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Mild traumatic brain injury (mTBI) is a leading cause of disability in adults, many of whom report a
distressing combination of physical, emotional and cognitive symptoms, collectively known as post-
concussion syndrome, that persist after the injury. Significant developments in magnetic resonance
diffusion imaging, involving voxel-based quantitative analysis through the measurement of fractional
anisotropy or mean diffusivity, have enhanced our knowledge on the different stages of mTBI pathophys-
iology. Other diffusion imaging-derived techniques, including diffusion kurtosis imaging with multi-shell
diffusion and high-order tractography models, have recently demonstrated their usefulness in mTBI. Our
review starts by briefly outlining the physical basis of diffusion tensor imaging including the pitfalls for
use in brain trauma, before discussing findings from diagnostic trials testing its usefulness in assessing
brain structural changes in patients with mTBI. Use of different post-processing techniques for the dif-
fusion imaging data, identified the corpus callosum as the most frequently injured structure in mTBI,
particularly at sub-acute and chronic stages, and a crucial location for evaluating functional outcome.
However, structural changes appear too subtle for identification using traditional diffusion biomark-
ers, thus disallowing expansion of these techniques into clinical practice. In this regard, more advanced
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diffusion techniques are promising in the assessment of this complex disease.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Traumatic brain injury (TBI) is a major cause of disability and
death in adults aged between 15 and 45 years and thus repre-
sents a significant public health burden with high socio-economic
impact. Patients are classified using the Glasgow coma scale (GCS)
as being mildly (GCS 13-15), moderately (GCS 9-12) or severely
injured (GCS<8). Seventy to ninety percent of all treated brain
injuries are mild (mTBI), corresponding to an estimated incidence
of 100-300/100,000 according to the WHO Task Force [1]. Never-
theless, after the mTBI, a significant proportion of patients report

Abbreviations: GCS, Glasgow coma scale; mTBI, mild traumatic brain injury;
SWI, susceptibility-weighted imaging; FLAIR, fluid-attenuated inversion recovery;
DWI, diffusion-weighted imaging; DTI, diffusion tensor imaging; FA, fractional
anisotropy; MD, mean diffusivity; DKI, diffusion kurtosis imaging; RD, radial dif-
fusivity; WM, white matter; CC, corpus callosum; CST, corticospinal tracts.
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suffering a distressing combination of physical, emotional and cog-
nitive symptoms, collectively known as post-concussion disorder
[2], that persist well after the injury event and thus hinder their
return to work or cause resumption of social activities. Depression
[3] and vestibular complaints [4] are also frequently reported.
Computed tomography offers only a limited view of the subtle
intracranial abnormalities that occur in acute brain injury. Mag-
netic resonance imaging (MRI) on the other hand has become
a major tool for use in diagnosing neurological impairment.
Indeed, recent morphological MRI sequences such as susceptibility-
weighted imaging (SWI) [5] or contrast-enhanced fluid-attenuated
inversion recovery (FLAIR) [6], have considerably improved the
assessment of macroscopic lesions. However, diffusion-weighted
imaging (DWI) is the only tool capable of mapping the complex
fiber architecture of tissues at a submillimetric level [7,8]. This tool
was mainly used to diagnose ischemic brain tissue at early stages
after TBI [9]. Today, the development of diffusion tensor imag-
ing (DTI) techniques now enables brain voxel-based quantitative
analysis through the measurement of fractional anisotropy (FA) or
mean diffusivity (MD)[10]. Diffusion imaging and consecutive fiber
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tractography in post-processing have also been used inside the
brain to highlight white matter (WM) bundles, providing new
insight into post-traumatic structural connectivity [11]. The main
advantage of tractography, from a clinical research perspective, is
the possibility to evaluate the whole fiber bundle, as opposed to just
one of its segments. Many methods have been proposed for trac-
tography, and the results vary depending on the chosen method.
Recently, other techniques derived from diffusion imaging, includ-
ing diffusion kurtosis imaging (DKI), multi-shell diffusion [12,13]
and high-order tractography models with super-resolution prop-
erties were assessed in terms of their capacity to better detect
diagnostic and prognostic biomarkers [14,15].

In this review, we will briefly outline the physical basis of these
techniques including their pitfalls for use in brain trauma, before
discussing findings from their use in diagnostic trials assessing
brain structural changes in patients with mTBI. To conclude, we
willdiscuss the future direction of research with advanced diffusion
acquisition.

2. Search criteria

A structured search using PubMed was performed on the 15th of
March 2015, and included all relevant articles published in and after
2005. The search used the following key word combinations: “DTI”
AND “mild traumatic brain injury” (n=319); “Tractography” AND
“mild traumatic brain injury” (n=104); “Kurtosis diffusion imag-
ing” AND “mild traumatic brain injury” (n=9). The search resulted
in 330 individual articles from which additional relevant articles
were identified upon examination of the cited references. After hav-
ing eliminated 274 articles on the basis of our exclusion criteria; 56
articles were assessed and included in the review. Exclusion crite-
ria were as follows: language other than English (n=6); animal or
invitro studies (n=45); studies of diseases other than mTBI (n=68);
case reports (n=55); and no use of diffusion-weighted imaging
(n=16). Studies that regrouped moderate or severe TBI categories
together with the mTBI for analysis were excluded (n=86). Stud-
ies concerning MR technical development (n=12) were included
regardless of their publication date.

3. Diffusion MR techniques
3.1. DTI physical basis

In WM fibers, the diffusion parallel to the direction of the axons
is assumed to be unrestricted while that occurring perpendicularly
to this is constrained by membranes. This anisotropic behavior is
described by the diffusion tensor model [16] that is based on a
Gaussian distribution of the water molecule motion in tissue. DTI
is now a well-documented technique for assessing WM integrity,
either on a regional or a whole-brain level, via the measurement
of FA, a scalar value that describes the anisotropy of water diffu-
sion. The FA is estimated within the brain for subsequent analysis,
yet the degree of anisotropy is influenced in the brain by many
factors such as axon diameter, inter-axon spacing, membrane per-
meability, myelination and the coherence of axon orientations [17].
Thus, FA is highly sensitive to microstructural changes, with no
tissue compartment specificity. The inter-group comparison of FA
may be achieved using the traditional voxel-based method. The
MD measures the average distance a water molecule traverses
within a given observation time and also displays sensitivity in
both extra-cellular (edema) and intra-cellular (cellularity, necro-
sis) compartments. Axial diffusivity (AD) and radial diffusivity (RD)
correspond to the diffusivity in the principal and perpendicular
direction respectively and may more specifically describe the direc-
tion and magnitude of tissue water diffusion. Yet, similar to FA,

these coefficients may be influenced by axonal diameters or den-
sity [10]. Another voxel-wise comparison, known as tract-based
spatial statistics and that is specific to DTI, aims to solve the inac-
curacy issues encountered in aligning FA images from numerous
patients, through the crafting of a mean FA skeleton [18]. This
method involves the non-linear registration of multiple images
followed by projection onto an alignment-invariant tract represen-
tation i.e the mean FA skeleton. Anatomical alignment in diffusion
studies is a crucial point that affects the quality of the dataset upon
which tract-based spatial statistics rely in a graded and predictable
manner. It allows the transformation of tract data that are consis-
tent into a common space [19].

Brain WM bundles of neuronal axons are coherently oriented
along the lengths of the fibers, resulting in an orientation depen-
dence of the measured diffusion-weighted MR signal. In large WM
tracts, the properties of diffusion can be well described by the dif-
fusion tensor model [16] prior to tractography post-processing.

3.2. Pitfalls of their use in traumatic brain injury

The most common primary lesion in TBI is diffuse axonal injury,
perhaps due to the selective vulnerability of WM axons during rapid
head accelerations and decelerations [20], and was recently shown
by SWI to occur frequently in patients with mTBI [5].

Such focal hemorrhagic injuries lead to wide heterogeneity in
the spatial distribution of damage, and to difficulties analyzing the
average value of FA within a large region of WM. If the effects of
the mTBI are local, then the detection power will be limited by
averaging values with those of unaffected tissue. “Pothole” analysis
was developed to overcome this limitation, and involves compar-
ing clusters of voxels with reduced FA values against corresponding
voxels in a control group. Use of FA measurement as a biomarker
should however be with caution since it may introduce bias due
to the lack of independent data and cross-validation methods [21].
The effect of age on diffusion measures has been demonstrated for
both FA and MD [22]. In addition, sex was shown to be a strong
predictor of persistent post-concussion symptoms in patients with
mTBI when using FA values [23]. Indeed, relative sparing of the
uncinate fasciculus was found in women compared with men fol-
lowing mTBI in this study.

Tractographic approaches may be useful to evaluate clinically
relevant white matter fascicles, such as corpus callosum (CC) or
uncinate fasciculus, in post-traumatic conditions. Yet, there is
marked variability in tract volume among healthy subjects, and
injuries can lead to a reduced connectivity thereby changing the
analysis volume [24]. Thus, DTI, based on tractography, can poten-
tially yield misleading information regarding the actual pathways
of WM in the brain and should therefore be used with caution [25].
Despite this drawback, DTI tractography models have been pro-
posed as gold standard for clinical trials, either for their robustness
or scan time feasibility. To overcome the above issue, high angu-
lar resolution diffusion-weighted imaging [26] has been suggested
as a method more suitable for acquiring data close to anatomical
reality.

4. Advances in knowledge
4.1. Altered areas

Pathophysiological modifications after mTBI are time-
dependent, and thus render chronology a crucial factor in the
interpretation of diffusion imaging findings [11].

When focusing on acute stages, results from voxel-based diffu-
sion analyses appear conflicting: mTBI was recently found not to
be associated with white matter changes in a rigorous and large
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Fig. 1. Example of a patient diagnosed with secondary post-concussion syndrome after mTBI (A and C) in comparison with a healthy subject (B and D). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Reconstructions of the corpus callosum and corticospinal tracts were performed with DTI-based tractography using a deterministic algorithm (A and B) and with CSD-based
tractography combined with a probabilistic algorithm (C and D) using diffusion acquisition with 60 directions and post-processing with MRtrix package software [14] (J-D
Tournier, Brain Research Institute, Melbourne, Australia http://www.brain.org.au/software/).

In the healthy subject, the DTI-based method produced only a narrow set of tracks starting from the sensorimotor cortex and ending in the brainstem for CST pathways
(white arrows), while CSD-based tractography successfully reconstructed fascicles closely resembling known anatomy [25]. The same findings were obtained with corpus
callosum tracts (yellow arrow). In the mTBI patient, disorganization of CST and CC tracts was better highlighted with the high-order tractography method.

controlled study [22] while previous studies showed significant
differences in the mean FA for the CC and internal and external
capsules [27,28].

At semi-acute or chronic stages following mTBI, FA was shown
to be altered in several brain areas including CC [29-32], cen-
trum semiovale or internal capsule [29,31,33]. One meta-analysis
revealed the posterior part of the CC to be more vulnerable to mTBI
than the anterior part, and suggested the potential utility of DTI
to detect WM damage in the CC of patients with mTBI [34]. Con-
cerning the parameter MD, while some studies reported it to be
normal in comparison with healthy subjects [26], others described
it as increased in the splenium of the CC [28,29]. In addition to
these commonly used parameters, an increased radial diffusivity
has been demonstrated in the genu and splenium of the CC in mTBI
compared with controls [35].

Besides diffusion biomarker quantitative measurements, use
of tractography based on DTI models led to similar results when
assessing whole WM bundles. The most common locations of
abnormal FA are midline structures, including the CC [36,37], the
cingulum bundle [36,38] and the fornix [37]. Developments in trac-
tography should allow investigation of a more detailed anatomy
and hence permit greater accuracy and precision in tracing the
WM pathways and an improved detection of focal lesions. The

consequential increase in use of tractography in clinical studies will
encourage the testing of new hypotheses to obtain important new
insight into the functional organization of the normal and damaged
or diseased brain.

4.2. Functional outcomes after mTBI

At an early stage, an increase in FA and a decrease in MD may
indicate an injury-induced cytotoxic edema with potentially poor
clinical outcome [33]. One longitudinal study [39] highlighted that
measurements of diffusion (FA and radial diffusivity) within the
CC genu could be used to classify patients. Furthermore, in their
holistic approach, Yuh et al. showed that a diminished FA was more
predictive of poor clinical outcome than neuropsychiatric history,
age or years of education [40].

Interestingly, a decrease in FA values has also been found in gray
matter areas [41]. Locations of interest included superior frontal
cortex in patients with cognitive and emotional complaints in
the semi-acute phase following mTBI. The authors concluded that
such FA alterations without MD abnormalities suggested the pres-
ence of cytotoxic edema in these areas, arising from mechanical
forces. Patients with persistent post-concussive symptoms were
also found to display increased gray matter diffusion anisotropy
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Fig. 2. Track-density imaging of a patient referred for mTBI despite normal morphological MR sequences (A), in comparison with a healthy subject (B).

In track-density imaging, the intensity of the image is proportional to the number of streamlines traversing each voxel. Ten million tracks were generated with the same
software on the whole brain volume using a probabilistic algorithm after MRI diffusion acquisition with 60 directions, before TDI maps were then displayed with super-
resolution on a grid-size of 0.3 mm [50]. This novel contrast image taken in a sagittal plane clearly shows less streamline per voxel in this patient’s corpus callosum (white

arrows) by comparison with the healthy subject.

when compared to the normative atlas [42]. Post-traumatic gliosis
could explain such findings, as explained by Bouix et al.

Secondary apparition of vasogenic edema can be revealed by a
decrease in FA and was found to positively correlate with secondary
post-concussive syndrome [29,43], especially when concerning the
corona radiata, uncinate fasciculus or CC. A reduced FA, especially
that found in the CC[44], was also found to be correlated with major
depression and with executive function impairment in the frontal
white matter [45].

The implications of diffusion biomarker modifications on
patient outcome need further investigation. A longitudinal study
would enable the monitoring over time of the damage to the brain
following mTBI, in order to determine the significance of increased
versus decreased FA and MD values observed following injury.

5. Future research directions
5.1. High-order tractography

Beyond the DTI-tractography model, two principal methods
exist to describe the orientation dependence of the diffusion-
weighted MR signal: the diffusion orientation distribution function
(ODF) and the estimation of fiber ODF. The former essentially
describes the diffusion within a voxel, as for instance in the com-
posite hindered and restricted model of diffusion (CHARMED) [13].
This model consists of two parts: one accounting for hindered diffu-
sion in the extracellular space and the other for restricted diffusion
in the intra-axonal space. A multi-compartmental model of diffu-
sion may help better characterize neuronal injury following mTBI
yet may also lead to less accurate tractography reconstructions
in comparison with the fODF approach [46]. Several fODF models
have been suggested over the past few years, the most promis-
ing being the constrained spherical deconvolution (CSD) method
[14,25] in the assessment of injured WM fascicles (Fig. 1). CSD
allows the estimation of fiber orientation distribution, directly from
diffusion-weighted MR data, without the need for prior assump-
tions regarding the number of fiber populations, and has been used
to resolve crossing fibers on imaging phantom data [47]. It has
also produced representations close to anatomical findings [48] of
the corticospinal and arcuate fasciculus tracts, and those of the
cranial nerve correlating with surgical in vivo findings [49]. An
interesting method derived from CSD is super-resolution track-
density imaging [50], which theoretically provides quantitative
tractography-based metrics of WM, such as average path-length
maps that were recently used in a patient with a post-traumatic

condition to assess streamline length in the genu of the CC [51]
(Fig. 2).

5.2. Diffusion kurtosis imaging

DKI [12] is another technique that may in future clinical tri-
als prove useful in mTBI diagnostic imaging. DTI measures water
diffusion parameters based on the assumption that the spin dis-
placement distribution is a Gaussian function. However, water
movement in brain tissue is often non-Gaussian and yet its accurate
measurement would provide useful information relating to tissue
structure and pathophysiology. One sensitive technique allowing
for the more accurate estimation of diffusion tensor parameters
[52]is DKI, which uses multi-shell diffusion imaging measurements
based on the non-Gaussian behavior of water diffusion. Multi-shell
imaging has been proposed as an alternative to the compartmen-
tal model that describes the diffusion signal as resulting from
both a fast and a slow compartment of water diffusion [53]. This
model makes no presumption of compartmentalization and has
been shown to fit the diffusion-weighted signal well, using multi
b-value acquisition. The acquisition time is directly proportional
to the number of gradient direction acquisitions. The original DKI
protocol (6 b-values and 30 motion-probing gradient directions)
required more than 10 min of scanning time however a shorter
protocol was recently proposed for clinical use [54] with only 3
b-values. DKI has also proven to be more sensitive than other diffu-
sion methods in the characterization of gray matter injuries [55], a
potentially crucial advantage in a context of TBI. Initially, the mean
kurtosis was assessed as a quantitative measure, and was favored
for its apparent increased specificity for changes in the integrity
of tissue by comparison with FA, despite being seemingly limited
for studying single direction [56]. DKI was then suggested [57] to
overcome the direction-related issues and was found to be sensi-
tive to structure size when assessing focal areas of the brain, with
inter-subject differences contributing more than imaging noise to
the overall variability [53]. A correlation between mean kurtosis,
radial kurtosis and healthy brain age was found in gray matter and
WM areas [58].

From a post-traumatic point of view, while Szczepankiewicz
et al. [59] demonstrated a strong correlation between DKI parame-
ters and structure size for the cingulum and CC, Zhuo et al. [60]
highlighted structural changes contralateral to the side affected
by a mild controlled cortical impact in an animal model. Inter-
estingly, these abnormalities were not observed on either FA or
MD maps. The authors also demonstrated that mean kurtosis (MK)
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was significantly elevated at the sub-acute stages in all ipsilat-
eral regions, scaled inversely with the distance from the impacted
site, and was significantly related to increased reactive astrogliosis
from immunohistochemistry analysis. In a recent longitudinal mul-
timodal MRI study, Grossman et al. associated DTI, DKI and arterial
spin labeling perfusion to assess the role of the thalamus among
patients with cognitive impairment after mTBI [61].

Finally, DKI was found to be a sensitive method for tracking
pathophysiological changes following mTBI, especially in anterior
and posterior capsula areas [62] where a correlation was displayed
between cognitive improvement and the MK and the radial kur-
tosis evolution between follow up visits at 1 month and 6 months
following mTBIL

To conclude, combining diffusion acquisition with MR biomark-
ers may lead to the discovery of more specific biomarkers to assess
prognosis in mTBI. However, lack of homogeneity among inclusion
criteria and acquisition parameters has to date produced conflict-
ing results. Advanced diffusion techniques with robust statistics
may provide more reliable radiological evidence of mTBI, and may
further elucidate its underlying neurophysiologial mechanisms.
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