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White matter changes in patients with mild
traumatic brain injury: MRI perspective

This review focuses on white matter (WM) changes in mild traumatic brain injury (mTBI)
as assessed by multimodal MRI. All the peer reviewed publications on WM changes
in mTBI from January 2011 through September 2016 are included in this review. This
review is organized as follows: introduction to mTBI, the basics of multimodal MRI
techniques that are potentially useful for probing the WM integrity, summary and
critical evaluation of the published literature on the application of multimodal MRI
techniques to assess the changes of WM in mTBI, and correlation of MRI measures
with behavioral deficits. The MRI-pathology correlation studies based on preclinical
models of mTBI are also reviewed. Finally, the author’s perspective of future research
directions is described.
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About 2% of the US population is affected
by traumatic brain injury (TBI) which results
in an annual healthcare cost of $76.5 bil-
lion [1]. Based on clinical symptoms, TBI
can be categorized as either mild or moder-
ate or severe [2]. Focal TBI generally results
in contusion or laceration to cortical and
subcortical structures and intracranial bleed-
ing and results in severe TBIL. In contrast,
diffuse injury is the result of stretching and
tearing of axons due to linear and angular
acceleration/deceleration. Linear accelera-
tion causes less severe axonal shearing than
angular acceleration/deceleration [3]. Trau-
matic axonal injury (TAI) is thought to be
a major pathologic event in TBI and may be
responsible for much of the observed cog-
nitive deficits [4-12]. Diffuse axonal injury
(DAI) may be considered as a subset of TAIL
Diffuse axonal injury has some histopatho-
logical characteristics that occur immediately
and within hours and days of injury. Axons
in white matter (WM) are vulnerable to
diffuse injury because of their small diam-

eter (~3 W) and long projections. DAI could
result in mechanical breaking of the axonal
cytoskeleton that could affect axonal trans-
portation which in turn affects communica-
tion between different brain structures. WM
pathology, and especially that detected with
neuroimaging, is also influenced by other
factors such as blood flow/edema, meta-
bolic aberrations, excitotoxicity and second-
ary degeneration, Wallerian degeneration,
and other factors, which occur under the
umbrella of TAI and coalesce over time, not
just what occurs within the acute time frame.
Depending on the severity of DAI, TBI vic-
tims could experience cognitive and behav-
ioral deficits. Advances in biomechanical
modeling identified WM pathways that are
most vulnerable to stretch and shear injury.
These pathways include corona radiata (CR),
internal capsule (IC), cerebral peduncle (CP)
and corpus callosum (CC) [13-15].

About 80% of TBI incidents in military
and civilian populations are classified as mild
(mTBI) 16], which is considered to be a major
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public health problem [17-19). mTBI could result from
any number of mechanisms that include blunt trauma
resulting from falls and vehicular accidents, collisions
such as those experienced in sports related activities,
and blast, experienced mainly by army personnel. The
diagnostic criteria for mTBI typically include loss of
consciousness (LOC) for less than 30 min, amnesia for
a period of less than 24 h, and a score of 13-15 on the
Glasgow Coma Scale [20]. Majority of the post-mTBI
symptoms are resolved spontaneously within days to
a few weeks. In about 30% of mTBI patients postcon-
cussion symptoms (PCS) persist over a period of sev-
eral months or longer [21]. TRACK-TBI study indicates
that about 22.4% of the mTBI subjects are not com-
pletely functional at 1 year post injury [22]. Notwith-
standing the word ‘mild, mTBI patients experience
somatic, affective, and cognitive symptoms, collec-
tively referred to as PCS or postconcussional disorder
that compromises the quality of life. Understanding
the reasons for the prolonged PCS in these patients has
important implications in the management of mTBI.

Concussion has recently attracted considerable
attention because of the injuries suffered by high
school, college and professional players [2324], and
military personnel [25]. Concussion is generally consid-
ered to be the mildest form of mTBI. Concussion and
mTBI have similar and overlapping symptoms [26]. As
pointed out elsewhere ‘all concussions are mild TBIs,
though all mTBIs are not concussions’ [27]. Neverthe-
less, these two terms are used interchangeably in the
published literature. In this review, consistent with
most published literature, the terms concussion and
mTBI are used interchangeably. In this review, when-
ever possible, we tried to follow the recommended defi-
nition of the postinjury phase: acute <1 day; subacute:
1 day—1 week; postacute 1 week—6 months; chronic:
>G6 months [28].

The commonly used techniques for evaluating
WM injury in mTBI include immunohistochemistry,
electron microscopy and neuroimaging. The first two
techniques require tissue samples and are not practi-
cal for routine use in clinical studies. The commonly
used noninvasive neuroimaging techniques for evalu-
ating injury in mTBI include computerized tomogra-
phy (CT) and MRI. Among these two, MRI is most
commonly used for evaluating mTBI because of its
superior soft tissue contrast and its multimodal nature
that can provide anatomical, structural, functional,
physiological and metabolic information [29-32]. MRI
also has the ability to detect subtle pathology in mTBI
even when the clinical symptoms appear to return to
normal values [3033-3¢]. Conventional MRI based on
T1-, T2-weighted and FLAIR images is of limited use
in detecting WM injury in mTBI [293738]. As discussed

below, published literature also indicates the potential
of more recent MRI-based techniques that include,
diffusion tensor imaging (DTI), magnetization trans-
fer ratio (MTR), susceptibility weighted imaging
(SWI), myelin water imaging, ultrashort echo time,
and proton magnetic resonance spectroscopy (MRS)
in detecting WM injury in mTBI. Among these, DTI
has shown considerable promise in identifying under-
lying neuropathology in mTBI [29]. This review does
not cover functional MRI (fMRI) [39] or positron
emission tomography (PET) [40] since the focus of
these modalities is mainly on gray matter.

The role of advanced neuroimaging techniques in
TBI were recently reviewed [41]. The TRACK-TBI
study also demonstrated the superiority of advanced
MRI in predicting outcome in mTBI at 3 and 6 months
postinjury time [42]. The published literature on WM
injury in human brain using different MRI-based tech-
niques is summarized in Table 1. Since prior reviews
summarized published literature till 2011, we included
only publications listed in Pubmed from January 2011
through September 2016. Inclusion of publications in
2011 provides an overlap with the previous reviews.
We also summarize in Table 2 the review articles on
mTBI published from January 2011 to September 2016
with a strong neuroimaging component. The basics of
these techniques are briefly reviewed, followed by their
application to WM injury in mTBI.

The pathophysiology of mTBI at the cellular level
can be found in a number of excellent reviews [3,97-99]
and will not be included here. Since the main focus
of this review is on WM, the effect of mTBI on corti-
cal and subcortical structures is not included in this
review. Also the effect of repetitive concussions will not
be explicitly discussed. Consistent with this journal’s
recommendation, only references to the works pub-
lished in the last 5 years or so are included. Thus many
important original publications that appeared earlier
than 5 years are not referenced. There are a number of
excellent reviews that covered earlier studies and refer-
ences to these review articles are provided at the appro-
priate place. All relevant publications between January
2011 and September 2016 were identified by searching
PubMed using various queries that are combinations
of the key words, ‘mild traumatic brain injury’, ‘trau-
matic brain injury’, ‘concussion’, ‘sports concussion’,
‘MRI, ‘MRS, ‘DTT, ‘white matter hyperintensities
and pathology’. Both human and preclinical studies
were included in this search.

MRI techniques relevant to investigate WM
injury in mTBI

A number of MRI-based modalities have been used to
probe the WM injury in mTBI and to determine pos-
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sible association between the MRI measures and cog-
nitive, behavioral, and neuropsychiatric disorders in
mTBI [38,62,95,100]. Such an association could be helpful
in the management of mTBI victims.

Diffusion tensor imaging

DTT has become the preferred modality for detecting
and characterizing WM injury in mTBI. The WM
consists of axonal bundles and water preferentially dif-
fuses along the length of axons because of the barriers
such as myelin, in other words, diffusion is anisotro-
pic. DTT exploits the directional dependence of water
diffusion in tissue to probe tissue microstructure. In
contrast, water diffusion in GM is nearly isotropic.
Anisotropic diffusion is described by a 3 x 3 symmetric
diffusion matrix. All six independent elements of the
diffusion matrix need to be determined for complete
characterization of diffusion anisotropy. The diffusion
matrix elements are determined by acquiring diffu-
sion-weighted images (DWIs) in the presence mag-
netic field gradients. At least six DWIs are required,
with noncollinear gradient directions. In practice more
gradient directions are needed for robust determina-
tion of the diffusion matrix. In addition, MRI data
have to be acquired without the application a diffusion
gradient (commonly referred to as b0 images). Because
DWTI is sensitive to motion, it is important to ensure
that DW1Is are not corrupted by other motions, such
as respiration. Therefore, DWIs are acquired using
rapid sequences such as echo planar imaging or spi-
ral sequences. Three principal diffusivities, A, A, and
A, (also known as eigenvalues) and three eigenvectors
are estimated from the DWIs. These are needed for
generating the fiber tracts. By convention, A, has the
largest value and is referred to as the longitudinal or
axial diffusivity (AD). The average of A, and A, is
referred to as the radial or transverse diffusivity (RD).
The average of the three eigenvalues is referred to as
the mean diffusivity (MD). The fractional anisotropy
(FA), a dimensionless quantity, is the most commonly
used measure of diffusion anisotropy and is derived
from the three eigenvalues. FA varies from 0 to 1, with
1 representing perfect anisotropy and 0 representing
complete isotropy. Depending on the WM tract, the
value of FA is typically between 0.4 and 0.8 with the
FA value of cerebrospinal fluid (CSF) close to 0.0. The
GM which is mainly made of cell bodies has an FA
value of <0.2. A lower FA value in response to injury
is thought to represent compromised WM. However,
this is not always true in the presence of crossing fibers
within the imaging voxel. For example, if one of the
crossing fibers is compromised while others are intact,
an increased FA is expected [101]. Thus caution should
be exercised in interpreting altered FA values. FA can

White matter changes in mTBI

be affected both by the axonal and myelin state and is
therefore less specific about the pathologic underpin-
nings of the injury. It is generally thought that AD and
RD reflect axonal and myelin integrity, respectively,
and therefore may have better pathologic specificity
than FA. However, recent DTI-histology correlative
studies do not completely support this contention [102].

Another measure that can be derived from the DW1s
is Shannon entropy (SE). SE is based on the informa-
tion theory and is a measure of diffusion anisotropy.
Unlike DTTI, SE is derived from DW s without assum-
ing any diffusion model. SE is high for anisotropic
structures such as WM and low for isotropic structures
such as CSFE. SE can reveal tissue anisotropy that may
not be apparent on FA. SE appears to be more sensi-
tive to axonal density and less affected by fiber orien-
tation than FA. Based on correlation with histology,
SE appears to detect axonal remodeling that occurs in
response to neurological injury [103].

DTl acquisition & analysis

The acquisition parameters used for DTI can affect
the most commonly used scalar variables, FA and
MD (104-108]. The acquisition parameters include the
number of gradient directions and the gradient scheme,
the diffusion sensitization (commonly denoted by b),
signal-to-noise-ratio (SNR), spatial resolution, field
strength and even the scanner hardware and software.
The number of gradient directions and spatial resolu-
tion affect FA, while diffusion sensitization (b) affects
MD [108]. This dependence on the acquisition param-
eters makes it difficult to compare the diffusion results
across different studies. Based on published studies,
the reproducibility and repeatability of FA and MD
improve with the number of gradient directions [106].
There is a general consensus that 30 gradient direc-
tions with a b value of approximately 1000 s mm™
provides robust results.

The commonly used DTT analysis techniques can
be classified into: whole brain histogram, region-of-
interest (ROI), voxel-based and tractography. Each one
of these methods has its own advantages and disad-
vantages. The whole brain histogram analysis is quite
robust and simple. However, it does not provide any
spatial information. The ROI analysis allows testing
hypothesis that is specific to tract and is also useful for
following individual subjects longitudinally. However,
it requires @ priori knowledge about region that needs
to be examined and may introduce bias. Voxel-based
analysis does not require @ priori knowledge and is
independent of any hypothesis. It provides informa-
tion over the whole brain while retaining the spatial
information. However, it could introduce errors due
to nonlinear image registration and is also prone to
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cg £
=T = errors from image registration. It is not easy to
a Q .2 g g y
Cy5S°gE objectively determine the extent of required smooth-
=5 ¢ - = .2 . . o e .
T2oRG 3 g ing. TBSS (tract-based spatial statistics) is a popular
N E hnique that i ive of voxel-based analy-
JREo202
C3cgeg2 technique that is representative of voxel-based analy
ZE 3 o3 E% sis. It is most suitable for group analysis. In order
c 4 [© i . . . . .
SpEsez g to minimize registration errors, the fiber tracts are
2 ~sed . . .
U520 ST skeletonized. TBSS includes only major WM tracts
@ 2E35L5kE2 and the information about the tract edges is lost.
c YVES202uY R
K geo o523 However, TBSS analysis includes stricter threshold
t . £ .35 . .
2 22352R L to account for multiple comparisons and may have
U OO @2 o« e .
5 sE5085s less statistical power than the ROI analysis. Trac-
() Nalivel c @© . .
= YuSoERE tography based analysis has become popular with
) EWT WO @g g y y
ST S .
s Ry = the availability of multiple software packages. The
S 8-030E% Y
S3Z o .
! TSK<30E0 diffusion measures can be determined for the whole
wST35eEs .
Ssw2%52 tract or regionally along the length of the tract. The
228s5Tas5
ey = £ SES<BLSE results of this analysis are dependent on the qualit
. ; © -g = Ue oo Sha= y y
+ S o ..
S | 5 © 30: Y 88sang of tractography.
wv o acSs<swn . .
& g £¥S gusioELt The SNR, voxel resolution and the complexity of
= B o “;’ % £5 5 S 588 the fiber arrangements and the tract curvature can
< 2 =] et c . .
Nl = SoNcg 035002 significantly affect the quality of tractography [109].
o BS SR WD YnESSSES
., Sl w wgs50=25E2 Tractography results appear to be affected both by
= S :_Q)E_Q_ECQE’D_CG)@I ith h s Kk d F
@ © 6 =ES5o E2z-Eats the algorithms and the software packages used. For
Hq-’a mEEb“cug.E_b--; . .
EQ 58 EoSE|f£53%35a28T example, in one study it was shown that both deter-
=) L nY8 2200 = .
£ 2853 gEE ministic and probabilistic tractography algorithms
< B U cogo5g8E (the most widely used algorithm) result in ‘systemat-
s U535 ) . 2 . L
S X E £ 85 5goc ;g ically unreliable and clinically misleading informa-
- .G X o = VD un . . .
= HE g o g o gé =g g S tion’ [110]. However, both algorithms work fairly well
© © = o ] O
£ E < “E’ é o 2EU=9 “.ég = for the core of the tracts. A recent study compared
SC0ug 5 e S .
3 - mg0=2,8E= qualitatively and quantitatively the results obtained
= ~Cc OB c . . .
* o) §8352€E5¢ with four different software packages: Brainance
© c Scofoaai
= E B Ye g AL . . . . _
z ko g I~ = % 253 % i (Advantis Medical Imaging, Eindhoven, The Neth
c |5 B2 cEZSL R § erlands), Philips FiberTrak (Philips, Best, The Neth-
® 08 o . . .
£ £ = %E = 585 erlands), DSI Studio [111], NordicICE (Nordic Neu-
© T C 2 s K
2 ; G2 |£55E88¢25 roLab, Bergen, Norway) [112]. This study showed
=X V=] L 500 Q= A ..
£ B s ° SELEESS both qualitative and quantitative agreement for
= O == 2.2 c - E . .
g @E S 3SE |ZE=E g 252 some tracts such as forceps major and forceps minor,
ey .. B3 = 5990 . .
£ g AN e fo=528¢ but poor agreement for cingulum bundle, superior
— < 3 o T = £ . . . . . .o
S © ~E22 % Oos longitudinal fasciculus, inferior fronto-occipital
[«2) vy > .. .2 . . . . .
< IS - = |2vgss GEE fasciculus, corticospial tracts and superior longitu-
- ) SOEgEEES . . . .
% 9 T 2pc3e §5¢ dinal fasciculus. All these studies clearly point out
o O = = .. .
GE) § N . g SEsi g the need for critical evaluation of the tractography
—~ Do T o © R = . .
£ RN SR |52 EE %L 85 based methods, especially at tract locations close to
[o) B .. .. o wv
W< £20 5598Co il the cortex.
o . . .
5 £825 B gEE Finally the choice of the method for the analysis
EL >SS 0ERE
2 5 <S5Z2558E of the DTT should be chosen based on the purpose
[ » ] Ut =-3c 2
= - = QL ®a LT of the stud
+ © NS - Y.
Sl © - LORBY o =g
= K9 L Ps2u2559
SeT S22 500 . . . . .
S K £ 2%% ig 82¢ Advanced diffusion imaging techniques
[ = c £ © O m®© .. . . .

- N ) £,2025¢E% Majority of the published literature is based on the
- 2 a S22, ms880 . e T
o 5 -3 223§ 2858 assumption that diffusion follows Gaussian distribu-
o) o un < Ee2Hoo L. . . .
E £ o ST |4 CeE2 Ge g tion and that the DTT data are analyzed using a sin-

J ~US 0 . . .
= =00 |<0w25sar gle tensor model. However, diffusion deviates from

future science group www.futuremedicine.com 10.2217/cnc-2016-0028



Review

Narayana

Table 2. Reviews and meta-analyses of neuroimaging in mild traumatic brain injury.

Comments Ref.
Reviews the role of neuroimaging in sports-related concussion [74]
Reviews the implications of DTI findings in mTBI (75
Focuses on DTI of frontal lobe (76
Focuses on the pathophysiologic role of stretch injury and relation to neuroimaging findings 8]
Reviews the incidents of mTBI and objective radiological measures [29]
Meta-analysis of voxel-based DTI (77]
Reviews DTl application to sports-related concussion (78]
Reviews DTl application to mTBI [37]
Summarizes advanced neuroimaging findings in neuropsychological outcome in mTBI (79]

Reviews neuroimaging studies to highlight the spectrum of acute to chronic time scales and provides  [80]
meta-analyses to examine the role of MRI for studying both structure and function in mTBI

Reviews the role of MRS in sports-related concussion

Summarizes evidence of neurodegeneration following TBI [82]
Reviews white matter changes in sports related concussion (83]
Reviews the application of advanced MRI in pediatric TBI [84]
Reviews the application of high-resolution tractography to investigate white matter injury [85]
Reviews the role of MRI in TBI [86]
Reviews the role of, DTI, SWI, fMRI and MRS in mTBI [31]
Reviews the results of advanced MRI in blast injury (87
Reviews the correlation between neuropathology and cognitive and behavioral deficits [88]
Summarizes the long-term consequences of TBI [89]
Reviews the application of MRI to mTBI [38]
Summarizes the results of advanced MRI in mTBI [90]
Reviews the role for neuroimaging in concussion [26]
Meta-analysis of voxel-based (TBSS) in mTBI [91]
Reviews the pitfalls of DTl in mTBI [92]
Reviews the role of neuroimaging in youth sports (93]
Provides a summary of clues to white matter injury repair [94]
Reviews the MRI and CT findings in mTBI, including sports-related concussion [32]
Summarizes DTI-PCS correlation [95]
Summarizes the application of multimodal neuroimaging in mTBI [96]

DTI: Diffusion tensor imaging; fMRI: Functional MRI; mTBI: Mild traumatic brain injury; MRS: Magnetic resonance spectroscopy;
PCS: Postconcussion syndrome; SWI: Susceptibility weighted imaging; TBSS: Tract-based spatial statistics.

Gaussian behavior in brain which has a complex tract
arrangement. Diffusion kurtosis imaging (DKI) [113]
to some extent accounts for the non-Gaussian behav-
ior of water diffusion. DKI also helps calculate axonal
water fraction and assessment of axonal and/or myelin
loss [114]. Conventional DTT is typically acquired at b
= 0 and approximately 1000 s mm™, with multiple gra-
dient orientations. In contrast, DKI data are acquired
at multiple b-values with multiple gradient orienta-
tions. To reduce the acquisition times, it is common
to acquire DKI data with two nonzero b-values. Typi-

cally used b-values in DKI are approximtely 1000 cm?
s’ and ~2000 cm? s'. The commonly derived DKI
measures are mean kurtosis and axial and radial kur-
tosis. The DKI and DTI measures are mathematically
related [115].

Using conventional DT, itisdifficult to resolve cross-
ing and kissing fibers. The inability to resolve crossing
fibers makes the interpretation of diffusion measure-
ments difficult. These problems can be overcome to
some extent using advanced diffusion imaging. High
angular resolution diffusion imaging (HARDI) is used
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to resolve crossing fibers (see, e.g., (116]). HARDI data
are acquired using a larger number of gradient direc-
tions and orientations. HARDI is particularly useful
for visualizing complex tract arrangement in brain.
HARDI is typically acquired at multiple b values and
large number of gradient directions. The orientation
direction function is determined from the HARDI
darta for determining the tract direction. The anisot-
ropy is generally expressed as diffusion anisotropy and
generalized FA [116].

It is worth pointing that from the acquisition point
of view DTTI is a subset of DKI and HARDI. The
DTI measures can be derived both from the DKI and
HARDI data. The longer scan times are limitations of
HARDI and DKI.

Susceptibility-weighted imaging

Magnetic susceptibility, 7, is a basic material prop-
erty that is a measure of the ability of an applied
magnetic field to magnetize the material. Mathemati-
cally it can be represented by the equation M = yB,
where M is the magnetization induced by the magnetic
field B. Susceptibility is positive for paramagnetic and
ferromagnetic materials and negative for diamagnetic
substances, such as water. Susceptibility is a dimen-
sionless quantity and different substances have dif-
ferent values. For example, the y value of pure water
is -9.05 x 10°°. In contrast, the  values of deoxygen-
ated and oxygenated red blood cells are -6.52 x 10°¢
and -9.19 x 10, respectively. In comparison, ferritin
loaded fully with 4500 ferric ions has a positive  of
520 x 10°¢. Tissues and biological substances have dif-
ferent susceptibilities. SWT exploits the differences in
the susceptibility values between different tissues. SW1
is most commonly used for visualizing veins and hem-

White matter changes in mTBI

orrhage in the tissue. The principles and applications
of SWT are recently reviewed [117]. It is one of the most
sensitive techniques for visualizing microhemorrhage,
thought to be an indicator of DAL The sensitivity of
SWT increases with the magnetic field strength.

Magnetization transfer imaging

Tissue contains at least two types of water pools:
mobile and tightly bound to macromolecules such as
myelin. The MR signal mainly arises from the mobile
water protons. Because of the short T2 relaxation time,
the tightly bound water proton signal is very broad
and cannot be directly detected on MRI. However,
the presence of tightly bound water protons can be
detected indirectly by transferring magnetization from
the bound water protons to the mobile water protons
using an off-resonance radio frequency (RF) pulse
whose frequency is slightly different (~ few kHz) from
that of the mobile water proton frequency. Because of
the large line width of the magnetic resonance signal
from the bound water protons, this off-resonance pulse
can excite the bound water protons without directly
affecting the mobile water proton signal. This transfer
of magnetization from one pool to another is referred
to as magnetization transfer imaging (MTI). In a typi-
cal MTT experiment the MR signal is acquired with
(M, ) and without (M_;) the off-resonance pulse. The
MTR is calculated on a pixel-by-pixel basis as MTR =
M_,-M_)/M .. The MTR signal depends on the con-
centration of the bound water molecules, among oth-
ers. Since myelin is the major macromolecular entity in
brain, MTR is an indirect measure of myelin concen-
tration. The MTR signal also depends on the ampli-
tude and frequency of the off-resonance pulse. MTR
is a semiquantitative technique that is affected by the

Table 3. Frequency of white matter tracts affected in mild traumatic brain injury.

WM tract

Internal capsule

Superior longitudinal fasciculus
Corona radiata

Anterior thalamic radiations
Inferior longitudinal fasciculus
Frontal WM

Fornix

Cingulum

Centrum semiovale
Corticospinal tracts

These data are based on 37 publications since 2011.
WM: White matter.

Corpus callosum (splenium 8; genu: 8; body: 2; regions not specified: 6) 24

Number of publications

10

—
o

N N W w b U1 N

Review

future science group

www.futuremedicine.com 10.2217/cnc-2016-0028



Narayana

Review

o]

[s¢]

[osT1]

7€l

Jo

"|PUOIID3S SSOUD) IX ‘dWI} 0Yd3 131 ‘(Y1buauis pjaly dinaubew) e(say | ‘wnsojjed

sndiod o wniua|ds :)DS [1Sa.81UI-J0-UoIbaY :|OY ‘Ol [e2IWBYD0INaY Y 'SwoldwAs uoIssSNOu0dISOd :SDd ‘painlul d1padoyllQ |0 paiedipul 10N :|N ‘21enedse [A19de-N /N ‘[OUSOUIOA W [B[eIAl A
!91ndegns 91e7 ST {[eulpniibuo 17 fajewein|b + aujwein|o |9 ‘Wnsojed sndiod Jo NUID :DDD ‘9jewa 4 ‘2Indeqns Alie3 1S3 ‘buibew Josus) uoisniiiq 1|1 ‘buibew sisolny uoisnyq Mg ‘9|eACIWRS
winued (ASD ‘(Buibewr SY 01 paia)as os|e) buibew 11ys [ediwayd S ‘dulleald 1D duljoyd 0y ‘wnsojed sndio) 1D ‘UOIIRIUSdUOD 31Nj0SAY (DY [PUOISUBWIP-93JY ] :J€ ‘|euoisuswip-om| :dz
‘e1ep SYA buizAjeue Joy sbexded aiemijos s|gejiene Aj9aiy e st |NYINI pue abexded a1emipjos 3|gejieAe Aj|e12Iauwod e S| [9pow ]

“J311BW 3YM UO Salpnis Adodsosideds edueuosal diaubew sspnjpul Ajuo sjgel siy L

Kin[ur 1a14e Ap1oys sereuiwop
yieap ||92 ueyl Jayies uondunysAp 1eyy 1nqg

‘fanfu] |leuoxe asn44Ip Ul s}NsaJ os|e [g 1w (s|ea1wayd
‘ewneJ) peay 9J9A9S 9J0W 0} Je[lwis 1eyy -0Jnau 91BM140S
sisayrodAy 11oddns sbuipuly !sj0J3u0d ul Uueyy Buiureiuod 9snoy-ul
sjuaned ul yamo| Ajpuediiubis a1am |NAN Ul wojueyd o} (sdd11s
S|9A3| VN -S|0J1UOD WOJ) JUSISLLIP 10U 3IaM aAlle|al) DY panes|ialul shep (8/9)
191W Ul INAN ULS|SAS| [w pue oyD "D Ues|y N [eq0[D 13 €)1SD ac X vl F1¢C € TLFeg/el (LT/s) LL FE€/9C
(oL/1) 1L
F0€/LL :(-SDd)
awi} Aunfunsod yym SDOd INOYLAA
91B]34J0D 10U PIP S|9A3] SYIN ‘S|0J1u0d Ayljeay 91BM14OS (LL/¥) L F9€/ Gl
Yrm pasedwod YN INAN J9MO| !S[aAd)| v asnoy-uj 1(+SDd)
9}|0gel1aW Ul J9441p 30U PIp -SDd pue +51d N [B9O[D IN ISO d€ X shep 6 ¥ 0z € (IN)/zL SJOd YHM
uoln|osal
woydwiAs s|g 1w 4o J3quinu Jo ss3|piebal 309 Y NIYIAI shep (oL/01) €8°0 (€L/S1)
pue 325 Ul J3/VVN pue oys/VVN pa>npay  13DDH puedds  GEl I1SDAe T LV9FVLL € Froz/oe €9l ¥ €£'02/8¢
$]0J3U0d Yum pasedwod [glw
ul Jamo| Ajpuediyiubis auam 1)/yYN pue oyd
/¥YVN Y1og DD ul !$]0J3u0d y3m pasedwod 9JEM1JOS
dnoub |g1w uir samoy| Ajpuediyiubis aism o suswials shep (£/8) 80 (9/6)
sollel ID/VVN pue oyd/vVvN yioq nuab ul  >dDpuedds  SEL ISD d€ X 80l uesin € Fvoe/sl 'L F9°0¢/sl
pouad a1nde-jwas ay3
Burinp paianodai pue Ainfui 3sod sAep Ajiea skep
Ul Pa14Nd20 YN PUe S|e2IWayd0Inau 3say} 0L F
Jo uonezijewdou [eiied ‘dnoib |g 1w ay3 ul J91eM 0} [¥7'0CL pue (sL/S1)
pa31eAs|d a4am |eubis sujweln|b-a1eweln|b  padsusiasal DY |9pow D7 (syulod swinnz  skep 06°S 68°0L F (€EL/L1)
pauiquiod pue J3 JO SUol3eJuaduUo) IN o ISO dz 1epauueds) FELEL € Ly'62/0€  ¢S'6 ¥ 0€°LC/0€
(¥) m
sonel 10 (DY) sisAjeue  |euipn}ibuo] (NI/4) 1opuab
suoljesuaduod pue 10 (X) (1) (wy/4) sbe pue sieaA ul
ainjosqy (sw) uonisinboe |euondas awn yYbuans /S|01u0d abe/s1ialqns
s}nsal uiel\]  34n1dnais NI 1 SN -sso1) Aiunfunsod [JETE] JoqwinN |glw jo 13quinN

*110Z uis Aunful ureaq d13ewWNe} pliw uewny uo paysijqnd synsa4 Adodsouldads adueuosau divubew Jo Alewwns ¢ 3jqel

future science group

Concussion (2017) 2(2)

102217/cnc2016-0028



Review

White matter changes in mTBI

"|PUOIIDSS SSOUD) IX ‘dwl} 0Yd3 131 ‘(Y1buauis pjaly dnaubew) e(say | ‘wNsojjed

sndiod Jo wniua|ds :)DS {15a.91Ul-J0-UoIbaY :|OY ‘Ol1el [E2IWBYD0INY Y ‘SwoldwAs UoISSNOU0d1SOd :SDd ‘painlul d1padoyllQ :|O ‘paiedipul 10N :|N ‘21eniedse |[A19de-N /YN {OUSOUIOA :|w ‘B[Nl : A
!91ndeqgns a1e7 1S {jeulpniibuo 7 ‘eewein|b + auiwein|H X9 ‘winso||ed sndiod 4o NUaD :DDD !8jews 4 andeqns Aje3 1S3 (buibewi Josual uoisnpig 111a ‘buibew SISouNy UoISN{Id (N (9|eAOIWSS
winuad (ASD ‘(Buibew SYN 01 paia)as os|e) buibew 11ys [ed1wayd 1S ‘dulleald D duljoyd 0y ‘wnsojed sndio) 1D [UOIIrUSdUOD 31N|0SAY (DY {[BUOISUBWIP-93JY ] :J€ ‘|euoIsusWIp-om]| :dz
‘e1ep SYA buizAjeue Joy abexded aiemijos s|gejiene Aj9aiy e st INYIAI pue abexded a1emijos a|gejieAe Aj|e12IaWWOod e S| [9pow ]

"1911eW UYM Uo salpnis Adodsol1dads adueuosal di3aubew sapn|pul AjUo 3|gel SiyL

(8L/6) €LL F

UOI13EJIUSUOD skep 9'gl 1'0t/L 21uoiyd

191w jo abeis Aue 1e 1> ul sbueyd ou !abeys 1D d1njosqge €66l ‘shep (€z/01) 9'91

VS1 9Y3 38 4D/0YD Ul UoI3dNpal S|0JIU0d [V =TS €L F0LE FOLE/EE VST

Ayzjeay yum pasedwod |gw jo abeis Aue je passaldxa 'y [epow 77 ‘skep glL'g (€1/8) 0°8L (gg/oL) €721

(8] J4D/VVN ul sabueyd yuediyiubis Ajjesnsnels oN ASD  GEl ISD de 1 Fyv'S € F86E/lc  F90V/ev VST

uosiiedwod
|BD11S11R]S 104
pasn aiam
soljel (491em
[N EBVEVETEY]

suun
Kieayique) Dy
(WM 2and
10U) wajsuleiq
Aanful Jaddn pue
Jo aseyd a1nde ay3 ul SS9USNOIDSUO) JO SSO| eaJe |ejuouald
JO 9duasqe Jo aduasaid pue aulPap aAIIUBOd |eJaje|osiop
YlIM pale|aJlod sabueyd [edlwayd0inau Ul 9gO| [elUOL}
’$|0J3u0d Y1IM paiedwiod 37O| [eIUOIS 13) |els1e|iq [spow 71 Yy (62/2) L'1L (61/2)
(48] ul VN ul pue 3ybL ul JD/VVN pacnpay 'SloY €  GEL [|9x0A 3|bulg X 09l F6'8Y Sl FGLE/TT V'L FTEe/le
sAep gy pue Qg 18 Ud3S 9I3M SSOUIIDLLIP
ou pue sAep G| pue g Ja14e 1DH/oyD ul asealdul
1uedIubls ‘sjoJuod yim pasedwod shep Gy
Aqg pazijewJou pue uoissnouod 3sod skep g
pue G| ‘s 1e paseatdsp oyd/VYVYN -Uuoissndouod
1sod sAep Gy pue Q€ 1e uoilezijew.ou 91BM14O0S
1usanbasqgns pue aseaudap Agq pamoj|o} ] papinoud shep si
‘uoissnouod 1sod sAep € 1e 1D/YYN paseanul  uondun( AN sdijiyd pue o€ (8/€) L'S (8/€)
[o€] pamoys sa13|yie s|o13uod yum pasedwod -IND 38 NM L [9XOA 3|Buls 1 ‘sL’e € F6'9¢/LL v'9F9ve/LL
(¥) m
sonel Jo (DY) sisAjeue  |euipnyibuo] (Ni/4) 1opusb
suoljesusduod pue 10 (X) (1) (w/4) sbe pue sieah ul
ainjosqy (sw) uonisinboe |euondas awn yYibuans /S|011u0d abe/sydalqns
Y| sjnsal uiel\]  34n31dna1s NI 1 SUIN -ssos) Ainfunsod [JETE] JoqwinN |glw jo 13quinN

*("3u0d) |10z d2uls Ainful uielq d13ewnedsy pjiw uewny uo paysijgnd syjnsai Adodsou3dads sdueuosal di3aubew o Alewwns 7 d|qeL

www.futuremedicine.com 10.2217/cnc-2016-0028

future science group



Review Narayana

e . Ver-
. This limitation can be o
. 1 ditions. 18 . h
experimental con itative MTR techniques suc
. ita
id and quant .
— come by rap ng [118].
— = n mappi g
5 S i as macromolecular proton mapp
I~ L
=i
EO S ; i
3 2fe i er imaging . : in are
= v 3 *2 g 8 Myelln Wat tons aSSOClated Wlth myehn .
O¢g == Ses As indicated above, pro T2 short relaxation
£ - © 2 Vg ] . d have short .
A - > 3 € Obl[e an fﬁcult
T cw = w § a5 much leSS m 1 ms al’ld are di
§ o % é & % Y& 5 : hat varies from 10 Hs to ater pro-
S o3 e Tt v tional MRI. However, w
ThEz g0, gV ith conven . T2 relax-
VES EYgw® oL to detectw lin layers have a
g c 5 ?) S ESQ tons trapped between the mye d be detected using
X 2 0 g —z7 d30msaﬂ can .
O o Vo . un . n
s 836 4@ P8 £5¢ ation value aro The myelin water fractio
= g% = E + o e i-echo sequences [119]. en the
o c @ .© o9 >m 2 = multl’ec Y . £ ter trapped thWe
S go=E 8 = 5k TS is defined as the ratio of wa nd is a measure
= =26 .
= £Ss 28 2E 5L s dd to the total tissue water a b chat
S 52% 0S¢ T8 myelin layers ion. It is generally thought t
o = g 225 2 & f myelin concentration. It is g li
2
S 55 8598 5 i direct measure of myelin.
s B £28% 235% 228 this is an in
2 E ESw a3z o g SED
- 2 So ¥ = EE® chnique i
S B D e o £L¢€ S ESC Ultrashort TE te short relaxation
= c g >< ® < o £0F elin has a very
= B3 o %6 © e g indicated above my . ional MRI.
- & Zc9 ==28 GXE As indica t using conventiona
= goe time that is difficult to detec ' (UTE) techniques
S o o v EE? lerashort echo  dime T2 relax-
v B4 g 3 £ SO £33 However, u . ith very short I
= B 2 9 5 = A 28 d tion of tissues w N
T I = = EE allow the detec hniques have been recently
E § B ‘E : Té f_U % E U ég ation times. The UTE techn q
Pl S S o = Ne] 32
Ll »w = o v £98 H 0].
5 EaEGA = 282 é’gﬁjg reviewed [120]
= EEEECEEME
—_— [®)]
= £L5c ical MRI : erved
g - . 5585 Anatomic lesions in mTBI are sometimes obs ;
= M S 9 : es . i
il w E n m S Agg S Hyperintense ighted FLAIR (fluid attenuatlond y
- = -350f% -wel i to
g B % L S £ on the T2 f ) images FLAIR sequence 1s use L
— ()] [ . H : . 1
< 5 s Z& 2% goeS HIVEISION Tecovery). long T1 relaxation times, suc
c =) — o A2~3¢% <59 ies with long for
© ‘@ ) S e J = 22 8.0 Suppress spec . his is an excellent sequence
: P AT sEus 2 COF in the brain, This is an excellent periventric-
(@) - wv =0 S . a
@S 8css QY QE= s23¢ isualizing WM lesions, particularly ical diseases such
= (J £8382 visua . ber of neuI'Ologlca
_g 2 29323 ular lesions, 1n a number
o © 25>3 : rosis [121]. ; s
= £ 52558 as muldiple scle ly thought to represent eicher los
% Tg 3 530 <E Atrophy is generally ¢ ;/I%I is an excellent modal-
.S, 2 COGE= . ns. 1s
225 2 5% g“;f & of myelin and/or o I, tissue-specific and whole
0 U ~ —_ = Z 22058 . H regional, ich-
> = =5 C . n
S X0 s o958 ity for estimating hg is generally measured on hig
[
g Mo LM S2SER 4 brain atrophy. Atrop 4 images which show excel-
2 N~ © < w8 - 9o R D Tl—welghted 1mag X 1 for
S E [T gE82%8Y resolution 3 Cerebral atrophy is useful fo
+ ey H €] S = - X t. Ce .
g I n ER Teifs lent GM—WM contrast. Cer disease progression and
% g = m g : ~ § $ Qo= E following temporal changes 1[11 ical disorders such as
= Q8=+ . 1ca
S g5<2 g response to treatment in neurfflgg er’s disease [122,123].
- gERoEd iple sclerosis (121 and Alzheim:
c B FocE g multiple
o c TC.La.
i T s i
=0 22902 roscopy .
N o £ ™ ™ SEBEEE etic resonance spect S) exploits
v ) 52238 S Magn spectroscopy (MR P
o — . e
=] —~ $LZETE netic  resonanc nce frequency
g — = H Q ; EE i <Z( % Ma%l differences in the nuclear reSO'na thhCSe
o IS N F geLogy sma local chemical environment.
oo o = o®ES5=20 It of the loc n and
£ -g 5= N = T>_ 25 as a result Jiff es allow the detectio
Y= c 9 > 2 > Ewm % 5 2 5 uenc 1rrerenc . iochemi-
> B o |2 $5538¢8 small frequ yf various molecules. Since b N
- SEBESE quantification o ical changes, MRS has the
3 E ~ 252527 e e e
: > o=@ H tho
WE2S % = SRECEL potential to detect tissue p‘}he four biologically most
Y= S~ + T ical 1 aging. 23
s R © SgoTUE ; natomical imag 13C, %Na
. —~ ) T 2 ingona 1 roton), >
Mty 4 M S SEF2sg .5 nuclei for MRS are 'H (p
© 2Y @ n ELE S reant
[ O N © 1mpo
M ESLE oI oS FYR8=T
9 I
N S5 o © N~
il Z 5 S o

future science group
Concussion (2017) 2(2)

-0028

10.2217/cnc2016-00



and 3'P. Of these nuclei, 'H has the largest abundance
in tissue and highest MR sensitivity. In addition, 'H
MRS (PMRS or simply, MRS) does not require addi-
tional hardware. Therefore, majority of the published
studies focused on PMRS.

The major neurochemicals that can be detected with
MRS are: n-acetylaspartate, (NAA) + N-acetylaspar-
tylglutamate (NAAG), total creatine (Cr; creatine +
phosphocreatine), total choline (Cho; has contribu-
tions from multiple molecules that include phosphor-
ylcholine, glycerophosphorylcholine and choline plas-
malogen, and a minor contribution from acetylcholine
and choline), myoinositol (ml) and lipids. The reso-
nant frequencies of NAA and NAAG are very close and
cannot be easily separated. And also the concentration
of NAAG is much lower than NAA. Therefore, in the
literature, the combined peak is generally referred to as
NAA. In addition to the above molecules, one can also
detect lactate when it is present. Glutamate and gluta-
mine overlap and difficult to resolve clearly at clinically
used magnetic field strengths and the combined peak
is referred to as Glx. Note that Glx may also have con-
tributions from gamma-aminobutyric acid (GABA).
Detection and quantification of molecules such as
GAB require some type of editing. The MRS peaks
are identified by their spectral location which is most
commonly expressed as parts per million (ppm) and is
independent of the magnetic field strength. For exam-
ple, the resonance frequencies of NAA, Cr and Cho
are 2.02, 3.0 and 3.2 ppm, respectively. Of all these
neurochemicals, NAA perhaps attracted the greatest
attention because it is considered to be a neuronal (cell
bodies, axons and dendrites) marker in adult brain.
Creatine is an indicator of total energy and intra-
cellular metabolism. It is generally thought that Cr is
unaffected by tissue pathology and is often used as an
internal reference. However, a number of studies have
shown that the level of Cr is affected by pathology.
Choline reflects cell membrane metabolism. Elevated
choline is a marker of cellular turnover and cellular
proliferation. Myoinositol is considered to be a glial
marker and precursor of phospholipid membrane con-
stituents and its concentration is affected by the forma-
tion and breakdown of myelin. The concentration of
lactate is fairly low in normal brain (CSF has a higher
concentration of lactate than the brain parenchyma)
and elevated lactate is a marker of anaerobic glycolysis.

MRS can be acquired either from one ROI at a time
(referred to as single voxel MRS or SVS) or simultane-
ously from multiple voxels, referred to as MRS imag-
ing (MRSI) or chemical shift imaging (CSI). SVS is
simple to acquire and generally has superior MRS qual-
ity. MRSI allows visualization of spatial distribution
within a large region and is technically a little more

White matter changes in mTBI

demanding than SVS and requires longer acquisition
times. On modern MRI scanners both SVS and MRSI
can be acquired routinely. For technical reasons, most
frequently MRSI is acquired from a limited region in
the brain. This requires spatial localization and the
two most common sequences for spatial localization
are point-resolved spectroscopy (PRESS) and stimu-
lated echo acquisition mode (STEAM). The SNR with
PRESS is twice that of STEAM. But STEAM can
be acquired at shorter echo times than PRESS, thus
allowing recovery of some of the lost SNR. It is also
possible to acquire MRS from the whole brain without
any localization, but is technically challenging. Since
the neurochemical concentrations are several orders
smaller than tissue water, techniques for water peak
suppression are most commonly employed in MRS.
However, more recently proton MRS techniques
without water suppression are introduced [124].

MRS can be acquired either at short echo times (TE;
~30 ms or less) and long echo times (~140 or ~270 ms).
The advantage of short echo MRS is that neuochemi-
cals with short T2 relaxation times such as ml and
Glx can be visualized. However, not all the spectral
peaks are resolved at short echo times, making it dif-
ficult to quantify. The disadvantage of long TE MRS is
the difficulty in visualizing neurochemicals with short
T2 relaxation times. However, in long TE MRS, the
peaks show reduced overlap and the baseline is cleaner
for more robust quantification. Long TE MRS is most
commonly used to reduce the contamination from lip-
ids (which have a shorter T2 relaxation times) and visu-
alize lactate which overlaps with lipid peaks.

The two major issues with MRS are the relatively
poor spatial resolution and long acquisition times. This
is one reason why MRS has not gained popularity in
routine clinical studies even though it predates MRI.

MRS is inherently a quantitative technique. The
simplest way to quantify neurochemical concentra-
tions is to express them as ratios relative to Cr. This
assumes that Cr is unaffected by pathology which is
not always true. There are number of software pack-
ages, both commercial and free for spectral quantifi-
cation and determination of both absolute concentra-
tions and as ratios. More details can be found in two
recent reviews [125,126].

Application of MRI to WM injury in mTBI

The application of the above-described MRI tech-
niques to investigate WM changes in mTBI is reviewed
below.

DTI
The changes in WM on DTT are mainly assessed based
on the altered FA and MD values relative to some con-
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increased FA and reduced MD are thought to represent
cytotoxic edema, this interpretation was challenged [7).
As can be seen from Table 1, there is a large spread in
the post injury times across different published stud-
ies. The effect of these various factors on the reported
results makes an objective comparison of DTT results
across different studies difficult. Despite the limited
agreement across different studies, there is a general
consensus that DTT is the most sensitive neuroimaging
modality for detecting differences between mTBI and
controls at a group level.

Is DTl ready for managing individual patients?
Published studies clearly demonstrate considerable
intersubject variations in FA that might reflect differ-
ences in anatomy, vulnerability to injury and injury
mechanisms, among others [729.46,54,55.75]. Group analy-
ses tend to mask differences among individual subjects.
Detecting group differences in DTI parameters, while
important, may be of little use for managing individual
patients [26]. The TRACK-TBI study also pointed out
the importance of considering individual subjects for
predicting outcome in mTBI [42]. We are aware of only
three publications that analyzed the data at an individ-
ual patient level [752,54]. For DTT to play an important
role in patient management, it is critical to demonstrate
the sensitivity of DTT in detecting changes in individ-
ual subjects. Using EZ-MAP approach that is shown
to be robust for analyzing individual subject’s data [54],
Lipton ez al. [7) reported ‘unique spatial patterns’ that
are ‘attributable to interindividual differences in anat-
omy, vulnerability to injury and mechanism of injury’.
Boiux ez al. [52] reported that in patients with persistent
post concussive symptoms, the individualized analysis
has the potential for improving clinical management
of these patients.

Advanced diffusion imaging
The application of DKI to mTBI was recently
reviewed [92]. So far only a limited number of studies
used DKI for investigating WM changes in mTBI. For
example using DKI, an association between mean kur-
tosis in various WM structures and attention, concen-
tration, memory, learning and information processing
was reported [130]. DKI was also reported be sensitive
for following pathophysiological changes in the ante-
rior and posterior capsule areas [131]. These authors also
computed the DTT measures from the same data by
dropping the terms containing higher order b-values.
Their studies suggest that RD, AD, MD and FA may
underestimate the extent of injury. However incor-
porating both DTT and DKI measures may improve
assessment of tissue microstructure.

As indicated earlier, a single tensor model, by ignor-

White matter changes in mTBI

ing crossing and kissing fibers, may lead to misinter-
pretation of the results, but also may underestimate the
extent of WM injury. Indeed a study using HARDI
with 55 diffusion-gradient directions found WM
damage to be more widely distributed than previously
reported with DTT in Iraq and Afghanistan veterans
with previous history of mTBI [132].

Injury to WM along the inter- and/or intrahemi-
spheric pathways can disrupt brain connectivity [133].
Therefore, WM injury in mTBI was also investigated
by probing the connectivity between different brain
regions. The connectivity can be probed by combining
DTT and resting state functional MRI (rfMRI; see [s8]
for a review). For example, functional connectivity
between the two hemispheres in asymptotic mTBI
subjects was reported to be reduced that may affect the
structural integrity of the CC [134]. Altered structural
and functional connectivity within the emotional and
perception networks in the acute stage of mTBI was
also observed [66]. Using machine learning, altered
connectivity within inter- and intrahemispheric WM
pathways that may be associated with diffuse axonal
injury was demonstrated [135,136]. It is clear from this
brief description that connectivity studies have the
potential to yield a wealth of information on subtle
WM injury that may not otherwise be apparent.

Susceptibility weighted imaging
Microhemorrhages in WM may indicate DAI [s].
Microhemorrhagic lesions in the SCC and number of
GM structures were observed at 6 months post injury
on SWI [137). In contrast, a prospective pilot study at
3T on college hockey players failed to detect micro-
hemorrhages at 72 h, 2 weeks and 2 months after
concussion [73]. In another study only about 9.8%
amateur boxers showed more hemorrhagic lesions
than controls on SWT [138]. However, this study was
performed at 1.5T and it is possible that more hemor-
rhagic lesions could have been detected at higher field
strengths. Overall, there is no complete agreement on
the presence of microhemorrhagic lesions in mTBI.

The relationship between microhemorrhagic lesions
and behavioral and cognitive deficits was investigated
only in a few studies. A negative correlation between
the microhemorrhagic lesions on SWI and cognitive
impairment was reported [137]. However, it is not clear
if this correlation is the result of hemorrhagic lesions
in the SCC or GM. The multicenter TRACK-TBI
study on 135 mTBI subjects showed that four hem-
orrhagic lesions early on after injury was predictive of
outcome at 3 months [139]. However, these authors did
not explicitly state if these are WM or GM lesions or a
combination of both.

The total SWTI lesion volume is suggested to be an
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indicator of injury severity [140]. While the SWT lesion
volume could reflect injury severity, care should be
exercised in relating the number of hemorrhagic lesions
to the injury severity since the microbleeds could
expand with time and become confluent that results in
reduced number of bleeds [141]. Overall there is dearth
of literature on WM SWI lesions in mTBI. Thus it is
difficult to draw robust conclusions about the role of
SWT lesions in WM injury.

Magnetization transfer imaging

MTR is thought to be an excellent modality for prob-
ing myelin integrity. Based on both human and animal
studies, myelin appears to be compromised in the initial
phase of injury followed by recovery [97.142-144]. Demye-
lination compromises trophic support to axons and also
releases neurite outgrowth inhibitor, Nogo, which has
a negative effect on axonal growth and plasticity [97].
Despite its potentially important role, application
of MTR to mTBI is limited. Earlier studies reported
MTR changes in mTBI [38]. A recent prospective longi-
tudinal study did not show MTR differences between
mTBI and orthopedic controls either at approximately
24 h or approximately 3 months post injury time [30]. It
is possible that 24 h is too eatly to observe changes in
myelin and complete remyelination may have occurred
by 3 months, explaining these negative results. Indeed
a prospective study using myelin-water imaging of uni-
versity hockey players reported decreased myelin water
fraction at 2 weeks post injury that returned to the
preseason level by 2 months after injury [67].

As indicated earlier, macromolecular proton frac-
tion (MPF), a technique based on MTR, was used to
investigate veterans who experienced blast mTBI [ss].
This study indicated reduced MPF in CC, IC, SLF,
superior parietal lobule and right precuneus compared
with nonblast veterans. In addition, reduced MPF was
also observed at the GM—WM junction that is consis-
tent with DAL It is however, unclear if reduced MPF
completely reflects compromised myelin.

Myelin water imaging

In spite of the ability of myelin water imaging to
directly map the myelin water fraction, to the best of
our knowledge, there is only a single study that applied
this technique to concussion [¢7]. In this prospective
and longitudinal study on two college hockey teams,
reduced myelin water fraction was observed in mul-
tiple WM regions that included SCC, CR, right pos-
terior thalamic radiation, left superior CR, left SLEC
and left posterior limb of the IC at 2 weeks post injury
followed by recovery by 2 months, suggesting transient
myelin disruption. This study did not evaluate the
behavioral changes in these players.

Ultrashort TE imaging

UTE is capable of detecting macromolecules such as
myelin with short T2 relaxation times. However, to the
best of our knowledge, this technique so far has not

been applied to mTBI.

Atrophy

The number of published studies on WM atrophy is
relatively small. Majority of the studies focused on
whole brain atrophy and GM structures (see recent
review [38]). WM atrophy was reported in the ante-
rior cingulate WM and left cingulate gyrus isthmus
WM [145]. In this study 28 mTBI patients and 22 con-
trols were followed up to 1 year. These authors reported
a correlation between atrophy of the left and right ros-
tral anterior cingulum with changes in memory. They
also reported a correlation between the left cingulate
gyrus isthmus WM volume with PCS. WM atrophy
in mTBI was also reported by others [146,147]. However,
a longitudinal prospective study, using sophisticated
tensor based morphometry, failed to observe atrophy
in mTBI either at 24 h or 3 months relative to ortho-
pedic injured controls [30]. It is possible that 3 months
is too a short time to observe regional or global atro-
phy. Clearly longitudinal studies over a longer period
of time are needed to assess the role of WM atrophy
in mTBIL.

FLAIR

WM hyperintense lesions on FLAIR sequence were
observed in mTBI [32). In veterans with mTBI, it was
shown that these lesions have an effect on verbal mem-
ory, independent of the presence of PTSD [148]. Unlike
moderate and severe TBI, FLAIR hyperintense lesions
are not that common in mTBI. When present, they are
very nonspecific, and their significance is not known
(perhaps they represent small vessel disease or residual
shear-strain injury to WM). Further, it is not clear
that these lesions are the result of mTBI or represent
pre-existing condition.

Magnetic resonance spectroscopy

MRS is second only to DTT as the most commonly
used MRI-based technique in mTBI. Published MRS
studies since 2011 are summarized in Table 4. This
table does not include MRS articles that addressed
only GM. Nor does this table include any review arti-
cles. The application of MRS to mTBI was reviewed
elsewhere [31,38,81,149].

Majority of the MRS studies report reduced NAA
in the acute phase of injury [1233.3657]. A reduction
in NAA/Cr and NAA/Cho in the subacute phase of
injury in athletes with multiple concussions was also
reported [35]. In a longitudinal scudy reduced NAA and
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elevated Cr and Glx in WM around day 13 post injury
in the mTBI group was observed that was followed by
partial recovery during the semi-acute period (34]. This
study also noted that premorbid intelligence predicts
the degree of recovery of the neurochemicals indicat-
ing that the degree of recovery depends on the biologi-
cal factors underlying intelligence. In a cross-sectional
study on concussive injured athletes continued neu-
rochemical alterations were observed even when the
clinical symptoms have resolved [152]. This is consis-
tent with other reports using advanced neuroimaging
techniques [33,88,153,154]. In another study in acute phase
neurochemical changes were observed only in subjects
with LOC [s57]. However, it appears that the ROI’s in
this study represent a mixture of both GM and WM
and therefore the reported association may not be
attributed completely to WM injury. In an interesting
study on a small number of subjects, the WM levels of
NAA, Cr, Cho and mI were compared in mTBI sub-
jects with and without PCS [9]. These authors reported
changes in these neurochemicals levels in PCS posi-
tive, but not in PCS negative subjects. This suggests
that MRS has the potential to differentiate between
PCS positive and PCS negative subjects. In another
study, the regional metabolic levels were correlated
with neuropsychological data [s8]. These authors also
investigated if neurochemical changes observed in the
early subacute phase (within 10 days post injury time
as defined by these authors) were predictive of neuro-
cognitive outcome at 6 months post injury. This study
demonstrated an association between Cr levels in the
centrum semiovale in the early subacute phase and
the automated neuropsychological assessment metrics
scores in the chronic phase. In addition, these authors
also reported decreased Cho/Cr in the late subacute
phase. These results suggest that MRS measures have
the potential to serve as diagnostic and prognostic
markers in mTBI. Consistent with other studies, the
neurochemical levels returned to the normative values
in the later stage of injury.

There is no complete agreement about the changes
in the neurochemical levels in mTBI. For example a
few studies failed to observe any changes in NAA lev-
els (3034.152]. A prospective study on an mTBI cohort
failed to observe changes in NAA/Cr, Cho/Cr and
ml/Cr either, at approximately 24 h or approximately 3
months post injury [30]. Based on the published litera-
ture, it is likely that 24 h post injury is too early for met-
abolic changes to occur and any possible neurochemi-
cal changes may have disappeared by 3 months [3¢].

A review of Table 4 explains why it is very difficult
to generalize the conclusions reported across different
MRS studies. Many studies did not specify the WM
regions from which the spectra were acquired even

White matter changes in mTBI

though it is known that metabolite levels depend on
the brain area (see e.g. [45.81]. The type of MRS acqui-
sition varied across different studies. Some studies
employed single voxel technique while others used 2D
and 3D MRSI using different echo times. A few stud-
ies expressed the neurochemicals as ratios while oth-
ers expressed as absolute concentrations. Ratios would
not allow assessment of whether the altered numerator
or denominator is responsible for the observed neuro-
chemical changes. For example, many of the conclu-
sions about NAA reduction are based on measured
NAA/Cr ratios. This assumes that the Cr levels are not
affected by mTBI, which is a questionable assumption.
A few studies that reported absolute concentrations
used a variety of methods to quantify neurochemi-
cals. The MRS data were acquired at different postin-
jury times even though the neurochemical levels were
shown to change with postinjury time [10,58]. Another
problem is the placement of the ROIs. Because of the
relatively poor spatial resolution, many of the ROIs
included part of GM that makes it difficult to attribute
the observed changes only to WM pathology. Finally
majority of the studies were based on a relatively small
sample size.

MRI & pathology correlation

Histology is the gold standard for evaluating mTBI-
induced pathology. However, histologic evaluation is
not ethically justified in human mTBI. This is where
noninvasive neuroimaging such as MRI could play
a central role. While MRI is an excellent radiologic
modality for visualizing and following pathology, its
pathologic specificity is somewhat limited. In mTBI
the commonly observed MRI abnormalities in WM
are: altered diffusion measures that include FA, RD,
AD, MD on DTI; hypointense lesions on SW1I; atro-
phy (seen on anatomical MRI); reduced MTR on
MTTI; changes in the myelin water fraction on myelin
water imaging and macromolecular fraction imaging;
and altered neurochemical concentrations (NAA, Cr,
Cho and mI) on MRS. In the absence of histologic
confirmation, our interpretation of the MRI changes
is mainly based on preclinical models of mTBI. Since
DTT is the most commonly used imaging modality in
mTBI, majority of the imaging—pathology correlation
studies focused on DTT.

There is significant literature on the MRI-pathology
correlation in different diseases. However this correla-
tion may depend on the disease type. There are only a
handful of studies that investigated the MRI-histology
correlations in preclinical models of mTBI. A summary
of the published MRI-histology correlation studies is
provided in Table 5. Almost all the published studies
agree that various pathological substrates contribute
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to the observed changes in the DTI parameters and
establishing one-to-correspondence between the DTI
measures and histology is not straight forward. Major-
ity of the studies suggest that axonal injury (including
demyelination) mainly contributes to the observed
alterations in the DTT measures [11,137,141,155-159]. How-
ever, some authors argue that inflammation also con-
tributes to the altered DTT measures [160,161]. There is
some agreement that RD is a measure of myelin integ-
rity [142,157.159]. AD is thought to represent axonal dam-
age [155]. However, there is some disagreement about
this interpretation [142.160,161]. In summary, based on
the published studies it is not straightforward to relate
changes in DTI measures to pathology since they are
affected by coherence of the fiber tracts, inflammation,
gliosis, demyelination and axonal compromise [14s].

The lesions seen on SW1T are shown to correlate with
hemorrhage on histology [140,161]. However, care must
be exercised in interpreting the SWTI lesions since it is
sometimes difficult to directly compare the Prussian
reaction, used for identifying hemorrhage, with heme
degradation [141,161].

MTR is generally thought to reflect the state of
myelin. Based on a recent study, MTR appears to be
more affected by astrogliosis and microgliosis than
demyelination [159]. MTR changes also depend on
the offset frequency of the off-resonance pulse [159].
For example, the MTR with off-resonance frequency
of 3.5 ppm reflects both axonal and myelin integrity
while MTR with offset frequency of 20 ppm mainly
reflects astrogliosis. Thus it appears difficult to attri-
bute MTR changes to a single pathologic component.

To the best of our knowledge there are no studies
that reported correlation between MRS, MWF with
pathology in mTBI.

As can be seen from this brief summary of the
MRI-pathology correlative studies, MRI measures
reflect different pathologic components, depending
on the time and type of injury, experimental condi-
tions. Robust correlation, between MRI findings and
neuropathology requires the use of appropriate animal
models of mTBI. However, there is a lack of consensus
on what represents mTBI in animal models [168-171].
The commonly used neurological severity score that
is a composite of behavioral and motor functions and
righting reflexes for grading severity of TBI [168,172]
is of limited use in in experimental models of mTBI.
Even with all these limitations, DTI, MRS, MTR and
SWI measures are very sensitive imaging modalities for
detecting mTBl-induced pathology.

Conclusion & future perspective
Based on the above review it is clear that the multi-
modal neuroimaging has diagnostic and prognostic

values in detecting and evaluating WM changes in
mTBI. These MRI-based modalities are also able to
detect ongoing pathology even when the subjects are
asymptomatic. However, MRI measures also show
wide variation across different studies. In order to prop-
erly compare results from different studies to develop
a coherent picture about the MRI-detected pathology
and its correlation with cognitive and behavioral defi-
cits, it is essential to standardize the acquisition and
analysis methods. Similarly there is a need to standard-
ize the behavioral and cognitive measures. Majority of
the publications are based on cross-sectional studies
with relatively small sample size. Cross-sectional stud-
ies have lower statistical power relative to longitudinal
studies. Longitudinal studies also provide important
information about the evolution of pathology. For
example we know relatively lictle about the long-term
consequences of mTBI. Given the heterogeneity of the
injury, age, gender and other variables, studies based
on a small cohort may not allow for robust conclusions.
This requires studies on large and well-characterized
cohorts. However, it may not be easy to recruit ade-
quate number of subjects needed for statistically robust
results by a single center. Recruiting large cohorts
requires multicenter design with well-standardized
protocol and rigorous quality control in place. It is also
important to include both genders since some of the
published studies show gender effect on pathology and
behavioral deficits. It is equally important to consider
age as a covariate in the analysis of the results since
many of the MRI measures are age dependent. There
are a few studies that demonstrate hemispheric asym-
metry in mTBI. Future studies should explicitly state
the side of the hemisphere in their results. A major
problem in the field of mTBI is the lack of appropriate
diagnostic criteria and the absence of a biomarker. As
pointed out by Manley and Maas [1], there is a critical
need to incorporate imaging information for diagnos-
ing mTBI. Finally there is a need to develop preclini-
cal mTBI models, particularly using large animals, to
interpret the observed changes in MRI measures on a
rational basis.

Limitations of this review

This review is based on publications after 2011 and
includes only references published after 2011. Thus
original references are not cited. However, references to
recent reviews are provided, whenever possible, so that
the readers can have information about the original
work. While there are multiple neuroimaging modali-
ties other than MRI, for this review which focuses on
only WM injury, other imaging modalities such as CT,
PET, single-photon emission computed tomography,
near-infrared are of limited use. Finally, this study did
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not try to separate blast from mechanical mTBI. This
study also did not separate single and repetitive mTBls.
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Executive summary

changes in mTBI.

¢ Noninvasive neuroimaging techniques, particularly MRI-based diffusion tensor imaging and magnetic
resonance spectroscopy, have considerably improved our understanding about WM injury in mild traumatic
brain injury (mTBI). They also enhanced the diagnosis and prognosis and help follow pathophysiological

¢ Many MRI-derived white matter injury measures correlated with cognitive and neurobehavioral deficits, which
suggests a predictive role for this neuroimaging technology.

e There is no complete agreement on neuroimaging results across different studies. A problem with most of the
published MRI studies in mTBI are the variability in injury, postinjury time at which studies are performed and
not accounting for the site of impact.

e Most of the published studies are either cross-sectional or are based on a small sample size. There is need for
controlled studies on large cohorts.

e Majority of the published studies are based on single center that makes it difficult to validate results across
different centers.

e Classification of mTBI is based on Glasgow Coma Score whose sensitivity is relatively poor in diagnosing mTBI.

comparison across different studies.

patients.

There is a critical need to incorporate imaging information for diagnosing mTBI.
e Lack of standardization in the acquisition and analysis techniques across centers prevents an objective

e While group analysis is important, there is a need to investigate the role of imaging in managing individual
¢ Imaging-pathology correlation is not always consistent. There is some urgency in performing controlled

preclinical studies for a rational interpretation of the MRI results.
e Despite these limitations neuroimaging is indispensable for the management of mTBI.
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