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ABSTRACT

Background: The apparent diffusion
coefficient (ADC) values and the frac-
tional anisotropy (FA) values calculated
from diffusion tensor imaging (DTI) in
the acute stage of diffuse axonal injury
(DAI) are mainly used for prediction of
prognosis. However, neuropsychological
outcome correlates more closely with
magnetic resonance imaging (MRI) find-
ings from the chronic stage than with
those obtained during the acute phase.
The purpose of the study was to design a
protocol that will assess the spread of
neural deficit and provide an accurate
prognosis for patients with DAI.

Methods: We compared ADC values and
FA values calculated from DTI of the
anterior and posterior corpus callosum in
four patients (mean + SD:24.0 + 4.5
years) with DAI and cognitive disorders
with those of 10 normal control subjects
(23.3 + 1.3 years). All patients had
chronic-stage DAI with no significant
MRI abnormality. Although they main-
tained self-care task, they were unable to
adapt to social life because of cognitive
disorders.

Results: For the anterior corpus callo-
sum, the FA values were higher and the
ADC values were lower bilaterally in
DAL patients than in the control subjects.
The high FA values may be designated
as pseudo-FA values due to the gliosis of
astrocytes around the degenerated nerve
fibers in the anterior corpus callosum.
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Conclusions: Our results suggest a close
association between pseudo-FA values
and low ADC values of the anterior cor-
pus callosum and cognitive disorders in
patients with DAI who show no signifi-
cant MRI abnormalities.

INTRODUCTION

In Japan, there are approximately
280,000 new cases of traumatic brain
injury (TBI) each year.! In the United
States, that number is about 2 million a
year,” making TBI a major public health
problem in both countries. While most
cases are classified as mild, about 30% of
TBI patients develop some cognitive dis-
orders.* Patients who have TBI-related
diffuse axonal injury (DAI) are the ones
most likely to develop marked cognitive,
emotional, and memory deficits, and
have serious social problems.* Further-
more, many of these patients are young
males of about 20 years of age who face
problems related to school enrolment or
finding work and thus require intensive
rehabilitation to continue their education
and/or employment.

Based on neuropathological exami-
nation and experimental neurotrauma
studies, DAI is classified into three
grades.’ In grade 1, there is histological
evidence of axonal injury in the white
matter of the cerebral hemispheres, cor-
pus callosum, brainstem, and, less com-
monly, the cerebellum. In grade 2, there
is also a focal lesion in the corpus callo-
sum; and in grade 3 there is also a focal
lesion in the dorsolateral quadrant or
quadrants of the rostral brainstem.
Other studies indicated that axonal
damage could be present even in
patients who do not show clinical evi-
dence of DAL®

In general clinical terms, it is con-
venient to view head injuries as consist-
ing of three distinct varieties: skull
injuries, focal injuries, and diffuse brain
injuries.” Diffuse brain injury is classified
into mild concussion, classic cerebral

concussion, and DAI. DAI is further
classified, using Gennarelli’s classifica-
tion, into three categories (mild, moder-
ate, and severe) based on the duration
of traumatic coma not due to mass
lesion.®

We often rely on brain imaging for
the diagnosis and assessment of the
severity of brain damage. However, it is
often difficult to predict the prognosis of
patients with DAI even with the use of
computed tomography (CT) or magnetic
resonance imaging (MRI), including T2-
weighed images.”!° Neuropsychological
outcome correlates more closely with
MRI in the chronic stage than with MRI
in the early stage. In this regard, late
ventricular enlargement is particularly
associated with poor outcome. Wilson et
al'! concluded that functionally signifi-
cant abnormalities might only be fully
apparent on late scanning. Kamikubo et
al'? found 32 DAI cases among 234 TBI
cases assessed by Gennarelli’s classifica-
tion. They reported that although all 32
DAI cases had cognitive disorders, two
had no significant MRI abnormalities in
the chronic stage. The presence of
enlarged lateral ventricles, indicative of
cerebral atrophy, in the chronic stage
often makes it easy to diagnose DAI.
Kamikubo’s results, however, point to
the limitation of conventional imaging
studies and the fact that failure of such
techniques to detect abnormalities could
jeopardize rehabilitation therapy in TBI
patients with cognitive disorders.

Several studies have recently report-
ed the effectiveness of diffusion-weight-
ed imaging (DWI) for evaluation of
DAL 3¢ Diffusion tensor imaging
(DTI), a relatively novel MRI technique,
is designed to detect more extensive
abnormalities than conventional MRI in
patients with severe head injury, and the
findings of DTT have been reported to
correspond with clinically determined
neurological deficit.'* The apparent dif-
fusion coefficient (ADC) values and the
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Table 1. Profiles of the four patients with diffuse axonal injury.

Preinjury Age at time
vocational Education of injury Cause of
Patient  Sex state Years Level (years) brain injury
M Athlete HSG 28 TA
2 M Part-time employee HSG 19 TA
3 M Office worker HSG 24 TA
4 F College student HSG 19 TA

HSG=high school graduate
TA=traffic accident

fractional anisotropy (FA) values calcu-
lated from DTI in the acute stage of
DALI are mainly used for prediction of
prognosis.>16 To our knowledge, there
are no reports that have evaluated the
association between ADC values and
FA values or problem of cognitive disor-
der in patients with chronic DAL

The main purpose of this study was
to design a protocol that will assess the
spread of neural deficit and provide an
accurate prognosis for patients with
DAL Specifically, we compared the
ADC and FA values in regions of inter-
est (ROI) between DALI patients with
cognitive disorders and a normal control
group. All patients had chronic-stage
DAI with no significant MRI abnormali-
ty. Although they were able to maintain
self-care task (dressing, eating, bathing,
grooming, use of the toilet, and mobility
within the home), they were unable to
adapt to social life because of cognitive
disorders.

MATERIALS AND METHODS

The control group consisted of 10
healthy male college students aged 20 to
24 years (mean + SD: 23.3 + 1.3 years).
Four patients with DAI participated in
the study. The period between onset and
enrolment was more than 6 months in
these patients and all were able to com-
plete some neuropsychological tests. The
clinical profile of these patients is shown

in Table 1. Their age ranged from 20 to
30 years (mean: 24.0 = 4.5 years). The
diagnosis of DAI was based on
Gennarelli’s classification, with con-
sciousness disturbance maintained for
26 hours.® The research protocol was
approved by the Ethics review
Committee of the participating institu-
tions and a signed consent from was
obtained from each subject. Neuro-
psychological tests, consisting of
Wechsler adult intelligence scale-revised
(WAIS-R), Trail making test (TMT),
Paced auditory serial addition task
(PASAT), and Miyake paired verbal
association learning test (Miyake
Memory test), were performed in DAI
patients. We used WAIS-R to check for
intelligence impairment, PASAT and
TMT to check for attention disorders
(selective and divided attention), and
Miyake Memory test for memory disor-
ders.

MR Image A cquisition

MR images were acquired in all patients
and control subjects with the use of a
clinical 1.5-Tesla MR imaging unit (23
mT/m maximum amplitude, 77
mT/m/msec slew rate). Diffusion tensor
imaging was performed with a modified
2-dimensional dual spin echo type echo
planar imaging acquisition window and
two pair of diffusion gradients symmet-
rically positioned around each 180°-
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Time from

injury to At inspection
Severity inspection Motor Age Vocational
of injury (years) disturbance (years) status
Moderate 2 None 30 Vocational aid center entrance
Severe 15 None 21 Rehabilitation home entrance
Severe 15 None 25 Rehabilitation home entrance
Severe 0.5 None 20 College student

radiofrequency pulse with ramped sam-
pling read-out gradients. The imaging
parameters were 10000/111.7/1
[TR/TE/NEX], 24-cm field of view
(FOV), 256 x 256 acquisition matrix, 6-
mm section thickness, 1242 sec/mm? b
values for total acquisition.

Data Analysis

The overall translational water motion,
characterized by the ADC values, and
the anisotropic component of water dif-
fusion, characterized by the FA values,
were calculated on a voxel-by-voxel
basis. MRI image data were transformed
to a standard MRI template into the
Talairach Atlas, using SPM2b (Welcome
Department of Cognitive Neurology,
London, UK) implemented in MAT-
LAB (Mathworks Inc, Natick, MA). We
used the MR diffusion tensor analysis
software, TENSOR Visualizer (dTVII),
developed by the Department of
Radiology, Image Computing &
Analysis Laboratory, The University of
Tokyo Hospital. The 30-voxel ROI was
set on the anterior and posterior corpus
callosum of the right and left. The ADC
and FA values were measured for each
part in order to compare the TBI group
with the healthy subject group. All data
were expressed as mean + standard
deviation (SD). Differences between
groups were examined for statistical sig-
nificance using the Mann-Whitney

U-test. A P value < 0.01 denoted the
presence of a statistically significant dif-
ference.

RESULTS
Table 2 shows the ADC and FA values
for each ROI in the control subjects and
patients. In the anterior corpus callosum
on both sides the ADC values were sig-
nificantly lower and the FA values were
significantly higher in the DAI patients
than in the control group. In the right
and left posterior corpus callosum the
ADC values were significantly lower in
the DAI patients compared with the
control, and the FA value were not sig-
nificantly different between the two
groups.

Patient 1 had no motor impairment.
In this case, the results of neuropsycho-
logical tests (Table 3) were within the
normal range on the WAIS-R, and were
low score on the TMT and PASAT, com-
pared with the control. Thus, although
intelligence was comparatively main-
tained, disorders of attention (selective
and divided attention) were recognized
in this patient. He was judged to have
difficulty being able to ride a bicycle as
cycle racer again due to neurofatigue
and adynamia. He has retired and cur-
rently receives pension for the disability.
Moreover, he described being short tem-
per while driving, because of disinhibi-
tion, though neurophysiological test did

The Journal of Applied Research ® Vol. 6, No. 1, 2006 39



Table 2. Fractional anisotropy (FA) and apparent diffusion coefficient (ADC) values of the
anterior and posterior corpus callosum in patients with diffuse axonal injury and healthy control.

Control (n=10) Patients (n=4)

Anterior corpus callosum

Right FA value 0.64 £ 0.04 0.75 £ 0.05*
Right ADC value (x10° cm?/s) 1.10 + 0.08 0.76 + 0.06*
Left FA value 0.64 = 0.04 0.76 £ 0.02*
Left ADC value (x10° cm?/s) 1.08 £ 0.09 0.73 £ 0.02*
Posterior corpus callosum
Right FA value 0.64 £ 0.02 0.66 + 0.07
Right ADC value (x10° cm?/s) 1.10 + 0.05 0.96 + 0.06*
Left FA value 0.64 + 0.03 0.67 £ 0.04
Left ADC value (x10° cm?/s) 1.13+0.08 0.96 + 0.05*

All data are presented as mean + standard deviation.
*P<0.01 by Mann-Whitney’s U test

not identify this change, a factor that
negatively influenced his return to work.
With regard to Patient 2, no motor
impairment was noted and neuropsycho-
logical tests (Table 3) showed low scores
for WAIS-R and TMT compared with
normal values. The score of PASAT was
within the normal range. Non-paired test
showed a significant decrease of Miyake
paired test. Neurophysiological tests
showed no major abnormalities,
although disinhibition was evident in
social life together with persistent mem-
ory disorder. The patient was admitted
to a rehabilitation center for further
management and the likelihood of start-
ing work again is slim at present.
Patient 3 showed no motor impair-
ment. Performance intelligence (PIQ) in
WAIS-R showed a clear decrease and
constructive disability was doubted. The
scores of TMT, PASAT, and Miyake
paired test were low compared with the
normal values. Thus, disorders of atten-
tion (selective and divided attention)
and memory disorder were recognized.
Socially, he showed disinhibition. The
patient was admitted to a rehabilitation
center for further management and was
successful in working again in care sup-

port service.

Patient 4 showed no motor impair-
ment. Neuropsychological tests (Table 3)
showed a normal WAIS-R score. The
scores of TMT, PASAT, and Miyake
paired test were lower than normal.
Though intelligence was maintained, dis-
orders of attention (selective and divid-
ed attention) and memory disorder were
recognized. In social life, she had severe
memory disorder, persistence, and disin-
hibition. The patient had returned to
college and managed well with the help
of other students. However, she found it
difficult to follow the classes because of
severe memory disorder. Furthermore,
several of her friends have left her
because of the disinhibition. While work
related to the field of education will be
difficult assuming completion of the
course and graduation, it is anticipated
that the patient might find work in the
welfare field.

DISCUSSION

Several studies of patients with acute
DAI reported low FA and ADC values
in the corpus callosum compared with
the control.'> !¢ Interestingly in our
study, the FA values of the anterior cor-
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Table 3. Results of neuropsychological tests of patients with diffuse axonal injury.

WAIS-R Miyake Paired Test
VIQ PIQ FIQ A B PASAT Paired Non-paired
6.6-9.9, 3,2-7.0,
Normal 100 + 15 10-10, 6.6-10
range (mean + SD) 66.9 83.9 46.3-41.2 10-10 7.7-10
Patient 1 91 91 90 144* 165* 40* 10, 10, 10 4,8, 7*
Patient 2 70* 87 73* 83* 95* 59 10, 10, 10 3, 4%, 5%
Patient 3 86 60* 72* 124* 206* 29* 7, 9% 10 1% 3%, 4*
Patient 4 107 107 106 80* 88* 41* 7, 8% 8* 2%, 3%, 3*

*Findings outside normal range
WAIS-R=Wechsler adult intelligence scale-revised
TMT=Trail making test

PASAT=paced auditory serial addition task

Miyake Paired Test=Miyake paired verbal association learning test

pus callosum were significantly higher,
while the ADC values were lower in
DTI patients than in the control group.
On the other hand, the FA values of the
posterior corpus callosum were not sig-
nificantly different and the ADC values
were lower in DTI patients compared
controls. The high FA values and low
ADC values of the anterior corpus cal-
losum may reflect frontal lobe abnor-
mality based on the results of neuro-
psychological tests. Such a rise in the FA
values may be designated as pseudo-FA
values due to gliosis of astrocytes
around degenerated nerve fibers in the
anterior corpus callosum. In each patient
with DAI, the nerve fibers radiating
from the corpus callosum to the frontal
lobe showed some damage and it was
considered that such damage affected
the uniform direction of the axons in the
corpus callosum.

In the future, analysis of a larger
number of patients, especially DAI
patients, is necessary, including
histopathological examination. On the
other hand, based on the lack of change
in the FA values and the low ADC val-
ues, accompanied by low diffusion in the
posterior corpus callosum, it is conceiv-
able that this area is spared any nerve

degeneration. Considered together, our
results suggest that our patients with
DALI are vulnerable to nerve degenera-
tion in the anterior more than posterior
corpus callosum.

It is difficult to detect cognitive dis-
orders in DAI patients using conven-
tional parameters of MRI and single
photon emission computed tomography
(SPECT). Diffusion white matter injury
is not readily visualized by conventional
MRI apart from indirect findings such as
late ventricular dilatation caused by
periventricular white matter degenera-
tion and changes in the corpus callo-
sum.!” Our results indicate that cognitive
disorders can be easily evaluated by
objective measurement of the ADC and
FA values using DTI, and that this tech-
nique is useful for the clinical evaluation
of cognitive disorders in patients with
chronic DAI who have no significant
MRI abnormality.
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