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Diffusion tensor imaging has been used extensively as a research tool to understand the structural changes 
associated with white matter pathology. Using water diffusion as the basis to construct anatomic details, 
diffusion tensor imaging offers the potential to identify structural and functional adaptations before 
gross anatomical changes, such as lesions and tumors, become apparent on conventional MRI. Over the 
past 10 years, further parameters, such as axial and radial diffusivity, have been developed to characterize 
white matter changes specific to axons and myelin. In this paper, the potential application and outstanding 
issues on the use of diffusion tensor imaging directional diffusivity as a biomarker in axonal and myelin 
damage in neurological disorders will be reviewed.
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Principles of diffusion tensor 
imaging
Diffusion tensor imaging (DTI) is a noninva-
sive, quantitative MRI technique that measures 
the rate and direction of movement of water mol-
ecules within tissues. In the CNS, axonal tracts 
and myelin present physical barriers that impose 
directionality or anisotropy on water diffusion 
(Figure 1) [1,2]. Applying magnetic field gradients 
allows the measurement of the rate and direc-
tion of the movement of water molecules in the 
direction of the magnetic field. Using the basis 
of diffusion, we can construct a 3D directional 
architecture of axon fibers and myelin in the 
CNS (Figure 2). 

Diffusion is limited along certain directions 
in each image voxel. Diffusion in a voxel can be 
modeled as a 3D ellipsoid with a 3 × 3 matrix or 
the diffusion tensor (D), which can also be char-
acterized by three eigenvectors (S

1
, S

2
 and S

3
). 

Multiple summary parameters can be 
obtained from the diffusion tensor represented 
by an ellipsoid. The ellipsoid volume describes 
the mean diffusivity, which is a measure of the 
overall mean displacement of water molecules. 
The ellipsoid eccentricity describes fractional 
anisotropy (FA), which characterizes the frac-
tion of molecular displacements that can be 
attributed to the orientation of the axon fiber 
(anisotropy). FA values vary between 0 for iso-
tropic diffusion (diffusion in a sphere where 
molecular movement is equally restricted in 
all directions) and 1 (diffusion with infinite 
anisotropy) [3]. Another important parameter 

is the apparent diffusion coefficient (ADC), 
which takes into account the fact that restric-
tion barriers, such as myelin and other cellular 
structures, may interfere with diffusion and, 
therefore,  diffusion rates are only apparent [1,3,4]. 

These parameters can be used to deduce the 
general organization of fiber tracts. Often, dis-
organization of axon fiber architecture leads 
to unrestricted or isotropic diffusion and, as a 
result, reduced FA values. A low ADC value 
often indicates a well-organized structure while 
a high ADC indicates disorganization in struc-
ture. These anisotropy parameters can high-
light interruption of diffusion along the axon 
fiber even before structural changes are obvious 
on other imaging modalities, making DTI a 
p otentially useful tool for clinical application. 

However, summary parameters allow for a 
simplified expression of water diffusion and are 
not specific to axon and myelin pathology [5,6]. A 
reduced anisotropy and high ADC do not allow 
us to discriminate between axonal and myelin 
damage. However, the directional architecture 
of axons and myelin in the CNS provides addi-
tional parameters that characterize water diffu-
sion to the axonal tracts and underlying tissue 
structures. Through matrix diagonalization (a 
mathematical operation that allows orthogonal 
directions to coincide with the main diffusion 
directions; i.e., along which diffusion is the 
fastest), three eigenvalues (l

1
, l

2
 and l

3
), each 

associated with an eigenvector, are obtained 
for each voxel [7,8]. Eigenvalues can be used to 
characterize directional diffusivity describing 
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water movement parallel to (axial diffusivity), 
and  perpendicular to (radial diffusivity), axonal 
tracts.

n	Axial diffusivity = l-axial (l
ll
) =  l

1

n	Radial diffusivity = l-radial (l^) = (l
2
 + l

3
)/2

l
ll
 is the largest eigenvalue and is thought 

to characterize diffusion along the long axis 
of the axonal tract. Diffusion is greater in the 
direction parallel to the length of the fiber. l^ 
is the average of the shorter two eigenvalues 
(l

2
 + l

3
) and is thought to characterize dif-

fusion perpendicular to the long axis of fiber 
tract where diffusion is limited. Unlike sum-
mary parameters, such as ADC and FA, direc-
tional diffusivity takes anatomic details into 
account. Hence, it provides specific structural 
details regarding the  anatomical status of axons 
and myelin. 

dTI versus MrI in demyelinating 
diseases
While MRI can help to identify demyelinat-
ing lesions, it is not capable of discriminat-
ing between demyelination and axonal injury. 
Demyelinating lesions are typically hyperintense 
on conventional T2-weighted images and fluid-
attenuation inversion recovery images. To some 
degree, we can discriminate between active and 
inactive lesions based on contrast enhancement. 
However, conventional MRI cannot predict 
whether T2 hyperintense lesions involve pure 
demyelination or a mixture of demyelination and 
axonal injury (Figure 3) [4]. Hence, while MRI has 
been an important diagnostic tool, it has been 
less satisfactory in terms of prognostic evaluation. 
In particular, with demyelinating diseases, such 
as multiple sclerosis (MS) and leuko dystrophies, 
MRI provides important information for diag-
noses but shows a weak correlation between 
burden of lesions, clinical manifestations and 
disability [9,10]. If acute axonal damage can be 
identified during a window of opportunity before 
clinical manifestations present, it could provide 
an opportunity for better management and have 
a positive impact on clinical outcome. 

DTI directional diffusivity has the potential 
to distinguish whether T2 hyperintense lesions 
involve pure demyelination, axonal damage or 
a mixture of both. In doing so, DTI directional 
diffusivity may provide valuable information on 
structural changes underlying demyelination, 
axonal damage and recovery. In addition, evalu-
ating changes in DTI directional diffusivity and 
disability over time for prognostic and thera-
peutic decision-making purposes are promising 
potential applications of DTI.

Animal model & experiments
The use of l

ll
 and l^ to model axonal and myelin 

injury has been established through numerous 
experiments in mice over the last decade. Using 
mouse optic nerve after retinal ischemia, Song 
et al. demonstrated that DTI diffusivity mea-
sures could differentiate between axonal and 
myelin damage [11]. In a mouse model of retinal 
ischemia, a timecourse assessment of DTI mea-
surements demonstrated a decrease in l

ll
 at day 3 

corresponding to axonal degeneration, which was 
confirmed by histology. An increase in l^ was 
observed beginning at day 5 and was correlated 
with myelin degradation, again confirmed by his-
tology [11]. A distinct timecourse for axonal and 
myelin injury was noted (Figure 4) [4]. 

Decreased l
ll
 has been attributed to frag-

mentation of axons, which creates barriers to 

Figure 1. In tissues, physical barriers 
restrict diffusion and impose directionality 
or anisotropy. Anisotropic diffusion forms the 
basis of diffusion tensor imaging.
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Figure 2. water diffusion in the CNs is restricted by physical structures. 
On the left is a schematic representation of myelinated axons with the MRI scanner 
x-, y-, and z-axis superimposed. On the right, water movement within the axon 
bundle can be modeled as an ellipsoid. The ellipsoid orientation can be described 
by three eigenvectors (S

1
, S

2
 and S

3
) and through matrix diagonalization; three 

eigenvalues (l
1
, l

2
 and l

3
) associated with the eigenvectors are obtained for each 

voxel to characterize the shape of the ellipsoid. In a healthy myelinated axon, 
diffusion is limited to the directions perpendicular to the length of the axon (l

2
 and 

l
3
) and is characterized by radial diffusivity (l^). Diffusion is greater in the direction 

parallel to the length of the fiber (l
1
) and is characterized by axial diffusivity (l

ll
).  

Reproduced with permission from [3].
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the longitudinal movement of water. Accumu-
lation of cellular debris, disordering of micro-
tubule arrangement and filament aggregation 
leading to impaired axonal transport have been 
proposed as mechanisms that hinder water dif-
fusion and, thereby, decrease l

ll
 [12–14]. Elevated 

l^ is thought to be a consequence of myelin 
degradation, allowing increased water diffusion 
perpendicular to axons. 

Using cuprizone treatment of C57BL/6 mice 
as a model of CNS acute demyelination, remy-
elination and axonal damage, a series of experi-
ments have been conducted to further evaluate 
l

ll
 and l^, in vivo and ex vivo, with correlation 

to histological analysis [15–17]. Demyelination 
was quantified using Luxol fast blue staining, 
immunohistochemical examinations and elec-
tron microscopy, and was found to be consistent 
with increased l^. Axonal damage was evaluated 
by various immunochemical staining techniques 
for detecting nonphosphorylated neurofilaments 
and quantifying amyloid precursor protein-pos-
itive accumulations. Axonal damage, however, 
did not always correspond with l

ll
 throughout 

the pathologic process. 
In these series of studies, mice were fed a 

diet of 0.2% cuprizone for 12 weeks followed 
by 12 weeks of recovery. Biweekly in vivo DTI 
results showed reduced l

ll
, indicative of axonal 

damage early on at 4 weeks into the diet. Axo-
nal damage was confirmed by histology demon-
strating axonal swellings, neurofilament dephos-
phorylation and reduced diameters. Increased 
l^ corresponded to demyelination in the corpus 
callosum (CC) 6–12 weeks into the 0.2% cupri-
zone diet. This was followed by normalization of 
l^ during remyelination in the recovery stage.

Some of the studies report that changes in 
axons and myelin indicated by histology did not 
always coincide with DTI diffusivity changes, 
despite the careful control of timing and patho-
logic process in the animal models. Often, histol-
ogy revealed that demyelination begins early on 
at week 4, but this was not revealed by DTI. In 
another study looking at in vivo and ex vivo imag-
ing of cuprizone-induced demyelination in the 
mouse CC, in vivo l

ll
 was found to detect axonal 

pathology early on and ex vivo l^ was found to 
be more specific in conveying myelin damage that 
was consistent with histological evidence [18]. The 
authors have proposed that the sensitivity of l^ 
in vivo may be masked by mechanisms of axonal 
injury, such as increased cell infiltration, which 
may restrict water diffusion, and cellular swell-
ing [12,19], which could potentially reduce extra-
cellular fluid and contribute to overall reduced 

diffusion. On the other hand, sensitivity of ex vivo 
l^ may be less affected owing to an increase in 
perme ability of the axon membrane as a result 
of fixation, reducing the barrier to water diffu-
sion perpendicular to the axons [1].Again, while 
the timing of the pathologic process can be well 
controlled in animal models and may potentially 
resolve discrepancies between histology and DTI 
diffusivity changes, the challenge lies in translat-
ing the findings of mice studies to human dis-
eases given the  complexities and lack of control 
of t iming in humans. 

Nevertheless, the normalization of l^ to 
baseline levels during periods of remyelination 
indicates that l^ is an overall good measure of 
myelin damage. Changes in l^ are not limited 
to demyelination; dysmyelination has also been 
found to correlate with increased l^ [20,21]. 

In the series of experiments described above, 
l

ll
 values consistently declined in the acute injury 

stage, but did not correlate with axonal atrophy 
during the chronic injury stage. An increase in 
in vivo measures of l

ll
 was found during chronic 

injury and the recovery stage. However, histo-
chemical examinations consistently confirmed 
axonal regeneration and gain of normal morpho-
logy only during the stage of recovery follow-
ing injury. While an increase in l

ll
 may reflect 

some degree of axonal recovery, even during 
the chronic demyelination stage, it is important 
to further investigate the precise mechanisms 
that entail axonal damage and repair. Cellular 
responses to CNS injury, such as gliosis, cellu-
lar infiltration and resolution of axonal swell-
ings, during periods of chronic demyelination 
have been proposed as possible factors affecting 
l

ll
 and l^. Further studies involving different 

Figure 3. sagittal fluid-attenuation 
inversion recovery image obtained at 
conventional MrI for a patient with 
multiple sclerosis demonstrates 
hyperintense lesions (arrow) but cannot 
distinguish between axonal injury and 
demyelination.  
Reproduced with permission from [3].
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axonal injury models and careful timecourse 
histological quantification using fluorescence 
microscopy and immunostaining may be useful 
to understand the cellular mechanisms reflected 
by an increase in l

ll
. Possible mechanisms, such 

as myelin-associated glycoprotein activity, 
resolution of axonal swellings, astrogliosis and 
hypertrophy [22,23], associated with axonal recov-
ery should be further investigated to understand 
potential implications of l

ll
 and l^ measures.

In summary, the results of animal model stud-
ies suggest that l^ is a good indicator of myelin 
damage. However, l

ll
 does not always corre-

late with axonal pathology. Currently, there is 
no animal model that describes demyelination 
and axonal damage independently, making it 
difficult to precisely discern the contributions 
with respect to pathology. We speculate that 
mechanisms associated with different stages of 
axonopathy may be attributed to the l

ll
 measure. 

Decreased l
ll
 has been associated with various 

mechanisms of axonal damage, such as axonal 
swelling [16,24], Wallerian degeneration [5,25,26] 

and diffuse axonal injury [12,27,28]. In animal 
experiments, l

ll
 was able to characterize axonal 

degeneration in the acute stage but could not 
demonstrate axonal damage in the chronic state. 
Based on the results of the animal models, it is 
conceivable that l

ll
 is a time-dependent measure 

reflective of different stages of axonal injury, 
which may be characterized by unique cellular 
mechanisms. The findings from animal models 
suggest that, in the context of demyelinating 
diseases, acute injury involving axonal swellings 
with minimal axonal damage may be able to 
indicate axonal involvement through l

ll
, while 

chronic diseases characterized by long-term 
axonal atrophy and degeneration may fail to do 
so. However, with all human studies, the chal-
lenge of lack of control of timing and the patho-
logic process is difficult to resolve and may not 
always demonstrate a clear-cut uniform answer. 
With this in mind, we will discuss the poten-
tial application of directional diffusivity in the 
context of acute demyelination disorders, such as 
acute disseminated encephalomyelitis (ADEM), 
chronic demyelinating diseases such as MS and 
leukodystrophies (Pelizaeus–Merzbacher disease 
[PMD]) and other neurodegenerative diseases 
such as Alzheimer’s disease (AD). Based on cur-
rent DTI studies, we will also assess l^ during 
the course of myelin damage and l

ll
 during the 

course of axonal injury in acute and chronic 
white matter diseases.

Acute CNs demyelination
 n MR markers for acute monophasic 

demyelinating disorders
DTI directional diffusivity may prove to be use-
ful as a biomarker in differentiating between 
acute monophasic disorders and progressive 
disorders. The most common demyelinating 
disease in childhood represents ADEM, an acute  
monophasic disease associated with low rates of 
conversion to MS, a progressive disorder. ADEM 
is found to have an excellent recovery rate in 
the long-term follow-up [29]. MS is a progressive 
disorder and immunomodulatory treatments are 
used to reduce relapses and prevent permanent 
disability. It is difficult to differentiate between 
MS and ADEM early in the clinical process. MR 
markers involving CC long-axis perpendicular 
lesions and the presence of well-defined lesions 
are found to be specific, but not very sensitive 
for predicting conversion to MS after the first 
episode [30,31]. Recent studies have confirmed 
T2 lesions in periventricular white matter and 
the presence of T1 hypointense lesions are bet-
ter predictors of MS diagnosis in children with 
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Figure 4. Timecourse of axial and radial diffusivity in mice following retinal 
ischemia. A distinct timecourse for axonal and myelin injury was noted; axial 
diffusivity, marking axonal degeneration, begins at day 3. Subsequently, myelin 
degradation is identified by increased radial diffusivity. 
l

ll
: Axial diffusivity; l^: Radial diffusivity. 

Reproduced with permission from [3,11].
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acute demyelinating syndromes [32,33]. However, 
the MRI criteria have not yet been established 
that are predictive of disability in the long term. 
Similarly, spinal cord lesions have only shown a 
weak correlation with physical disability [34,35]. 

The distinction between MS and ADEM 
can be difficult, as no specific clinical feature 
exists for differentiating the two pathologies. 
Conventional MRI scans are not able to dis-
criminate between the two diagnoses at the 
time of initial presentation. In addition, labora-
tory testing and physical examinations are not 
definitive. A final diagnosis is only made after 
months of follow-up, with the rate and number 
of relapses determining the final diagnosis – in 
that, if relapses occur that are disseminated with 
respect to space and time, MS is diagnosed [36]. 
At the same time, conversion to MS is uncertain 
from the initial diagnosis. Current MRI predic-
tive criteria are not satisfactory in terms of dis-
tinguishing a first attack of MS from ADEM. 
Owing to the difficulty in identifying children 
at highest risk of developing MS after the first 
acute attack, disease-modifying treatments are 
typically not given. A lack of definitive diagno-
sis, however, can result in significant treatment 
delay for patients who will later be diagnosed 
with MS after many follow-ups. Predictive bio-
markers to identify children at risk of conver-
sion to MS may allow early treatment during a 
window of opportunity in which conversion to 
MS and progressive disability may be prevented. 

 n DTI diffusivity as a potential 
biomarker
MS and ADEM are characterized by lesions with 
demyelination, inflammation and axonal injury. 
There are no exclusive clinical features within 
lesions that are specific for the pathologies. 
On the other hand, abnormalities in normal-
appearing white matter (NAWM) may point 
to distinct pathologic profiles for these disor-
ders. In MS, axonal loss often occurs early in 
the course of the disease [37–39]. Many studies 
have also highlighted that axonal loss may be the 
primary determinant of irreversible neurological 
disability in MS patients [39–41]. 

In a recent retrospective DTI study looking at 
nonlesional white matter changes within central 
fibers of the CC genu and internal capsule in 
pediatric MS and monophasic demyelination 
disorders, Tillema et al. found lower FA val-
ues, increased l^ and decreased l

ll
 compared 

with controls for the MS group early in the 
disease course, in less than 1 year (median 
duration from symptoms onset to DTI was 

20 months) [42]. In the monophasic demyelin-
ation group, reduced FA values, increased l^ 
and no difference in l

ll
 was observed (ADEM: 

median duration from symptoms onset to DTI 
was <1 week). Overall, DTI directional diffu-
sivity appears to be consistent with pathologic 
profiles of axonal damage and demyelination 
for the disorders. Decreased l

ll
 in the MS group 

corresponds with the pathologic profile of MS 
characterized by early axonal loss. In the ADEM 
group, no change in l

ll
 was observed, consistent 

with limited axonal injury during the course of 
the disorder. The preliminary study suggests a 
unique l

ll
 pattern in pediatric MS, which may 

serve as a biomarker for predicting progression 
to MS after the first initial demyelinating event 
[4]. Further longitudinal studies are needed to 
confirm the application of DTI changes in these 
difficult clinical cases. 

CNs demyelination: Ms
DTI studies conducted in MS patients can help 
us understand the changes in white matter tak-
ing place in the context of chronic demyelination 
and axonal loss. In MS patients with low lesion 
loads and mean disease duration of 4 years [43], 
DTI–MRI of the brain revealed increased l^ in 
both lesions and NAWM compared with healthy 
controls. l

ll
 was either increased or remained 

the same. In other DTI studies involving lon-
ger term relapse-remitting MS patients (disease 
duration of 3–9 years), increased l^ has been 
observed in the CC and pyramidal tracts, both 
within lesions and NAWM [44–46], and corre-
lated with progressive disability. Moreover, l^ 
was shown to be a strong predictor of myelin 
status in postmortem human brain prior to, and 
after, fixation [47,48]. However, increased l

ll
 was 

found in these studies involving patients with 
longer disease duration.

Axonal atrophy is a pathologic feature of MS 
that is expected to occur early in the course of 
the disease. MRI studies have confirmed that 
CC atrophy is a common finding in MS [49–51], 
and histopathologic studies indicate early axonal 
injury, transection of axons passing through the 
CC and Wallerian degeneration over time [41,52]. 
As with mouse experiments during the  chronic 
demyelinating state, current DTI studies in pro-
gressive MS patients with longer disease duration 
(over 3 years) did not demonstrate decreased l

ll
. 

Spinal cord CNS atrophy is another feature of 
MS expected to occur early in the disease pro-
cess [53–55]. In a recent ex vivo imaging study of 
the spinal cord in subjects with long-standing 
secondary-progressive MS [48], higher l

ll
 and 



Imaging Med. (2013) 5(5)432 future science group

review  Aung, Mar & Benzinger

l^ in MS lesions were found compared with 
age-matched controls. Histopathologic examina-
tion demonstrated a degree of demyelination that 
corresponded to high l^. The extent of axonal 
loss, however, was not found to correlate with 
observed l

ll
. 

The consistent findings of elevated l^ in 
these studies suggest that l^ has the ability to 
detect myelin damage. While l

ll
 appears to cor-

relate with axonal involvement early during the 
course of MS (as demonstrated by studies dur-
ing the pediatric population early in the disease 
course), it appears to lack the resolution needed 
to discern complex mechanisms involved in 
axonal damage and repair at the chronic stage. 
The complications of inflammation, cellular 
infiltration and gliosis may affect l

ll
, making 

it difficult to interpret whether increased l
ll
 

truly demonstrates axonal recovery versus loss 
masked by effects on diffusivity attributed to 
confounding cellular responses. It is conceivable 
that l

ll
 is influenced by long-term changes and 

cellular responses in axons over the course of 
chronic, progressive demyelination; however, 
the effects of such cellular processes remain 
unclear. 

 n Application of DTI in therapeutic  
& prognostic evaluations
DTI directional diffusivity may offer the poten-
tial to monitor therapeutic options and further 
our understanding of the disease process. In 
a DTI study looking at longitudinal changes 
in brain tissues in a group of patients with 
MS (mean disease duration: 11.9 years) start-
ing natalizumab therapy, the authors found 
increased FA, decreased l^ and no change in 
l

ll
 in gadolinium-enhancing lesions over the 

course of the year [56]. The reduction in l^ may 
be indicative of remyelination. Natalizumab is 
an anti-inflammatory drug that prevents leuko-
cyte adhesion to the capillary endothelial cells 
and, as a result, reduces leukocytes entering the 
CNS [57]. Natalizumab therapy has been shown 
to reduce conversion of gadolinium-enhancing 
lesions into T1 black holes, which are indica-
tive of severe tissue damage comprising axonal 
loss, axonal swelling and demyelination [58]. It 
is thought that the anti-inflammatory effects of 
natalizumab would allow for more repair. In the 
study, higher l^ at baseline predicted conver-
sion to T1 black holes at 12 months. Similar 
predictions were demonstrated in another study 
that followed a cohort of 22 individuals (dis-
ease duration of 2–23 years) over 15 months [59]. 
On the other hand, in normal-appearing brain 

tissue, FA and l
ll
 demonstrated further decline 

over time, while no significant change in l^ was 
observed. Hence, the decline in l

ll
 may suggest 

involvement of axonal loss and degeneration in 
normal-appearing brain tissue at the early stage 
before active lesions develop, possibly attributing 
to the progressive disability often observed in 
MS patients despite treatment. 

Treatment with natalizumab demonstrates 
increased FA and reduced l^ in gadolinium-
enhancing lesions. This may be indicative of 
remyelination consistent with results from 
mouse studies. Identification of axonal dam-
age in normal-appearing brain tissue illustrated 
by DTI, highlights its potential for evaluating 
treatment outcomes and drug efficacy. DTI 
directional diffusivity offers the potential for 
use as biomarker for prognostic purposes and 
m onitoring treatment response.

Often, throughout the course of MS, progres-
sive disability is observed despite the fact that 
no new lesions are detected on MRI. Conven-
tional MRI cannot provide information on the 
degree of tissue injury at the cellular level. Pro-
gressive disability in MS, despite no new lesions, 
may suggest ongoing cellular processes around 
existing lesions or in NAWM that may be com-
prised of tissue damage involving myelin, axonal 
damage, or both. Imaging studies with histo-
pathologic examinations have demonstrated 
axonal loss and microglial activation in areas of 
NAWM [60]. Diffusely abnormal white matter 
has been associated with axonal loss, decreased 
myelin and chronic fibrillary gliosis exemplified 
by astrocytic, microglial and oligodendrocytic 
hypertrophy [61,62]. These proposed mechanisms 
may lead to irreversible axonal loss involved in 
the disease progression and neurologic dis ability 
in MS patients. Early identification of these 
pathologic processes by DTI can aid clinicians in 
evaluating drug efficacy and making important 
decisions on therapeutic interventions. 

In summary, l^ is consistently found to be 
higher than baseline over the course of MS, 
while l

ll
 appears to change with chronicity of 

the disease. In the early stages of MS (disease 
duration less than 3 years), l

ll
 demonstrates a 

trend toward decreased values, but in patients 
with longer disease duration, increased l

ll
 is 

observed. The results are concordant with 
the findings from mouse experiments and the 
 current working model (Figure 5). 

 n Future directions
DTI directional diffusivity data could provide 
useful information on the pathology of MS 
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at the cellular level and elucidate mechanisms 
involving damage, repair and functional plas-
ticity. Since directional diffusivity can identify 
white matter changes with respect to myelin 
and axonal damage, it offers the potential for 
monitoring disease progression and predicting 
clinical outcome. Recently, lower l^ at baseline 
has been found to be predictive of recovery after 
spinal cord relapse in patients with MS [63]. 

Studies have also highlighted that axonal loss 
may be the primary determinant of irreversible 
neurological disability in MS patients [39–41]. 
In a clinical setting, the ability to differentiate 
between axonal damage and demyelination can 
offer a valuable opportunity in monitoring thera-
peutic and drug-target response. Exploration of 
drugs and therapies that can aid axonal repair and 
prevent axonal damage may be a promising area 
of research for treatment. While the use of MRI 
in clinical trials of MS is well established, imag-
ing methods, such as DTI, have the potential to 
serve as biomarkers and outcome measures of 
neuroprotective and reparative strategies in clini-
cal trials of primary- and secondary-progressive 
MS. To further confirm axonal damage as a key 
determinant of neurologic disability, future stud-
ies should investigate changes in DTI directional 
diffusivity and disability as time progresses to 
identify any relationship with clinical outcome 
in MS patients. Changes in l

ll
 may be an impor-

tant parameter linking axonal damage, predic-
tive clinical outcome in MS and drug response 
in patients with MS.

Leukodystrophies: dTI directional 
diffusivity as a Mr biomarker of 
axonal injury 
Leukodystrophies describe a set of inherited 
demyelinating disorders affecting myelin, lead-
ing to progressive deterioration in neurological 
status, disability and death [64]. A varying degree 
of axonal injury is observed and may correlate 
with progressive deterioration and neurologic 
signs (Figures 6 & 7) [65]. 

 n Animal studies of PMD
Several DTI studies involving mouse models 
of various forms of leukodystrophy have been 
performed to characterize pathological changes 
in white matter. Among the many forms of leu-
kodystrophies, PMD is the most widely stud-
ied as it is well exemplified in mouse models. 
Using transgenic mice with the duplicated PIP1 
gene as a model of PMD, Ruest and coworkers 
compared ex vivo DTI findings with histology 
in three brain regions involving the anterior 
commissure, CC and hippocampal fimbria [66]. 
PMD is an X-linked recessive disorder caused 
by mutations associated with PLP1 that encodes 
two proteolipid proteins in oligodendrocytes, 
PLP and DM20. PLP is required for the produc-
tion and stabilization of myelin while DM20 
may be involved in oligodendrocyte differentia-
tion and survival. Among the mutations asso-
ciated with PMD, gene duplication has been 
found to be the most common cause. Muta-
tions present a broad range of clinical severity 

Normal myelinated
axons

Myelin damage Acute axonal
damage

Chronic axon and
myelin damage

λ|| >> λ⊥ λ⊥

λ⊥

λ|| λ||

Figure 5. working model summarizing current findings of axial and radial diffusivity 
changes at different stages of axonal and myelin damage. When myelin is damaged, water 
diffusion along the perpendicular direction increases, leading to increased radial diffusivity. Changes 
in intracellular water due to impaired axonal transport leads to reduced axial diffusivity. Cellular 
infiltration, gliosis and changes in extracellular water caused by inflammation have been hypothesized 
to increase axial diffusivity in the chronic injury state.  
l

ll
: Axial diffusivity; l^: Radial diffisivity.
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and white matter pathology, primarily involv-
ing myelin loss, dysmyelination and a variable 
degree of axonal damage [67,68]. In the experi-
ment, both t-value maps and tract-based spatial 
statistics voxel-based analyses demonstrated 
loss of anisotropy and increased water diffu-
sion along, and perpendicular to, white matter 
tracts – that is, decreased FA, increased l

ll
 and 

l^ diffusivities compared with the wild-type. 

Increased l^ was correlated with demyelin-
ation in all of the three brain regions and was 
confirmed by antimyelin basic protein staining 
and electron microscopy. Subsequently, further 
immunohistology analyses confirmed axonal 
damage (antiamyloid precursor protein-positive 
accumulations) and increased astrocytosis (anti-
GFAP or GFAP accumulations). Increased l

ll
 

may be reflective of the finding that amyloid 
precursor protein accumulations were not as 
extensive due to the time-dependent manner of 
axonal degeneration [69].

Based on the work of Harsan and cowork-
ers, it is conceivable that increased l

ll
 detected 

in PMD mouse models may be attributed to 
astrogliosis and hypertrophy [23]. In their jimpy 
PLP-mutant mouse model, Harsan et al. dem-
onstrated irreversible dysmyelination with 
increased astrocytic activity in mouse brains. 
In comparing DTI–MRI parameters of jimpy 
mouse brain with dysmyelinated brain of 
oligo-TTK transgenic mice with little astro-
cyte hypertropy, dramatic increases in l^ and 
l

ll
 were observed in the jimpy mouse brain. 

Astrocytes are major regulators of water content 
in the brain via AQP4 [70], and its cytoplasmic 
domains can extend along the axonal tracts. 
Hence, it is possible that astrocyte hypertrophy 
attributed to gliosis may contribute to increased 
water diffusion and, thereby, lead to changes 
in l

ll
, and even l^, parameters to some degree. 

Application & future research
DTI directional diffusivity measurements may 
prove to be useful biomarkers in monitoring 
axonal pathology in patients with leukodys-
trophies, regardless of the genetic etiology and, 
thus, provide important early diagnostic and 
prognostic information. Directional diffusivity 
as a MR biomarker also offers the potential to 
monitor and evaluate myelin therapies under 
development. In addition, changes in directional 
diffusivity may be used to differentiate between 
progressive white matter disorders, such as leu-
kodystrophies, and static white matter disorders, 
such as periventricular leukomalacia. 

 n Alzheimer’s disease
AD is a neurodegenerative disorder classically 
characterized as a gray matter disease, with 
accumulation of misfolded proteins in the 
extracellular space forming amyloid plaques and 
within neurons forming neurofibrillary tangles. 
Volumetric reduction in gray matter regions of 
AD brains is significant in patients with AD 
[71,72], and recent studies have shown that this 

Figure 6. directional diffusivity in the evaluation of a family with 
leukodystrophy. From left, fluid-attenuation inversion recovery, rotational 
atherectomy map with ellipsoid and color tensor encoding, and the corresponding 
radial diffusivity parameter maps. This subject is a gene carrier in a family with 
Pelizaeus–Merzbacher’s disease. Unlike chronic microangiopathy of the elderly, 
which presents with small periventricular T2 hyperintense lesions on 
fluid-attenuation inversion recovery and T2-weighted images, which are 
characterized by elevations in both axial and radial diffusivity, this subject has more 
peripheral lesions (circled on the fluid-attenuation inversion recovery image and 
corresponding radial diffusivity map), which have elevated radial diffusivity and 
preserved axial diffusivity. These findings are expected in a carrier of a 
leukodystropy gene defect.  
Reproduced with permission from [3].

Figure 7. Conventional and diffusion tensor imaging of leukodystrophy. 
(A) Axial T1 (magnetization-prepared rapid acquisition with gradient echo) in a 
patient with severe adrenoleukodystrophy. There is central atrophy, with 
enlargement of the lateral ventricles, and diffusely abnormal white matter. 
(B) Coregistered l

ll
 map demonstrates a hypointense rim (arrows) within the area 

of normal-appearing white matter, suggestive of severe axonal injury. The patient 
died a few days after this scan was obtained.
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reduction may occur early in the disease process, 
as it has been found in adults with family history 
of AD [73,74]. 

Recently, DTI directional diffusivity studies 
have revealed white matter involvement in AD 
bringing a new perspective into the pathology 
of AD, which has previously been discussed pri-
marily as a gray matter disease in the literature. 
Early degeneration of the temporal lobe struc-
tures has been commonly cited in the neuro-
degenerative process of AD [72,75]. Involvement 
of white matter in temporal, parietal and frontal 
regions, as well as in the CC, has been noted 
and, hence, are often associated with mani-
festations of impairment in attentive, executive, 
language and visuospatial functions in patients 
with AD [76–78]. In a DTI study of NAWM in 
patients with mild (early) AD, mild cognitive 
impairment and controls [79], increased l^ and 
reduced l

ll
 were observed in higher cortical 

regions (temporal, parietal and frontal NAWM) 
compared with the healthy, age-matched con-
trols. The changes reflected in these higher cor-
tical regions correlated with declined cognitive 
function. In high-risk AD groups, increased l^ 
and limited decreased l

ll
 have been observed, 

suggesting compromised structural integrity 
in white matter tracts, particularly in connec-
tions to the medial temporal lobes [80,81]. These 
findings suggest that decreases in axonal and 
myelin integrity are conceivably associated with 
d egeneration of white matter tracts. 

Findings in l^ changes early in the disease 
process provide additional evidence for the 
hypothesis of myelin involvement at the onset 
of AD. In post-mortem studies, increased 
levels of b-amyloid peptides, which are cyto-
toxic to oligodendrocytes, have been detected, 
accompanied by reductions in white matter 
cholesterol, protein levels and myelin proteins 
[82,83]. Bartzokis and authors have put toward 
the myelin hypothesis of AD, which proposes 
that AD is initially a disease of demyelination 
in which b-amyloid and tau aggregates are the 
by-product of homeostatic repair [84,85]. Current 
DTI findings of reduced l^ in AD patients sup-
port the hypothesis of white matter involvement 
and myelin damage.

In longer term studies involving AD patients 
with longer duration of disease, increased l

ll
 

was often reported over time [86,87]. Increased 
l^ with disease progression appears to be a 
rather consistent trend observed among AD sub-
jects, regardless of the duration of AD disease. 
Increased l

ll
 may represent a later stage of white 

matter damage, marked by microglia activation 

and fluid shifts. Similar to previous studies 
described in this article, the mechanisms for 
increased l

ll
 observed with progression of white 

matter pathologies remain relatively unclear and 
several hypotheses have been proposed.

Astrogliosis is a known pathologic feature of 
AD that has been shown to be associated with 
b-amyloid deposition and oligodendrocyte 
death [88–90]. In animal studies, astrogliosis 
has been associated with increased l

ll
. Reactive 

astrogliosis, accompanied by accumulation of 
cellular debris and cytoplasmic extensions in the 
pathogenesis of AD, appears to be a contribut-
ing factor to increased l

ll
3 over time, although 

further research is warranted. 

Application & future research
Progressive increases in l^ have been correlated 
with the severity of dementia [86,91]. On the con-
trary, axonal loss is commonly believed to be 
the primary determinant of irreversible disabil-
ity. At present, l

ll
 does not appear to have the 

power to discern different underlying mecha-
nisms involved in axonal damage and repair at 
the chronic stage. Since the detection of axonal 
damage by l

ll
 remains flawed at chronic stages, 

we cannot exclusively rely on l
ll
 to assess axo-

nal damage. Indeed, axonal damage includ-
ing impaired axonal transport, swelling and 
accumulation of cellular debris have been con-
firmed even at early stages of AD in both mouse 
models and humans [92]. Further refinement of 
the meaning of l

ll
 is warranted to apply it as 

a measure of axonal damage in the context of 
confounding factors of cellular infiltration and 
inflammation (Box 1) [93]. 

Limitations of anatomic correlates  
of dTI
Since water tends to diffuse along axonal tracts, 
measurement of diffusion anisotropy within 
white matter can provide anatomical informa-
tion on axonal architecture. However, there are 
some limitations to the current diffusion ten-
sor model. The tensor model attempts to aver-
age diffusion data and assume that one long 
axis represents the fiber orientation within the 
diffusion ellipsoid. This seems possible when 
the ellipsoid consists of a fiber population that 
follows a similar directionality. In situations 
where fibers branch or crossover, the longest 
axis may no longer represent the orientation of 
any fibers depending on the angle and ratios 
of fiber branching (e.g., fanning of pyramidal 
projection fiber bundles, crossing of adjacent 
fiber bundles of cingulum and body of CC). 



Imaging Med. (2013) 5(5)436 future science group

review  Aung, Mar & Benzinger

Diffusion may be hindered in all directions due 
to these heterogeneous fiber orientations within 
a voxel and may appear to be isotropic or low 
anisotropy. Consequently, areas of white matter 
where two or more heterogenous fiber popula-
tions pass within the same pixel may appear to 
be hypointense on DTI. It is important to note 
that these effects can impact upon the diffusion 
tensor and its parameters to some degree. In an 
attempt to resolve crossing fibers, higher order 
models and methods have been proposed [94,95]. 
However, these approaches require long acquisi-
tion times, which make them difficult to accom-
plish on clinical systems. The long scan time, 
acquisition methods and heavy computational 
load to acquire the data make them difficult to 
apply in clinical systems [94–96]. 

In addition, Wheeler-Kingshott and authors 
suggest that when comparing patients with 
healthy controls, it may be necessary to analyze 
the direction of eigenvectors together with the 
assessment of eigenvalues (i.e., axial and radial 
diffusivity) and compare how eigenvectors are 
aligned with underlying tissue structures, mak-
ing sure the eigenvalues represent the same physi-
cal information [93].

Finally, in areas of tissue partial volume where 
white and gray matter or white matter and cere-
brospinal fluid (CSF) reside in the same pixel, 
additional diffusion bias is introduced, which 
may affect anisotropy of neighboring white 
matter [97–100]. For instance, the CC is often 
prone to partial volume effects from neigh-
boring CSF. Hence, in a disease such as MS 
where CC thinning can occur, bias attributed 
by partial volume effects from neighboring CSF 
may lead to overestimation of structural loss if 
partial volume effects are not corrected for. 
Various methods of CSF suppression have been 

introduced including fluid-attenuated inversion 
recovery diffusion-weighted imaging–MRI [101], 
and a bitensor method used to correct free water 
contamination of standard DTI-acquisition 
schemes, possibly differentiating the contribu-
tion of the free water compartment from that of 
the tissue compartment (Box 2) [102]. 

Potential barriers to implementation 
of dTI in clinical practice
DTI relies upon the performance of the diffusion 
gradients encoded on the MRI scanners. Perfor-
mance in single-center studies, such as those dis-
cussed in this manuscript, has been robust. How-
ever, there have been relatively few multicenter 
studies published due to a lack of cross-vendor 
hardware standardization, protocol (software) 
standardization and a widely accepted diffusion 
phantom standard [95]. A further barrier is added 
when pediatric studies are concerned. As myelin-
ation of the white matter changes during child-
hood and adolescence, diffusion measurements 
in white matter also vary with age, thus, reference 
cohorts of normal  participants are required [103].

Conclusion & future perspective
In summary, DTI plays an important role in 
identifying subtle white matter changes with 
respect to axon and myelin damage that are not 
distinguishable using conventional MRI. DTI 
directional diffusivity can offer the potential to 
identify pathologic changes in axons and myelin 
and, hence, convey the underlying pathology 
and structural and functional adaptations before 
gross anatomical changes become apparent on 
conventional MRI. 

Particularly in the acute and early disease 
phase, l

ll
 and l^ have the capacity to charac-

terize axonal and myelin damage, providing a 

Box 2. outstanding translational questions.

 � Radial diffusivity appears to characterize myelin pathology relatively well in animal imaging studies correlated with histology and in 
patient studies. Axial diffusivity appears to characterize axonal damage at the acute phase but, over time, it seems to be affected by 
response mechanisms to axonal damage. What are the effects of the underlying mechanisms at the chronic stage and how can we 
discern axonal recovery versus chronic axonal damage?

 � The timing of pathologic processes can be controlled in animal models. Given the complexities of disease processes in humans, the 
challenge of lack of control of timing is difficult to resolve. How can we translate the findings of animal studies to unify and characterize 
the course of complex human diseases in a time-dependent manner?

Box 1. A list of other neurologic diseases that may benefit from evaluation with diffusion tensor imaging.

 � Vascular: stroke and CNS vasculitis
 � Infection: HIV and encephalopathy and progressive multifocal leukoencephalopathy
 � Trauma: traumatic brain injury and minor head injury 
 � Neurodegeneration: dementia and Alzheimer’s disease
 � Inflammation: lupus erythematosus and autoimmune encephalitis, such as anti-N-methyl-d-aspartate receptor encephalitis
 � Tumor: brain tumors such as glioblastoma multiforme, oligodendroglioma and primary CNS lymphomas
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landscape of white matter pathogenesis and 
degeneration. However, l

ll
 does not appear to 

have the resolution to discern underlying com-
plex mechanisms involved in axonal damage and 
repair at the chronic stage. We expect that future 
advances will improve the resolution to overcome 
the current imaging limitations and will be able 
to distinguish axonal repair versus axonal dam-
age in the chronic stages as we further understand 
the effects on diffusivity induced by complex 
 processes of cellular infiltration and gliosis. 
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executive summary

Diffusion tensor imaging directional diffusivity as a measure of axonal & myelin damage
 � Unlike summary parameters, such as apparent diffusion coefficient and fractional anisotropy, directional diffusivity takes anatomic details 

into account providing specific structural details regarding the anatomical status of axons and myelin.

Diffusion tensor imaging versus MRI in demyelinating diseases
 � Conventional MRI cannot predict whether T2 hyperintense lesions involve demyelination or a mixture of demyelination and axonal injury. 
 � Increased radial diffusivity (l^) is thought to characterize myelin damage (increased diffusion in the perpendicular direction). Decreased 

axial diffusivity (l
ll
) is thought to indicate axonal damage (decreased diffusion along the parallel axis of the axon). 

Diffusion tensor imaging directional diffusivity imaging correlates
 � In animal studies correlated with histology, radial diffusivity (l^) appears to characterize myelin pathology relatively well. 
 � Axial diffusivity (l

ll
) was able to characterize axonal damage in the acute stage but could not demonstrate axonal damage in the 

chronic stage. 
 � Similar observations were made for studies involving human patient populations. 

Potential application & future perspective
 � Diffusion tensor imaging (DTI) has potential clinical applications in multiple CNS diseases:

– DTI may be useful in discrimination of monophasic demyelinating diseases (such as ADEM) from progressive disorders (such as MS).

– DTI may be useful in monitoring disease progression in MS and in leukodystropies.

– DTI may be used in the future to guide therapeutic decisions or to predict clinical outcomes.

 � DTI may be useful in future clinical trials for CNS diseases:
– DTI may be useful for monitoring efficacy of drugs aimed at neuroprotection.

– Clinical trial applications might include primary and secondary progressive MS therapeutic monitoring, traumatic brain injury 
treatment, and treatments for genetic diseases such as leukodystrophies.

 � Current technical limitations which limit clinical applications might be overcome in the future:
– Better DTI strategies for resolving crossing axonal fibers might result in better correlations with underlying pathology.
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