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Evidence for white matter disruption in traumatic
brain injury without macroscopic lesions
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Background: Non-missile traumatic brain injury {nmTBH without mocroscopically detectable lesions often
results in cognitive impairments that negatively affect daily life.

Aim: To identify abnormal white matter projections in patients with nmTBl with cognifive impairments using
diffusion tensor magnetic resonance imaging {DTi).

Methods: DTi scans of healthy confrols ‘were compared with those of 23 patients with nmTBl whe
manifested cognitive impairments but no obvious neuroradiological lesions. DTI was comprised of
fractional anisotrapy analysis, which included voxel-based analysis and confirmatory study using regions
of interest [ROI) techniques, and magnefic resonance tractography of the corpus callosum and fornix.
Results: A decline in fractional anisofropy around the genu, stem and splenium of the corpus callosum was
shown by voxel-based andlysis. Fractional anisalrapy values of the genu {0.47), stem {0.48}, and splenium
of the corpus eallosum {0.52}, and the column of the fornix {0.51} were lower in patients with nmTB! than in
healthy controls {0.58, 0.61, 0.62 ond 0.61, respechively] according Yo the confirmatory study of ROls. The
white matter architecture in the corpus callosum and fornix of patients with nmTB! were seen to be coarser
than in the conirols in the individual magnefic resonance fractography.

Conclusions: Disruption of the corpus cgﬁosum ond fornix in pahents with nmTB} without macroscopicolly
detectable lesions is shown. DTl is sensitive enough to detect abnormal neural fibres related to cognitive

dysfunction offer nmTBI.

cations after non-missile traumatic brain  injury

(nmTRI) without obvious neuroradiological lesions,'”
They may present as memory disturbance, impairmients in
multitask execution and loss of sell-awareness.' Thuse
symptoms have been attributed 1o diffuse brain injurys and
the diffuse loss of white matter or neural networks in the
brain®* Currently no accurate method is available for
diagnosing and assessing the distribution and severity of
diffuse axonal injury. As computed romography and mag-
netic resonance imaging (MRI) findings underestimate the
extent of diffusc axonal injury and correlate poorly with the
final neuropsychological outcome,”* this dysfunction tends
to be dinically underdiagnosed or overlooked. Indirect
evidence for loss of functional connectivity after inTB1 has
been provided by both morphometric and functlonal neurni-
maging studies. Morphometric analysis of nTRI has shown
the relationship bewween atrophy of the vorpus callosum and
fornix and the neuropsychological outceme.” Most functionat

Cognitive and vocational sequelac are common compli-

neurcimaging studies conducted after nmTBI have shown
thart cognitive and behavioural disordirs are correlated, with
some degree of secondary hypometabolism or hypoperfusion
in regions of the cortex.' To date, however, there has been ue
direct in vivo demonstration of structural discuanections
without macroscopically detectable lesions in patients with
nmTBL

Table 1 Dem?rqphic dota on patients with fraumatic
brain injury and heclthy controls

Fﬂﬁﬁf :. .- . :’F' i.iiill"i . 1] e?‘ _._;,i":.-d'_— o,

Mean age fyeors) 27.43{12,09) 28,23 {11.90}

) *

Male 19 e

Famols 4 A
Mean dupation of impalred 7.2{8.8) -
. consciouaness {days)

Meon interval batween Injury 1416 {182) ~

and MBI {months}

Woechsler Adult Inwelligence Scalo—

Ravisad :
Full-seale Imalfigance Gheotant 80.4 {11.2 1042 (14.7}
Verba! intelligence Guetient 84.6{12.2 10346 [12.9
Performonca inteliigencs Quotient 78.0 13,5 1052 {159}

Minl-Mental Stols Examination 26.3 {4.5} 29.7 {0.8)

Wachslar Memory Scolo—Reviied
Gensrol memory ‘ 71,7 [148) 1083 {12.1}

mamery $6.5113.2) 103.7 {9.8]
Visal memory 7100140 1021 (7.
Aihﬂﬁ:g Add 85.3 [16.3 07,3 7.2L
. . i ifion Test L5 [10.4 V.
Diffusion tensor magnetic resonance imaging (DTH), which Pacad Auditory Serial fion 345 (104f . 412

measurtes diffusion anisotropy in vive, is a promising methad
for the non-invasive detection of the degree of fibre damage
in various disease processes affecting the white matter,™ ¥ In
biological systemns, the diffusional motion of water is
impeded by tissue structures, such as cell membranes, myclin
sheaths, intracellular microtubules and associated proteins.
- Motlon parallel to axons or myelin sheaths is inhibited w0 a
lesser degree than perpendicular motion, a phchomenon
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known as diffusion anisotropy.t? Fractional anisotropy was
applied 1o evaluation of post<traumatic diffuse axonal injury®
and its clinical usefulness described, In a previous study,™
fractional anisotropy score in the acute stage as an index of

Abbreviations: DT, diffusion tensor magnetic resenance imaging;
MMSE, Mini-Mentol State Examinalion; nmTBi, nen-missife fraumatic
brain injury, PASAT, Paced Auditary Serial Addition Test; ROY, region of
interest; SPM, stotistical parametric mapping; WAIS =R, Wedhsler Adult
Intelligence Scale—Revised; WMS—R, Wechsler Memory Scale—

Revi




White matter disruption in fraumatic brain injury

¢ mjury to white matter showed promise in predicting outcome

ln patients with traumatic brain injury, by using the regions
of interest (ROIs) techniques. MRI voxel-based analysis, a
statistical normalising method, has been developed to reduce
interindividual variability and to evaluate the whole brain
objectively.”" We investigated the regions in the whole brain
that are commonly injured in patients having nmTBI with
cognitive impairments but no macroscopic lesions, using
voxel-based analysis of fractional anisotropy, referred to as
diffusion anisotropy. The advent of DTI has allowed inter-
regional fibre tracking, called magnetic resonance tractogra-
phy, which reconstructs the three-dimensional trajectories of
white matter tracts.'' ™" We also investigated whether
magnetic resonance tractography sensitively recognises
degeneration of the corpus callosum and forpix in individual
patients with nmTBIL

METHODS

Patient population

We studied 23 patients in the chronic stage after they had
severe nmTBI and had recovered from coma. All of them had
sustained a high-velocity, high-impact injury in a moior
vehicle accident, Table 1 shows the clinical features and
results of neuropsychological examinations of patients
involved in the motor vehicle accident. The study population
was selected from 51 consecutive patients with nmTBI who
were entered into the rehabilitation programme of Chubu
Medical Center, Gifu, Japan. Patients with severe language or
attention deficits rthat prevented neuropsychological testing
were excluded from the swudy. Patients with physical deficits
or neuroradiologically detectable lesions larger than 1.6 cm’,
such as contusions, haematomas or infarcts on the high
spatial resolution Tl-weighted imnage MRI collected at the
time of the study, were also excluded. In a previous paper,
Tomaiuolo gt al'* defined patients with neurcradiologically
detectable lesions smaller than 1.6 cm?® as patients with
nmTBI without macroscopically detectable lesions, so we
adopted 1.6em® as a cutoff point in cur study.
Neuropsychological testing was carried out within 2 weeks
of abtaining MRI scans. For overall estimation of their global
intellectual, mnemonic performance and attention, we
administered the Wechsler Adult Intelligence Scale—
Revised [WAIS—R} test, the Mini-Menlal State
Bxamination (MMSE), the Wechsler Memory Scale—
Revised {WSM—R) test and the Paced Auditory Serial
Addition Test {PASAT); all tests were the Japanese language
version, The controls were 23 healthy participants matched
for sex and age. Neither the patients nor the controls had a
history of neurolegical or psychiatric disorders. All partici-
pants gave prior writien informed consent. The research
committee of Kizawa Memorial Hospital Foundation
approved the protocol.

MRI scanning pretocol

All participants underwent examinations with a 1.5T Signa
MRI system (GE Medical Sysiems, Milwaukee, Wisconsin,
USA). The rapid-gradient echo Ti-weighted images were
obtained for judging the nmTBI. We used a single-shot spin-
echo planar sequence (TR/TE, 10 000/79 ms; slice thickness,
3 rom; field of view, 25 cmt’; number of experiments, 4; pixel
matrix, 128x128) for diffusion tensor analysis. Diffusion
gradients {b = 1000 s/mm?®) were always applicd un two axes
simultancously around the 180 pulses. Diffusion propertics
were measured along six non-collinear divections. Diffusion-
weighted magnetic resonance images were transferred 1o a
workstation supplied by the manufacturer (Advantage
Workstation, GE Medical Systems); structural distortion
incduced by large diffusion gradients was corrected on the
basis of T2-weighted echo-planar images {b = 0 sfmm?), The
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six clements of the diffusion tensor were estimated in each
voxel, assuming a monocexponential relationship between
signal intensity and the b matrix. The eigenvectors and
eigenvalues {(h>hy>A3) of the diffuslon tensor were
determined by using multivariate analysis. Fractional aniso-
tropy maps were generated on a voxel-by-voxel basis as
follows:

FA = 372 J[ (A; =MD )*H{A;~MD)%+{ A ~MD)?)/
JO 042,

Fractional anisotropy template creation, spatial
normaiisation and voxel-based analysis with
fractional enisolropy map

Spatial normalisation is an essential preprocessing step in
voxel-based analysis.” The contrast of the fractional aniso-
tropy map is different from that of Tl-weighted and T2-
weighted and other template images in the statistical
parametric mapping software package (SPM99; Wellcome,
Department of Cognitive Neurology, London, UK) and it is
necessary to make a fractional anisotropy template to
normalise the individual fractional anisotropy maps correctly.
We created a fractional anisotropy template from all
participanss (patients and controls). Individual fractional
anisoiropy maps were made by the Advantage Workstation
(GE Medical Systems) and transferred to a Windows with
SPM99 running on Matlabv.5.3 (Mathworks, Natic,
Massachusetts, USA}. T2-weighted echo—planar images of
all participarus were transformed to the T2-weighted
template. The parameter of the transformation was applied
to the fractional anisotropy maps. Normalised individual
fractional anisotropy maps were smoothed with an 8-mm
full-width at half-maximum isotropic gaussian kemel, The
fractional anisotropy template was created for all partici-
pants, and individual fractional anisotropy maps of controls
and patients were normalised with the original fractional
anisotropy template. The normalised fractional anisotropy
images were smoothed with an 8-mm full-width at half-
maximurm isotropic gaussian kernel.

Once the images had been sparially normalised and
smoothed, group comparisons (two samples t lest) were
applied to calculate the statistical significance beiween the
control and patient group on SPM99. The statistical
parametric maps for comparison of the patients with controls
and for covariate effects of MMSE, WAIS—R, WMS—R and
PASAT by using regression modelling were thresholded at a
value of corrected p<<0.05 in voxel level. The statistical map
was overlapped on the fractional anisotropy template.

Confirmatory study of ROIs with fractional anisotropy
maps and magnetic resonance tractography

Confirmatory. analysis was subsequently conducted using
ROIs. Several round ROIs with a diameter of 2 mm were
placed on individual fractional anisotropy maps in pathways
that were identified by voxel-based analysis as having lower
fractional anisotropy values in our nmTBI sample of the
whole brain. This included the corpus callosum and fornix,
Control ROTs were placed bilaterally in the corona radiata and
centrum semiovale, The mean values of fractional anisotropy
from several round ROIs for every neuroanatomical region
were used as Individual values. A non-parametric test
(Mann—-Whitney U test) was used to examine group
differences, A p=0.01 (two tailed}) was chosen as the
significance threshold. Magnetic resonance traclography
was made with diffusion tensor visualisation software.'” For
tractography of the corpus callosum, seed volumes were
located from the genu to the splenium through the body on
reconstructed mid-sagittal images. For tractography of the
fornix, seed volumes were located in the column of the fornix
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Figure 1 {A} Yoxel-bosed analysis of fractional anisofropy dota with ihe fractional anisatropy tamplate for all parficipants. Statisticol porameiric map
show voxels with lower froctional anisotropy values in potients with traumatic brain injury thon in
~ 14,14, 26,12, 5, 24), (+2, 8, 28) {compus callosum, k=744; 7 score= 5.98, 5.73, 5.55; uncorratied

p<0.001}, (10, ~34, 22), (2, ~32, 22}, (-4, —38, 30) {corpus callasum, k="94; Z score= 5.16, 5.15, 5,14; uncorrecled p<0.001}. [B) Voxels

with a ma

fractional anisotropy values was found in the group with rsumefic brain injury, The results o

the fractional anisolropy map.

on reconstructed coronal images. The fractional anisotropy
value for stop criteria was 0.18. Tractographic resulis were
overlaid on T2-weighted images.

RESULTS
Figure I shows the voxel-based analysis of our fractional

anisotropy data with the fractjonal anisotropy template from
all participants {controls and patients}. An §PM in-the three
orthogonal maximum-intensity -projections showed voxels
with lower values of fractional anisotropy in the patients with
nmTBI than in the controls. A marked decrease in fractional
anisotropy values was found in the corpus callosum in the

c

in fractional anisofropy values in patients with fraumatic brain inifury compared with controls. A considerable decrease in

voxel-based andlysis are rendered on orthogonal slices of

group with nmTBI. In other regions, no marked decrease or
increase was noted.

The relationship between cognitive scores and fractional
anisotropy value was investigated in patients with nmTBI.
Figure 2 shows the positive correlation effects of cognitive
score {MMSE). A notable corrclation was found in the
splentum of the corpus callosum. The $PM for covadate
cfiects of the other cognitive scores using regression
modelling were also thresholded at a value of corrected
p<0.05 in voxel Jovel and at an extent of 60 voxels. No
significant correlation effect of WAIS—R, WMS—R and
PASAT was observed under this condition.

Figure 2 {A) Resulls of voxel-based onalysis for covirriate effects of Mini-Mental State Examination {MMSE), Statistical poramelric map in the thres

arthogonal maximum-intensity projections, showing voxels wi

marked correlotion between cognifive scores {MMSE) and frocional an

~38,16), (10, =40, 12, {5, — 34, 20] {spleaivm of the corpus collesum, k=

& positive correlation sffects o
137: Z score=6.01, 5.88, 5.78; uncorrected p<0.001}. B} Voxels with o

isotropy. A considerable correlation was found in the splenium of the corpus

MMSE, Peck caordingtes ore [x, v, z [mm)j={-2,

callosum. The resulls of voxel-based analysis are rendared on orihogonal slices of the fractional anisotropy map.
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Figure 1 (A} Voxel-bosed enalysis of fractional anisotropy data with the fractional enisolropy templale for oll participants. Statisheal poromelic mop
in the Hhree orhogonal maximum-intensily projeciions shaw yoxels with lower kactiona) onisofropy volues in patients with Iraumetic bram injury than in
controls, Peak coordingles ore {x, y, z {mm]) = (- 14, 14, 26],{2, 5, 24}, 112, 8, 28} [corpus collosum, k=746; Z scorg = 398,573 555 vacorrected
p<0.001), {10, —34, 22), {~2, -12, 23), (14, —38, 30} [corpus callosum, k=94; 7 score= 5.14, 5.15, 5.14; uncorrected p- 0 001). 18] Yoxeals
with & marked decrease in raclional anisotropy values in pafients with froumatic brain injury compared with controls. A consderable decrease in

fractional anisoiropy values was found in the group wilh reumalic brain injury. The resulfs of voxel-bosed anolysis are renderes] on orthogonol siices of

the fractional anisctrepy map.

on reconstructed coronal images. The fractional anisotropy
value for stop criteria was 0.18. Tractographic results wore
overlaid on T2-weighted images,

RESULTS

Figure 1 shows the voxel-based analysis of our fractional
anisotropy dala with the fractional anisotsopy teoplate lrom
all participants (comtrols and patients). An SPM i the tiree
orthegoanl maximum-intensjty projeciions showed vexcls
with lower values of fraclicnal anisotropy in the patienls with
nmTBI than in the controls, A marked decrease in Factivnal
anisotropy values was Tound in the corpus callosum in the

group with miTBL 1o uther regions. no T had e rease of
fncrease was nored.

The selationship hetwern coznifine ssones i o Hiunal
anisatropy valte wis invesligdied in pationts with nTBL
Figure 2 shows the positive correlation eihais ol vplive
score IMMSIL A notable correlation was lewund o the
splenitm of the corpus callosumz, The S tor oy ariage
cliveis of the ol vopnitive siores nsing rgosion
madelting were alse Uireshobiled ar o vabe o vt
P05 in voxel loved and at an ostent ol oo wnads, No
sipnificant coreelation offect ol wals RBOOWMS R ant
PASAT was ohserved under 1his conditing

Figure 2 (A} Resuls of voxel-bused analysis for covariate effects of Mini-Mental State Exominali isfi i i

: c : 24 0 i i omination |MMSE). Siolistical he (hree
or%w;grgal maximum-intensity projctions, showin voxels with the positive correlalion effects of MMSE. Pelk ci;iéfsogfrgﬁtwymf Tn:rrln})]il( 2,
- l;eci ), {1 0%,0740[;; 2115, ~34,20] {splenivm of the carpus cgﬂosum,_ k=137;Z score=6.01, 5.88, 5.78; uacorceciad p 0.00 J’i. EB) Voxels witha
molr carteiotion between cognifive scares [MMSE) and fracional anisotropy. A considerable correlation wos found in the splenium of the corpus
collosum. The results of voxel-besed analysis are rendered on orthogendl shices of the fractional anisolropy map.
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l 1 Contmis_!_ﬁu!ients with nmTBI ]

Significantly different {p<0.01}* from conirols

Anatomical region

Figure 3 {A~C) Axial ond coronal fractional anisotropy (FA} maps. Several circular regions of interest with o diameter of 2 mm are placed in the
corpus callosum {CC; the genu, stem and splenium), column of the fornix, corona radiala and centrum semicvale. [D} FA volues in the CC, fornix,
corona rodicta and cenirum semiovale of patients with fraumatic brain injury. nmTB1, non-missile froumatic broin injury.

Several round ROIs with a diameter of 2 min were placed
in the corpus callosum, the column of the fornix, the corona
radiata bilaterally and the centrum semiovale bilaterally on
individual fracticnal anisotropy maps (figs 3A-C). The mean
values of fractional anisotrepy from several round ROTs were
used. Examination of group differences by suudy of ROy
confirmed the marked differences in fractional anisotropy,
noted in the voxel-based analysis. We found considerable
differences between the group with nmTBI group and
controls in the fractional anisatropy values of the genu
{p = 0.0008), stem {p=0.006) and splentum of the corpus
callosum (p=0.009), and the column of the fornix
{p =10.009; fig 3D). Average values gencraled from the ROt
placed in the cordcospinal tract did not differ between the
two groups,

Figure 4 compares individual magnetic resonance traclo-
graphy of the corpus callosum and the fornix from seme
nmTEI cases with controls, In cases with nmTBI, the tracking
lines through the- genu and the splenium of the corpus
callosum were different from those in controls, with the
connecting fibres not reaching the coriex. The volume and
the connecting fibres {rom the splenmium in patients with
nmTBI were relatively retained. Gompared with controls, the
tracking lines through the column of the fornix in patients
with nmTBI did not pass along the fimbria of the

hippocampus, although tractography around the mamillary
budy to the column of the fornix was relatively retained,

DISCUSSION

Qur results suggest that DT was able o objectively show
abmormalities in patients with nmTBI with cognitive impair-
ments but without macroscopically detectable Jesions. To our
knowledge, this is the first report of white matter disruption
of the corpus callosum and fornix to evaluate nmTBE without
macroscopically detectable lesions by using DTL Voxel-based
fractipnal anisotropy analysis and tractography study objec-
tively showed the vulnerability of the corpus callosum and
fornix in patients with nmTBL The parasagittal subcortical
white matter, internal capsules, cerebeltar folia dorsal to the
dentate nuclei and brain stem, but not corpus calfosum and
fornix, are susceptible to diffuse axonal injury. Our suxdy
showed the specilic vulnerability of the corpus callosum and
fornix, because our patients with nnT8! had cognitive
impairments but no physical problems. The corpus catlosum
and fornix are thought te be the structures at the core of
neural networks in cognition and memory. Changes in the
antterior white matter, including the corpus callosum, were
strongly refated to age-related cognitive decline® * The
fornix is the major limbic white matter pathway intercon-
necting the hippocampus and the mamillary bodies. The
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