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Diffusion-tensor imaging has become common practice in radiology and imaging research due to its many applications in brain
connectivity and neurodevelopment as well as for pathologies including tumors, ischemia, trauma, and neurodegeneration. However,
its novelty compared to other neuroimaging techniques has meant that graduate programs, particularly medical schools, have not
included opportunities to learn how diffusion tensor imaging can visualize the brain and interpretation of the data clinically and in
research. Diffusion tensor imaging can be a challenging utility to understand for newcomers and is subject to wide interpretation. We
offer for medical and graduate students as well as residents a step-by-step guide in interpreting diffusion tensor imaging results for
clinical analysis using simple explanations of physics and neuroscience and its application in clinical and translational research.

Keywords: magnetic resonance imaging; radial diffusivity; axial diffusivity, mean diffusivity; fractional anisotropy;

radiology

INTRODUCTION
m iffusion-tensor imaging (DTIl) is a non-invasive
method that utilizes magnetic resonance imaging
(MRI) technology to measure tissue water diffusion rates
in vivo with high sensitivity and has useful neuroimag-
ing applicability particularly in tumors, ischemia, trauma,
neurodevelopment, and neurodegeneration. However,
DTl can be challenging to understand for newcomers
and is subject to wide interpretation. This paper will
serve as a step-by-step way for medical and graduate
students as well as residents to interpret DTl results for
clinical analysis using simple explanations of physics
and neuroscience as well as its application in clinical and
translational research. However, note that DTl and MRI
are utilized beyond neuroimaging and are applied to
every subfield of radiology.

To understand DT, it is important to first discuss what
MRI is. MRl is a diagnostic tool used to noninvasively
visualize soft tissue structures through their protonic ori-
entation. Ordinarily in tissue, protons are spinning in a
random orientation, butin an MRI the external magnetic
field causes them to become parallel or antiparallel to
each other.! Radiofrequency pulses are then applied
which flip the protons and generate an image from the

MSRJ ©) 2023 VOL: 10. Issue: Spring
epub March 2023; www.msrj.org

MISR]

energy it takes for protons to fall out of parallelism with
each other and reach equilibrium. It is the variation of
molecules that different tissues have which allow for MRI
to distinguish anatomical and pathological features.
There are different sequences or types of MRI beyond
DTI. The most common are T1-weighted, T2-weighted,
fluid attenuated inversion recovery (Flair), proton densi-
ty-weighted (PD), and diffusion-weighted (DWI). T1 is
based on the rate it takes for protons to return to equilib-
rium, and T2 is based on the rate for protons to fall out of
parallelism with each other.? A short T1 means a fast
recovery to equilibrium which produces a strong or bright
signal whereas a short T2 means a rapid decay which pro-
duces a weak or dark signal.® For example, cerebrospinal
fluid (CSF) contains protons relatively far apart from each
other and hence fewer interactions compared to fat,
which allows for a longer time until equilibrium and
hence a dark T1 but also a slower decay from parallelism
and therefore a bright T2. T1 is generally utilized to assess
morphology which includes anatomy, which is why it is
also referred to as an anatomical sequence, as well as
edema and fibrosis; T2 is more helpful to visualize edema
and inflammation.* Flair is T2 but fluid is attenuated,
allowing regions of tissue close to fluid to be more
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carefully visualized, such as the periventricular area.> PD is
when T1 and T2 are attenuated such that signal is pro-
duced based on the density of protons in tissue and is
most frequently utilized for meniscal tears.5”

Diffusion-weighted is different from other MRI
sequences in that it is designed to visualize water diffu-
sion.®® Water has a unique diffusion pattern and rate
depending on the cellular and tissue architecture.®? For
example, intracellular water will interact with structures
such as the cytoskeleton, enzyme complexes, and
organelles whereas extracellular water will interact with
proteins in the extracellular matrix as well as different
orientations of cells. Since these cellular and tissue archi-
tectural properties can change with alterations in tissue
integrity due to the injury-repair response, DWI can be
utilized for evaluating damage to components of brain
structure, even before abnormalities are illustrated on
anatomical MRL'® DTl is DWI but includes the mathe-
matical models applied to DWI which provide a quanti-
tative interpretation that DWI does not provide.

We can estimate cellularity and white matter micro-
structural organization based on DTl properties such as
the degree of restricted diffusion or fractional anisotropy
(FA), molecular diffusion rate or mean diffusivity (MD or
apparent diffusion coefficient [ADC]), the diffusion rate
along the main axis of diffusion known as axial diffusivity
(AD or )\”), and the diffusion rate perpendicular to the
main axis known as radial diffusivity (RD or A,)."*"" These
metrics are most commonly used for relating diffusion to
an underlying pathophysiology of white matter and are
calculated based on eigenvalues in a DTl model as seen
in Figure 1. Eigenvalues explain how spread-out data is
in a given direction, and in this case, eigenvalues describe
the diffusion properties of water on a 3D grid, or tensor,
of tissue in each unit (known as a voxel) of an MRl image
of the brain.’? There are other variables including trace,
relative anisotropy and more, though their applicability

is limited currently. Understanding these main terms’

definitions and impressions is crucial towards under-
standing DTl (Table 1).

DTITERMINOLOGY

Fractional Anisotropy

Fractional anisotropy is measured from 0 to 1, with 0
being isotropic or the completely unrestricted diffusion
of water that moves in any random direction, and 1
being anisotropic or the completely restricted diffusion
of water in roughly one direction.” CSF is likely to have
an FA closer to 0 (or isotropy) than grey or white matter
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Figure 1. Eigenvalues and diffusion measures of a voxel of an
axon. This schematic characterizes the eigenvalues of a tensor
and how three of the most common diffusion measures are
calculated.

of the brain for this reason, with white matter having a
higher FA than grey matter.”*-'* White matter is mainly
composed of axons and its myelin from oligodendro-
cytes that form tracts such as the cortico-spinal tract or
the corpus callosum (CC). Axons are assumed to be
tubular and unidirectional structures of neurons
encased by myelin that restrict the movement of mole-
cules into or out of the axon which therefore establishes
anisotropy. Grey matter, on the other hand, consists of
neuronal cell bodies and their dendrites, as well as
unmyelinated axonal terminals that interact with one of
the 1,000 synapses every neuron has on average, which
allow for a greater possibility of directions for diffusion
of water molecules.’ This makes the grey matter FA less
than that of white matter. However, not all white matter
regions are created equal; the genu of the CC has a
higher FA than other white matter tracts due to the
highly organized fiber tracts within the CC.'* A decrease
in FA often is interpreted to mean either axonal or myelin
degeneration; how to distinguish between these two
possibilities requires further data.’>'” This is because a
reason for decreased FA may be due to an increase in RD
or a decrease in AD and will be discussed later.’

Mean Diffusivity
Mean diffusivity is an average of three eigenvalues (\, A,
and A,)), or the magnitude of diffusion across the
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3D-axes." The sum of the magnitude of the three eigen-
values is the trace, so other papers may describe MD as
trace/3. It can be generalized then that a low MD corre-
sponds to low diffusivity and high MD high diffusivity.
White matter and grey matter generally have similar MD,
and CSF has higher MD than either type of brain matter.”
While MD cannot be used to differentiate brain matters,
it is sensitive to changes to the diffusion of water.
Typically, if MD is higher than normal then it may reflect
damage such as cytolysis as diffusion is less restricted.’
Such damage may be from the loss of integrity of fiber
tracts or myelin damage.'** Cytotoxic edema, which can
be from a redistribution of water extracellularly to intra-
cellularly, would reduce cell-mediated water transport
and therefore reduce MD.?"?> Changes such as greater
myelination or axonal packing would reduce MD, while
demyelination, axonal degeneration, and increases in
CSF or vasogenic edema increase MD.'*132022 | jke FA,
additional information is needed to interpret MD.

Axial Diffusivity

Axial diffusivity (AD or }\1) is important for delineating
between grey and white matter and for estimating
changes to white matter specifically." Because AD is
assumed to be the parallel diffusion of water relative to a

tract, AD is very low in grey matter and much higher in
white matter.?* However, AD is more sensitive to white
matter maturation and similarly axonal degeneration
than it is to the tissue’s myelination; in fact, having ele-
vated or lower myelination does not change AD.* Barriers
to the diffusion of water down the axon such as cellular
debris and protein aggregation (ex. amyloidosis) would
decrease AD.* On the contrary, having more neurofila-
ments which increase the axon’s diameter and therefore
the axonal caliber would enhance AD.???7 Axonal pack-
ing (increased neurofilaments) is complicated by the
changes in axonal diameters as well as myelination, so an
absolute change in axonal packing may or may not be
reflected in AD.">?¢ Additionally, AD is positively correlated
with CSF and cytotoxic edema which would increase the
axon’s diameter and mimic neurofilament assembly, and
so changes to AD may reflect extracellular and intracellu-
lar alterations.” A specific utilization of AD is in Wallerian
degeneration; that is depicted by a decrease in FA and AD
with an increase in RD (described subsequently) without
a change in MD.2 Generally, the interpretation for AD
then is a marker of axonal injury, independent of myelin-
ation, but interpretation of changes in AD needs to be in
the context of other conditions related to the intracellular
and extracellular environments.

Table 1.This schematic depicts how changes in tissue integrity and architecture influence DTl measurements.

FA MD

AD, RD (1,+1,)/2

(1++1)/3

FA is a summary measure MD is an inverse measure AD tends to be variable
of the membrane
density, is very similar for
both GM and WM and
higher for CSF. MD is
sensitive to cellularity,

of microstructural
integrity. While FA is
highly sensitive to
microstructural changes, it
is less specific to the type

RD increases in WM with
in WM changes and de- or dysmyelination.
pathology. In axonal Changes in the axonal

injury AD decreases. The diameters or density may

ADs of WM tracts have also influence RD.
been reported to

of change. edema, and necrosis. increase with brain
maturation.
Gray Matter ! - ! T
White Matter 1 - 1 l
CSF ! 7 7 i
High myelination 1 ! - l
Dense axonal packing 1 ! - l
WM Maturation 1 ! 1 )
Axonal degeneration ! 0 ! 1
Demyelination ! 1 - 1
Low SNR ! 1 ! -

Source: From Tromp.'*
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Radial Diffusivity

Radial diffusivity [RD or (A,+A,)/2] can also separate
grey from white matter and is useful for estimating
changes to white matter though more specifically in
regards to myelin."" Opposite of AD, RD is very low in
white matter and higher in grey matter because it mea-
sures diffusion of water perpendicular to A, rather than
parallel.2% One useful item, however, is that RD is also
positively related to CSF and edema like AD, thus it is
within reason that RD and AD both simultaneously
increase if cytotoxic edema is occurring.® However,
note that RD and AD can be age-related and increase
simultaneously because of both myelin and axon loss.*
One way to distinguish age-related white matter
changes from edema is that RD is more sensitive to
aging than AD, so a relatively equal change in both AD
and RD is likely edema.® Additionally, RD is more
closely related to myelination than it is to axonal injury.
Studies found that dysmyelinated shiverer mutant
mice had increased RD but AD remained unchanged;
demyelination also increases RD.3>** Note that large
enough axonal edema and inflammation may reduce
water diffusivity after a period of time which would
cause RD values to remain unchanged.?® Therefore,
analyzing RD either too early or too late may miss
important data for the interpretation of myelin and oli-
godendrocyte cellularity.

APPLICATIONS OF DTI IN EVALUATING
NEUROLOGICAL DISORDERS
While DTl has enormous potential for interpreting a
macroscopic level of cellularity within white matter
pathways, it is evident that other information is cur-
rently needed to make valid interpretations of its results
that include but are not limited to pathophysiology, his-
tology, anatomic neuroimaging, neuroanatomy, and
careful consideration of the subject’s clinical history. For
example, important but often unappreciated clinical
factors including elevated blood pressure and obesity
appear to affect FA and AD respectively.>* Basic neuro-
anatomy and neuroscience must also be utilized. A
region of the hippocampus such as the dentate gyrus
may entirely differ from the primary cornu ammonis in
terms of cell density and cell type and therefore influ-
ences DTl data.®

When understanding DTl and neuroimaging as it
relates to aging, it is also important to analyze the
changes in FA from posterior to anterior. Reports have
observed a ‘last in, first out, meaning the last parts of
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the brain to mature, such as the prefrontal lobe, are the
first to degenerate in normal aging.***” FA is often
higher in the posterior relative to the anterior. This con-
cept is important because a lower FA in the posterior
portion of the brain in an older adult relative to the pre-
frontal cortex of the brain, for example, may underlie a
pathology such as Alzheimer’s disease or Lewy body
dementia.*

Different regions also decline differently in normal
aging,® though an overall global perspective should be
taken as well to label either axonal injury or demyelin-
ation. In fact, one way of distinguishing between axonal
injury from demyelination in either an acute or gradual
pathophysiological process is to analyze whether or not
the FA values are uniformly decreased globally within a
tract or focally. Entire tracts of abnormally low FA signify
axonal injury as the whole axon is dysfunctional, with
focal differences owing to demyelination as each myelin
sheath covers only a fraction of the axon. Readers of DTI
literature should be cautioned in cases where research-
ers or clinicians are studying specific regions of interest
(ROIs) and attempting to attribute it to either axonal
injury or demyelination, as the results may only convey
a small portion of information.

Clinical Research Examples: Schizophrenia

Our first example is from a 2018 study by Kelly et al,*
where researchers from the Schizophrenia Working
Group of the Enhancing Neuroimaging Genetics
through Meta-Analysis consortium (ENIGMA-
Schizophrenia) attempted to investigate white matter
differences between 1963 adult subjects with schizo-
phrenia and 2,359 healthy adult controls across the
globe using DTl in a meta-analysis. As shown in Figure 2,
the magnitude of the differences between the two
groups in regards to FA, MD, AD, and RD through a post
hoc analysis is described using Cohen’s d effect size esti-
mates and covariates including age, sex, and their inter-
actions were accounted for. Across the average DTI
measurement values and specifically in the anterior
corona radiata (ACR), CC, body of corpus callosum (BCC),
and genu of corpus callosum (GCC), FA was found to be
lower in schizophrenia subjects than healthy controls,
though MD and RD were higher (p < 0.002). AD was no
different between schizophrenia subjects and healthy
controls.

Numerous studies have suggested that a dysfunction in
myelination due to an altered oligodendrocyte geno-
type contributes to schizophrenia.®**  Myelin
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Figure 2. (a) Cohen’s d effect sizes, after meta-analysis, for FA,
MD and RD differences in schizophrenia patients versus
healthy controls, after including age, sex, age x sex, age2 and
age2 x sex as covariates for the top four ROIs showing the
largest FA effects (average FA, BCC, CC, ACR and GCC). Error
bars represent the 95% confidence intervals. The CC, ACR, and
FA across the whole brain are among the measures that show
most robust effects in cohorts worldwide.

dysfunction is reported in subcortical white matter
tracts of the prefrontal cortex in schizophrenia patients
post-mortem.”® In a DTI study, schizophrenia patients
had low FA, high MD, high RD, and no difference in AD
values in the ACR of the prefrontal cortex as well as the
CC compared to controls that may be related to altered
motor behavior3%#44 So at first glance, the low FA and
high MD from 2018 Kelly et al can signify axonal dam-
age, demyelination, or edema. AD is unchanged, so axo-
nal injury or edema is unlikely, which only leaves
demyelination which is consistent with the RD value
and histological data. This exact relationship has been
found in patients with white matter hyperintensities
experiencing cognitive impairment, where researchers
also concluded it was consistent with demyelination.*

Clinical Research Examples: White Tract Variations
The second example is a study by Burzynska et al, in
2010 who compared DTl data from 63 healthy adults in
their seventh decade of life from 80 other healthy adults
in their third decade to discover whether or not there
exists age-related DTl measurement variations using
tract-based spatial statistics.>® Figure 3 illustrates lower
FA, AD, and MD values in older patients compared to
younger patients in the posterior limb of the internal
capsule, inferior cerebellar peduncles, and midbrain
white matter (p < 0.01, 2-tailed).
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Source: Figure from Burzynska et al*®

Figure 3. Patterns of age-related differences in diffusivity
parameters. Within voxels showing a significant age-related
reduction in FA (in blue, p < 0.01, 2-tailed), we distinguished
five patterns (in red, p < 0.01, 2-tailed) ... (5) decreases in AD...
showed additional increase in AD and a decrease in MD,
respectively, are overlaid in orange. PLIC: posterior limb of the
internal capsule; MID: midbrain WM; ICP: inferior cerebellar
peduncle. The numbers indicate the z-axis coordinate in
MNI152 space (mm).

While this was one of only five patterns found in this
investigation, we will be focusing on the aforemen-
tioned pattern for purposes of education. A low FA can
mean either axonal or myelin degeneration, but that is
generally accompanied by a high MD, which is not found
in this case. Wallerian degeneration does not fit this pat-
tern as described earlier. If gradual and chronic enough,
cytotoxic edema or inflammation could be why RD was
insignificantly impacted, but AD would have been
higher. A low MD signifies low diffusivity, so while there
may be axonal or myelin injury, it is possible that gliosis,
a creation of more or larger glial cells, is occurring as a
reaction to injury. Gliosis and resulting glial scars would
also inhibit axon regeneration which may explain the
low AD. RD is unchanged since gliosis is largely related
to a hypertrophy of astrocytes and microglia, with little
net change in oligodendrocytes and hence myelin. The
discrepancy between the FA and MD in the study by
Burzynska et al was thought to be due to gliosis.?® One
study found that gliosis could not be concluded based
on AD and RD, though that investigation was done with
a small sample size ex vivo in subjects with cerebral
amyloid angiopathy without known postmortem inter-
val and was largely exploratory and subject to false-pos-
itives.¥ Though this example leads us to conclude
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gliosis, aging is subject to decreased white matter,
demyelination, and axonal loss that can appear as
unique DTI patterns regionally, which Burzynska et al
describe in their investigation.®

Clinical Research Examples: Infarcts

In our final example, an investigation by Zhao et al, in
2019 investigated differences with a Student’s t-test
between subjects with leukoaraiosis (LA) and lacunar
infarct subjects from two hospitals in China using sub-
jects’' DTl scans.*® Lacunar infarct subjects had DTl values
of (FA: 0.35 £ 0.03, MD: 0.40 + 0.05) and LA subjects cor-
responded to (FA: 0.32 = 0.02, MD: 1.08 = 0.03) in normal
appearing white matter, with a statistically significant
difference between the two groups (p < 0.05).

This example is a nuanced example as it requires the
attempt to distinguish a white matter hyperintensity as
either LA or an acute lacunar infarction. Not only do they
have a similar pathological basis owing to small-vessel
disease and being age related, but also patients with
acute lacunar infarcts are often predisposed to LA.#-!
Symptoms of the stroke can assist physicians in identify-
ing the specific white matter abnormality as a lacunar
infarct from the other lesions associated with LA, but a
lacunar infarct can be silent as well.*%*? Additionally, a
more sudden, local symptom such as dysarthria is more
attributable to a lacunar infarct than LA, which has been
related to gradual cognitive decline.’>*3 In this final DTI
example study, it was found that patients with acute
lacunar infarcts had higher FA and lower MD than LA
patients.”® The reason regarding the lower MD in the
infarct was that the cytotoxic edema that occurred
acutely decreased the ability for water diffusion, but
over time MD would be increased once the edema is
resolved. While ischemic injury may be thought to
increase cellular damage and thus increase MD, this is
dependent on the phase of injury and whether edema is
present or not. A lower FA as seen in LA subjects may be
two reasons: (1) because damage to white matter tracts
typically reduces FA and (2) because LA lesions are in
close proximity to the lateral ventricles, which contain
elevated quantities of CSF. These FA and MD relative val-
ues are also subject to change depending on the condi-
tion of the stroke. A higher FA and lower MD like in this
example are noted in the acute phase but may normal-
ize during the subacute phase before MD increases and
FA decreases once chronic, as indicative of structural
disorganization.”® A chronic lesion would be the same
intensity to CSF, as Gore, Bansal, and Asuncion
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Source: Images courtesy of Tugan Muftuler, PhD.

Figure 4. Before and after distortion correction caused by
tissue susceptibility variations. Effect is most notable in the
frontal lobe.

described.”® This example should promote a well-
rounded view for how to make an impression of DTI
results.

Limitations

There are a number of limitations both to the interpreta-
tion of DTl and to DTl itself. Data may be distorted if not
properly processed, an example of which is illustrated in
Figure 4. This can be said for motion correction, as it is
natural for the patient to shift during the image acquisi-
tion."* Beyond background noise, which can be con-
trolled via smoothing the dataset, eddy currents are
natural opposing diffusion gradients and artifacts that
can skew the voxels, known as shearing, or change the
size of the brain volumes, which is called scaling."*> To
view motion and eddy currents, they can only be illus-
trated in video and are available in the citation.* Any DTI
software should be researched to ensure that the eddy
currents are corrected for; specific MR hardware is also
capable of correcting for eddy currents. Ghosting is also
a type of noise that makes repeated versions of parts of
the brain in the image and reduces proper visualization;
if the percent signal ghosting is greater than 3% then it
may obstruct the image.”” Ghosting can be due to
patient motion, blood flow, and other respiratory and
cardiac effects that if understood may be helpful for not
only controlling for those factors but in interpreting the
data afterwards. Fortunately, ghosting is now corrected
by a majority of modern scanners and is rarely seen
anymore, though an example can be found in the
citation.*®

MSRJ ©) 2023 VOL: 10. Issue: Spring
epub March 2023; www.msrj.org


http://www.msrj.org

Max J. Goodman et al.

G-

Diffusion Tensor Imaging for Graduate & Medical Students

-—

——

In research and clinical interpretation, a comprehen-
sive understanding of the patient cohort data and
pathology is challenging but necessary as the influ-
ences of the DTl output are multifactorial. Partial vol-
ume effects from studying in an area of both white
matter and grey matter can make the interpretation of
results very uncertain and very challenging.”*° A het-
erogeneity of different fiber types within the same
voxel can be minimized though using multi-tensor
models that Soares, Marques, Alves, Sousa explain in
their 2013 article.” Because partial volume effects can
create a confounding bias in DTl measures, not taking
partial volume effects into account can be devastating
for valid impressions. Ozturk et al in 2008 cited partial
volume effects as a potential reason for the high vari-
ability in DTI measurements found in deep white mat-
ter structures.®® As for tissue architecture, crossing
fibers with different directions would be expected to
decrease FA, not due to either myelin or axonal cellu-
larity. With 45-90% of white matter voxels containing a
crossing fiber, it further reinforces the idea that other
tools or modifications are needed to interpret DTI
results.'%2 For example, utilizing high-angular resolu-
tion diffusion imaging can measure an orientation dis-
tribution function and create a version of FA known as
generalized FA that is more geared towards fiber cross-
ings.®® Finally, the most challenging dynamic to over-
come is that complex diseases may demonstrate
demyelination, axonal damage, and inflammation
simultaneously. Currently, the solutions again are using
DTl in conjunction with other medical tools along with
a robust clinical understanding.

CONCLUSION

DTl is an essential tool towards diagnosis and under-
standing pathology in white matter. Its ability to esti-
mate minute structural properties has made for a vast
application both in research and clinically, though
interpretation may be complicated and limited in
some instances. This literature review has offered
through basic scientific concepts guidance for not
only medical students but also members across edu-
cational backgrounds to better enable them to make
fair DTl inferences in clinical research. Because DTl is
now an established tool in medicine and research,
medical students, graduate students, and residents
may need to become more familiar with DTl as its use
widens.
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