWI, relying on the stages of working with it,
we can distinguish several programs: AFNI (NIMH,
USA), FSL (FMRIB, England), MRTrix (collabora-
tion of a large number of institutions from different
countries of the world), 3D Slicer (NIH, USA), Cami-
no (University College London, England), TrackVis
(MGH GCRC and NIMH, USA), etc. However, none
of them covers the entire range of tasks. In addition,
many software products developed for processing dif-
fusion images involve writing and / or understanding
of scripts, which implies a lot of manual work that is
not transparent to non-programmers. At the moment,
when planning radiation therapy, the function of diffu-
sion MRI data processing is not available in commer-
cial specialized software.

Therefore, the task of developing software that
most fully covers the tasks of working with diffusion
MRI data remains relevant.

DEVELOPMENT OF SELF-DESIGNED
SOFTWARE

We are developing the MRDiffusion application in
the standard C ++ language. The subject part has been
moved to separate class libraries and can be used on
various platforms. The current user interface is Win-
dows 10. Forms are written in XAML. Graphics is
generated using the DirecX environment. Open source
math libraries are used for some computational tasks.

Using the interface, you can upload (Fig. 2) files
obtained during MRI in DICOM with series of DTI,
which will be displayed with the ability to select a
specific series. It is convenient in terms of navigating
through images and is effective in the work setting.

Fig. 2. Loading images into MRDiffusion

For further image processing, it is necessary to ex-
tract the brain mask, which is performed on images
with a zero gradient, that is, on T2w (Fig. 3, ).

Using the application, it is possible to calculate
such quantitative parameters as average diffusion and
FA, presented in two versions: conventional and with
color coding of directions (Fig. 3. b).

At the moment, tractography is implemented by
a simple deterministic method — fiber assignment by
continuous tracking (FACT). Its essence is as follows.

Path selection begins at the center of each voxel
with an FA value above the predetermined threshold
and continues parallel to the main diffusion direction.
Black arrows (Fig. 4, a) indicate the diffusion tensor
eigenvectors with the largest eigenvalue. At the point
where the path crosses the voxel, the direction chang-
es according to the new main direction. Iteratively
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continuing such actions, restoration of the path will
be interrupted when the conditions for stopping the
algorithm occur: if the FA value in the voxel is less
than the threshold or if the angle between the new and
the old main directions of diffusion turns out to be
higher than the predetermined angle threshold. The

path is restored in both directions from the starting
point: in the direction of the main vector and against
it. Moreover, each piece of the tract has a color ob-
tained by mixing red, green, and blue, which, in turn,
indicate the main direction of diffusion in one direc-
tion or another (Fig. 4, b).

Fig. 4. Scheme of FACT algorithm (@), an example of FACT tractography ()

CONCLUSION

Since its emergence in the mid-1990s, diffusion
weighted MRI has been widely used in medical
imaging for data processing and analysis, and espe-
cially in brain research. This is due to its unique ca-
pabilities (compared to other modalities), namely, the
ability to quantitatively and qualitatively investigate
tissue structure and function at the cellular level with-
out the use of contrast agents or ionizing radiation.

The most promising application of this technique, in
addition to routine medical research, is its use in plan-
ning radiation therapy and neurosurgical operations
and studying epilepsy, Alzheimer’s and Parkinson’s
diseases, multiple sclerosis, and other disorders. The
use of this technology in other areas is strongly limit-
ed by the ability to correctly interpret the results.
Diffusion weighted MRI of the brain is undoubted-
ly a promising non-invasive technology, but working
with it is associated with a number of problems: 1) a
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high probability of appearance of false positive fibers;

2)

the impossibility of finding a difference and, as a

consequence, a reliable reconstruction of intersecting,
kissing, and merging fibers; 3) a lack of reproducibili-

ty

of the result, dependence on the user; 4) the impos-

sibility of displaying short tracts; 5) the instability of
algorithms when working with pathology.
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