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ABSTRACT

Magnetic Resonance Imaging (MRI) has come to be known as a unique radiological
imaging modality because of its ability to perform tomographic imaging of body without the
use of any harmful ionizing radiation. The radiologists use MRI to gain insight into the anatomy
of organs, including the brain, while biomedical researchers explore the modality to gain
better understanding of the brain structure and function. However, due to limited resolution
and contrast, the conventional MRI fails to show the brain microstructure. Diffusion Tensor
Imaging (DTI) harnesses the power of conventional MRI to deduce the diffusion dynamics of
water molecules within the tissue and indirectly create a three-dimensional sketch of the brain
anatomy. DTI enables visualization of brain tissue microstructure, which is extremely helpful
in understanding various neuropathologies and neurodegenerative disorders. In this review,
we briefly discuss the background and operating principles of DTI, followed by current trends
in DTI applications for biomedical and clinical investigation of various brain diseases and
disorders.

KEYWORDS: Brain imaging; Diffusion tensor imaging; Diffusion weighted imaging; Diffusion
tensor tractography; Multiple sclerosis; Alzheimers; TBI.

ABBREVAITIONS: MRI: Magnetic Resonance Imaging; DTI: Diffusion Tensor Imaging;
NMR: Nuclear Magnetic Resonance; MD: Mean Diffusivity; FA: Fractional Anisotropy; CSF:
Cerebro-Spinal Fluid; WM: White Matter; GM: Gray Matter; FAD: Familial-AD; MCI: Mild
Cognitive Impairment; EEG: Electro-encephalogram; TLE: Temporal Lobe Epilepsy; NAWM:
Normal-Appearing White Matter; NAGM: Normal-Appearing Gray Matter; TBI: Traumatic
Brain Injury; mTBI: mild TBI; CT: Computed Tomography; ATP: Adenosine tri-phosphate.

INTRODUCTION

Diffusion Weighted Imaging (DWI) is a powerful Magnetic Resonance Imaging (MRI)
technique from a clinical standpoint, as the inherent rate of diffusion within various regions
of the body can be measured. Stejskal and Tanner' first described the technique to measure
water diffusion with Nuclear Magnetic Resonance (NMR) in 1965. Water molecules in the
body encounter physical boundaries that impede their random displacement, i.e. molecules
can hit a barrier and bounce back within the given diffusion time of the experiment. Thus, the
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resultant signal may be higher than if the sample were under the
same conditions but without barriers resulting in lower rates of
diffusion than actuality.

DWI provides a powerful diagnostic tool as different
diseases and disease states result in differential imbalances in
local water content and diffusivity rates. Diffusion in the central
nervous system may not be isotropic i.e. diffusion is not the same
in all directions. Diffusion in white matter tracts is preferential
in the direction of the fibers and very small perpendicular to the
fiber. Thus white matter bundles within the brain exhibit high
degrees of anisotropy within a given voxel. Signal intensity, in
diffusion-weighted images of white matter, changes depending
on the direction of the applied diffusion gradient, due to the
preferential direction of diffusion within the fibers, thus offering
a means of determining fiber orientation. Multiple DWI images
acquired by applying differential pulses in different diffusion-
sensitizing gradient directions can be fit to an apparent diffusion
tensor model (Diffusion Tensor Imaging, (DTI)) which allows for
the quantification of Mean Diffusivity (MD) and the anisotropy
of water diffusion (Fractional Anisotropy, (FA)). For a rank-
2 tensor fit, the diffusion tensor corresponds to a 3x3 square
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matrix in which the diagonal elements represent eigenvalues
(A, A,, and &) corresponding to effective diffusion along the
X, y and z axes,” while the off-diagonal elements represent
correlations of the diffusivity between the three orthogonal axes.
Each eigenvalue has an associated eigenvector, which defines
the orientation of effective diffusion.

AD:M (1)
3
FA \ﬁ'\/(% ~A) +(ﬁ1 *f%)‘ jf(;bz ~A) Q)
2 VE+4+ 2

For regions with isotropic diffusion such as voxels
with freely diffusing Cerebro-Spinal Fluid (CSF), the three
eigenvalues have similar values. For regions with high
anisotropy, such as white matter voxels, the eigenvalue in one
direction is much greater than the magnitude in the other two
directions (Figure 1). As diffusivity is higher along the length
of the white matter, the primary eigenvector is representative

Anisotropic Diffusion
AL > A A3
High FA

Figure 1: Diffusion tensor imaging. A,, A, and A, are the principle
eigenvalues from the 3x3 matrix. Due to the tortuosity of various cell
bodies and the extracellular matrix in grey matter regions, the values of
A, A,and A, are similar thus resulting in low FA values (A and C, top right
inset). Due to the parallel arrangement of axons in white matter bundles,
the value of Ajis usually much higher than A, or A,, thus leading to higher

FA values (B and C, top left inset).
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of the average orientation of fibers within the voxel. In fact,
this sensitivity, providing diffusion summary measures and
tissue fiber orientation, has made DTI widely used as a clinical
tool, especially in conditions where abnormalities in WM are
expected and in healthy conditions.>*

APPLICATIONS OF DTI OF BRAIN
Applications for Understanding Normal Neuronal Connectivity

Development of innovative and non-invasive methods
for mapping brain connectivity at cellular and systems scale
allow the acquisition of comprehensive whole-brain data sets
from individual human subjects and their comparison with
individual data on brain dynamics, cognition, behavior, and
genetics. Information on the structural connectivity of human
brain — human connectome, is fundamental for the formulation
of mechanistic models of the network processes underlying
human brain function.” DTI can provide insight into plastic/
reactive changes in the microstructure and connectivity of white
matter. In the human brain axons connect about 100 billion
neurons and carry signals to, from, and within the brain and are
the key factors that are studied on brain network connectivity.®
The rate at which water molecules diffuse in the brain along a
particular direction (the apparent diffusion co-efficient) can be
measured in vivo by applying a diffusion sensitizing gradient in
the direction of interest.’

By applying an orientation density function-
based tractography method Hagmann et al measured the
neuroconnectivity strength based on the number of fiber between
any two brain regions.® Gong et al utilized diffusion tensor
imaging deterministic tractography to construct the popularity-
based anatomical network capturing the underlying connectivity
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pattern of human cerebral cortex in 80 young adults, comprising
a streamline-like tractography method and statistics-based
nonparametric sign test.” Bonilha et al have also shown that
connectome mapping using DTI is reproducible (Figure 2).!° In
these studies network modeling was carried out considering that
the brain network is a binary network ignoring the connectivity
strength information among different brain regions.®’ To find
the most probable trajectory between any two nodes Iturria-
Medina et al used an iterative algorithm and applied anatomical
connection probabilities to measure the connectivity strength
between 90 cortical and subcortical brain gray matter areas.!!
Li et al extend the algorithm and model of the connectivity
between different anatomical regions by performing tensor-
based fast marching method, using the whole tensor field rather
than just the principal directions.® But the newest connectome
studies implement Brain X3 a virtual reality simulation cum data
mining platform that is used to visualize, analyze and extract
neuroscience data.'?

Neuro-Degenerative and Neurological Disorders

Alzheimer’s disease (AD): AD is the most common type of
neurodegenerative dementia in aging population.!* Early
diagnosis is important for identifying candidate patients for the
emerging therapies.!* AD is characterized by loss of neurons,
presence of senile plaques and neurofibrillary tangles that
are found in the some neuroanatomical structures in the early
course of the disease.!® Anatomical MRI is used as a structural
neuroimaging method for most of the AD studies and clinical
trials; however DTI is a sensitive method to study microscopic
White Matter (WM) changes that are not detectable with
conventional MRI. DTT has been used for detecting regional WM
alterations in AD followed by Gray Matter (GM) in the disease
progression, which indicates that the cortical abnormalities are

D
Probabilistic

Same
Probabilistic

Source: Bonilha et al, PLoS One. 2015; 10(8): e0135247.

Figure 2: This figure demonstrates each connectome link represented by a line corresponding
to the center of mass of the bundle of fibers associated with that link (estimated from deterministic
tractography using DTI). Each link is color-coded based on its reproducibility per tractography approach
and scanner usage. The color bars indicate the link-wise Intraclass Correlation Co-efficient showing
that connectome mapping is largely reproducible using DTI. Reprinted from Bonilha et al.™
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greater in posterior regions relative to anterior regions at the
ecarly stages of AD.!®!7 Several researchers have studied the
loss of WM integrity in early AD"®*?°and in early Familial-AD
(FAD).”! Regional DTI has been shown to distinguish AD, Mild
Cognitive Impairment (MCI) and normal aging?***2 (Figure 3).
DTI is being viewed as a crucial tool for AD diagnosis in recent
years and has the potential to be used as a biomarker through
analysis of various diffusion tensor metrics.?**’

Epilepsy: Spontancous seizures that result in epilepsy may
arise from synchronous firing of neurons from one region or a
network of regions from various parts of the brain, which may
be difficult to clinically isolate the seizure focus using traditional
clinical modalities. DTI has proven fruitful in accomplishing
this. Measurements in cerebral structural abnormalities and
epilepsies, using DTI have shown significant changes in the
mean rate of diffusion and the anisotropy of water motion.?-3
The MD and FA which are invariant to image orientation were
used to quantify aspects of water diffusion observed in cerebral
tissue. These measures provide results similar to “stains” used
in histological studies,** but allow them to be measured in
intact tissue. Studies performed on experimentally induced SE
showed reductions in ADC values in limbic as well as extra-
limbic structures.’>7 This decrease in ADC has been attributed
to cytotoxic edema as excessive excitation leads to massive
influx of sodium, chloride and calcium ions into the cells,
leading to a net flow of water from the extra- to intracellular
compartments, leading to an overall reduction in ADC.*® Similar

Short-range fiber tracts
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reductions in ADC, on the side of seizure focus deduced using
Electro-encephalogram (EEG), have been observed in patients
after prolonged seizures.** In focal epileptic regions, the mean
rate of diffusion often increases and the anisotropy consistently
decreases, reflecting neuronal loss, gliosis and structural
disorganization.

A chronic elevation of diffusion rate is observed in
Temporal Lobe Epilepsy (TLE) patients with hippocampal
sclerosis, which has been attributed to neuronal necrosis,
gliosis, and expanded extracellular space.”* Using DTI,
increased diffusion rate and a decreased diffusion anisotropy in
the epileptic focus, compared to the contralateral region, was
observed by Assaf et al* in patients with TLE. Similar studies
using DTI have reported a reduction in diffusion anisotropy in
the ipsilateral parahippocampal gyrus and fornix,*>** and also in
extra-temporal white matter,*> such as the internal capsule,* the
external capsule,* the genu* and the splenium* of the corpus
callosum (Figure 4). The reduction in diffusion anisotropy has
been suggested to result from a loss of ordered structure, myelin
degradation and lowered cell density.?>*45 Fiber tract maps
generated from DTI measurements have also shown a reduction
in tract volume of the fornix both pre*® and post*’ resective
surgery of the epileptogenic focus, as well as an increase in
diffusion rate and a decrease in diffusion anisotropy in patients
with unilateral TLE. Due to the ability of DTI to identify the
epileptogenic focus, it has been utilized in surgical planning for
the removal of the focus.*#*

Long-range fiber tracts

Young
mOold
mAD

*
=
TII
MD FA

Long-range fibers

Source: Gao et al, PLoS One. 2014; 9(4): €90307.

Figure 3: Tractography demonstrations of ROl from fMRI data for (A), short-range
fiber tracts, and for (B), long-range fiber tracts.(C), The MD, FA of short-range fiber
tracts, long-range fiber tracts in three groups.- Both MD and FA are useful in identifying
differences between AD patients and normal (young and old). Reprinted from Gao

etal.®
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Multiple sclerosis (MS): MS is one of the most common
neurodegenerative inflammatory diseases of the central nervous
system, characterized by demyelination and axonal loss. The
disease manifests through symptoms such as overall physical
disability, imbalance of gait, sensory disturbance and cognitive
dysfunction, the factor causing this disease are unknown.’%*!
MRI imaging plays an important role in early diagnosis of MS
and in monitoring treatment efficacy; however, the technique
shows low pathological specificity and low sensitivity to diffuse
damage in Normal-Appearing White Matter (NAWM) and
Normal-Appearing Gray Matter (NAGM).*? In the recent years,
DTThas proven to be an effective tool for detecting demyelination
and tissue damage quantitatively.”® Most commonly used DTI
metrics, MD and FA measure overall water motion without
any directionality, and the prevalence of diffusivity along one
direction, respectively.** However, interpretation of these metrics
for diagnosing specific pathologies in patients with MS is very
complex. Several studies have been conducted to identify and
establish correlation between pathophysiological conditions of
specific anatomy and abnormalities in the MD and FA values.**>¢
Overall, the FA value, as it indicates the anisotropy of water
diffusion along a specific direction, could serve as a reliable
marker for estimating presence of plaques, lesions or overall
microstructural changes in with the NAWM.> Additionally,
Commowick et al suggested that instead of only replying on these
scalar metrics such as MD and FA, demonstrated a framework
that utilizes the whole diffusion tensor information to also in
detect pathologies in the regions around existing legions, which
allows an early detection of an extension of MS.%®
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Traumatic brain injury (TBI): Another important neurological
disorder, TBI, affects 1.7 million people in the United States
annually®® and the clinical symptoms from TBI range from mild
cognitive impairment to severe disability and neuroimaging
plays a critical role in determining the course of therapy.
Depending on the severity of the TBI, conventional MRI may
or may not show abnormalities. In order to better diagnose cases
of mild TBI (mTBI) (e.g. concussions), advanced neuroimaging
techniques are being sought out. DTI is a potentially powerful
research tool for investigating white matter pathology across a
broad spectrum including mTBI. Various ROI-based studies have
shown that DTT is sensitive in detecting group differences when
comparing mTBI patients with healthy controls and suggest that
DTI is sensitive to white matter changes®* (Figure 5). Certain
studies, such as by Miles et al have assessed the predictive
value of DTI in determining cognitive function months after
mTBL% The observations from these various studies suggest
that DTT is sensitive to white matter pathology following TBI,
but all studies revealed substantial inter-individual differences
in white matter integrity even among healthy controls.®! These
findings suggest that the specificity of such DTI abnormalities
to mTBI is limited and illustrate well the problem of applying
this technique to the examination of individual subjects and
using DTI for any predictive value for future neurocognitive and
neuropsychological changes.

Stroke: DTI can be used to evaluate damage in patients who
have suffered an ischemic stroke due to the effects that the
stroke has on the movement of fluids within the brain. DTI

DTI: Fractional anisotropy MRI: Volume
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Source: Keller et al, PLoS One. 2012; 7(10): e46791
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Figure 4: FA and volume alterations of the hippocampus and thalamus in patients with unilateral TLEhs
relative to controls. The top row indicates mean (with 95% CI) FA (left) and volume (right) of the left
and right hippocampus across controls (C), patients with left TLEhs (L) and patients with right TLEhs
(R). The bottom row is the same for the thalamus. Structures are colour-coded: light blue for FA, yellow
for hippocampal volume (as per standard Free Surfercolour classification) and dark green for thalamic
volume (as per standard Free Surfercolour classification). FA values are the mean for each (corrected).
“=significant at p<0.01 (corrected). “"=significant at p>0.001 (corrected). Reprinted from Keller et al.*?
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@ FApatients < controls

@ MO patients > controls

Source: Metting et al, PLoS One. 2013; 8(5): e64461

Figure 5: Fractional anisotropy (FA) and mean diffusivity (MD) in mild traumatic brain injury.
FA values are lower (red; P<0.08 - TFCE corrected) in mild traumatic brain injured patients
compared to healthy control subjects and MD values are higher MD (blue; P<0.07- TFCE

corrected). Reprinted from Metting et al.®

measurements have shown that FA within the white matter of the
brain is significantly lower on the side of the brain that suffers an
infraction when compared to the side of the brain that has not.5%¢’
Thus, by looking at a complete map of FA within the brain of a
patient that is suspected of having suffered a stroke, a physician
is able to tell whether or not the stroke occurred, and if so, would
be able to localize its point of action. It is important to note that
DTI can detect the occurrence of a stroke much quicker after its
occurrence than can conventional MRI imaging. Alterations in
the diffusion characteristics resulting from an ischemic event can
be detected within hours of the event’s occurrence using DTI,
whereas it could take days for the same stroke to be detectable
by conventional MRL® This makes DTI an indispensable tool
in the diagnosis of ischemic strokes, as a quicker diagnosis can
lead to a quicker physician response time, which has tremendous
impacts on long term patient outcomes.

In addition to identifying the area of the brain impacted
by an ischemic stroke, DTI can also be used to identify areas
of the brain and spinal tract distal to the location of the stroke
that are also affected. The break-down of myelin sheaths and
disintegration of axonal microfilaments of neurons downstream
of the site of the stroke, also known as Wallerian degeneration,
can be detected due to its negative anisotropic effects. Though
capable of detection rapidly via DTI, Wallerian degeneration is
difficult to identify with conventional MR imaging techniques
for many weeks after the occurrence of the stroke.®7 It is
therefore advisable that physicians thoroughly examine stroke
patients using DTI techniques to find areas that are affected

Radiol Open J

by Wallerian degeneration, thereby increasing the chances
of discovery, treatment, and that the patient has an improved
recovery process.

Edema

Cytotoxic edema: Cytotoxic edema results from a decrease in
the function of the Adenosine tri-phosphate (ATP)-dependent
sodium/potassium pumps (Na'/K* ATPases) located on the
surface of cells within the brain. This decrease in Na*/K* ATPase
activity is caused by oxygen deprivation that prevents oxidative
phosphorylation from occurring, and thereby inhibiting ATP
production. Hypoxemia can be caused by such events as a stroke,
hemorrhage, or embolism. Although the mitochondria of the
brain have mechanisms in place to cope with hypoxemia, such as
pathways that include hypoxia-inducible factor 1 and succinate
dehydrogenase, these mechanisms can only do so much before
ATP levels drop to pathological levels.”! Once ATP levels fall,
the Na'/K* ATPases lose the capacity to translocate sodium out
of the cell, leading to the buildup of intracellular sodium levels.
This sodium buildup causes the creation of an osmotic gradient
that promotes the diffusion of water into the cell, leading to a
rapid and intense increase in intracellular volume. Cytotoxic
edema has been shown to affect both the white and the grey
matter of the brain, causing generalized swelling and widespread
damage.”” The accumulation of water molecules within the
intracellular spaces severely impedes their ability to flow
freely. Though water molecules can diffuse through the plasma
membranes of the cells, doing so greatly slows their velocity,
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leading to a net decrease in diffusivity within the area of the brain
affected by the cytotoxic edema. When imaged with different
modalities, cytotoxic edema presents as a decrease in attenuation
via Computed Tomography (CT) scan, hyperintensity via MRI,
and a decreased diffusivity by DTI. Though the readings from
CT and MR imaging are found in all cases of edema, it is only
DTI which is able to differentiate between subtypes of edema,
and assist with the definite diagnosis of cytotoxic edema. Using
this phenomenon DTI detection of cytotoxic edema can be used
as an early warning for acute stroke, acute diffuse axonal injury,
and acute contusion.”™

Vasogenic edema: Vasogenic edema results from a breakdown
of the blood brain barrier that can be caused by local factors such
as neoplasm or traumatic brain injury, or from chronic damage
caused by lead encephalopathy or malignant hypertension.”
Thus, vasogenic edema is an extracellular accumulation of fluid,
as opposed to the intracellular accumulation seen in cytotoxic
edema. Vasogenic edema presentation mimics cytotoxic edema
when using CT and MRI imaging, in that both present with
decreased attenuation via CT and hyperintensity via MRI.
However, when using DTI, vasogenic edema presents with an
increased diffusivity, as opposed to the decreased diffusivity
shown by cytotoxic edema.”” This is because the water
molecules within the extracellular space can move more freely
than the water molecules that are confined within the intracellular
space by plasma membranes. Thus, it is important to note that
DTI is able to differentiate cytotoxic edema from vasogenic
edema, whereas CT and conventional MRI cannot.
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It is important that the physician is able to differentiate
whether the patient is suffering from cytotoxic edema, vasogenic
edema, or a combination of the two’® (Figure 6) so that the correct
intervention can be applied as necessary. However, it is often the
case that cytotoxic and vasogenic edema occur in parallel.”” For
example, following an ischemic attack, cytotoxic edema occurs
immediately due to local hypoxmia and a slow-down of the
Na*/K* ATPase pumps. Following the initial intracellular fluid
accumulation, blood brain barrier breakdown occurs, leading
to concurrent vasogenic edema.”® Though cytotoxic edema
does not currently have a widely accepted therapy, vasogenic
edema is generally treated with corticosteroids, particularly
when associated with neoplasms, and to a lesser extent when
associated with abscesses. In cases where it is not responsive
to corticosteroids, vasogenic edema can also be treated with
osmotherapy.”

LIMITATIONS OF DTI

Despite a plethora of studies having employed DTI to
study normal and abnormal brain integrity, the acquisition and
approaches of DTI analyses have been quite variable. Though
the connectome project is making great strides in the right
direction, no common frame of reference for the comparison of
findings between studies. For example, some studies use ADC
as a measure of white matter integrity while others use FA.
Additionally others use radial diffusivity and axial integrity to
help determine the contribution of various types of pathologies.
While some studies use ROI-based analyses to test specific
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Source: Lin et al, PLoS One, 2012; 7(5): e36986
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Figure 6: Connectivity of Default-Mode Network Is Associated with Cerebral Edema in Hepatic Encephalopathy. Differences of default model network
between health subjects and liver cirrhosis and their corresponding MD and FA values. There were three biggest cluster areas in the PCC functional
connectivity map, including the left precuneus, right ACC and left middle frontal cortex (MFC). MANCOVA revealed significant fc-CC [F=4.415,
p=0.000] and MD [F=3.944, p=0.000] differences among the four groups, but not in FA [F=0.859, p=0.063]. Reprinted from Lin et al.”
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anatomic hypotheses, some studies employ hypothesis-free
analyses of the whole brain and apply one of the several methods
of correction for multiple unplanned comparisons to identify
significant findings. One of the main technical issues is the lack
of a large normative database. Normative databases are needed
to interpret individual (i.e. single subject or single patient) FA,
ADC, or other values for clinical purposes. In the absence of
normative databases of these sorts, each institution at which DTI
is performed is left to develop and employ their own normative
data when attempting to interpret group or single-subject DTI
data. The size and normality of subjects included in these
databases is highly variable between institutions, rendering the
interpretation of any individual DTI result as normal or abnormal
based on comparison to local normative data preliminary at best.
The DTI literature available is affected by the heterogeneity of
injury captured under the various disorders; heterogeneity in
the time after injury at which persons have been studied with
DTI; and the lack of a standard, accepted method for acquiring,
analyzing, and interpreting DTI data. In light of these limitations,
there is need to create a large normative database for DTI to be
utilized at its potential.

CONCLUSIONS AND FUTURE POTENTIALS

DTI, as we discussed in this review has proved to
be an important tool for diagnosing various pathologies of
the brain. In addition to brain imaging, DTI is being actively
developed for diagnosis of spinal cord pathologies,””' and
optics nerve damage.>® Additionally, while DTI in infants and
toddlers is challenging, the technique shows great potential for
understanding and mapping brain development. Technological
improvements in MR imaging could soon allow researchers to
gather artifact-free data more reliably, which could significantly
aid in understanding brain development in infants and toddlers.
Biomarkers could be created for prediction and early detection
of neurodegenerative disorders, which will allow researchers to
develop better therapeutic approaches and surgeons to design
better treatment strategies. While it may seem too ambitious, set of
normal FA and MD values could be derived by conducting DTI of
larger population — in a similar way that “normal” blood pressure
values of 120/80 mm Hg were determined. We acknowledge,
however that such task also requires standardization of imaging,
post-processing and data analysis procedures as these factor may
affect the quantification of DTI parameters. In summary, DTI
modality shows an enormous potential to be a versatile tool for
biomedical research and clinical applications.
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