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Diffusion Tensor MR Imaging in Diffuse
Axonal Injury

Konstantinos Arfanakis, Victor M. Haughton, John D. Carew, Baxter P. Rogers,
Robert J. Dempsey, and M. Elizabeth Meyerand

BACKGROUND AND PURPOSE: Disruption of the cytoskeletal network and axonal mem-
branes characterizes diffuse axonal injury (DAI) in the first few hours after traumatic brain injury.
Histologic abnormalities seen in DAI hypothetically decrease the diffusion along axons and increase
the diffusion in directions perpendicular to them. DAI therefore is hypothetically associated in the
short term with decreased diffusion anisotropy. We tested this hypothesis by measuring the
diffusion characteristics of traumatized brain tissue with use of diffusion tensor MR imaging.

METHODS: Five patients with mild traumatic brain injuries and 10 control subjects were
studied with CT, conventional MR imaging, and diffusion tensor imaging. All patients were
examined within 24 hours of injury. In each participant, diffusion tensor indices from homol-
ogous normal-appearing white matter regions of both hemispheres were compared. These
indices were also compared between homologous regions of each patient and the control group.
In two patients, diffusion tensor images from the immediate posttrauma period were compared
with those at 1 month follow-up.

RESULTS: Patients displayed significant reduction of diffusion anisotropy in several regions
compared with the homologous ones in the contralateral hemisphere. Such differences were not
observed in the control subjects. Significant reduction of diffusion anisotropy was also detected
when diffusion tensor results from the patients were compared with those of the controls. This
reduction was often less evident 1 month after injury.

CONCLUSION: White matter regions with reduced anisotropy are detected in the first 24
hours after traumatic brain injury. Therefore, diffusion tensor imaging may be a powerful

technique for in vivo detection of DAL

Traumatic brain injury is a major public health prob-
lem, with about 2 million new cases reported in the
United States each year (1). Most of these cases are
classified as mild. However, approximately 30% of
patients with the mild form experience some degree
of residual neurologic or cognitive deficit (2). Com-
mon symptoms include deficit in attention, working
memory, and speed of information processing; head-
aches; dizziness; and irritability. Diffuse axonal injury
(DAI) is widely believed to account for these persis-
tent problems (3-5).

Experimental studies have demonstrated that dif-
fuse white matter injuries may occur with traumatic
brain injury irrespective of skull deformation (6). The
mechanism for DAI is shear-strain deformation, a
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change in shape of the brain without a change in
volume. Pathology studies have shown that DAI is
characterized by multifocal lesions, scattered in white
matter, that are occasionally associated with petechial
hemorrhage (7). The three areas most commonly
involved in DAI are the subcortical white matter,
corpus callosum, and dorsolateral aspect of the upper
brain stem. From a histologic aspect, several investi-
gators (8-12) have linked DAI to focal misalignments
of the cytoskeletal network or to changes of the ax-
olemmal permeability, depending on the severity of
the injury. In humans with mild traumatic brain in-
jury, the first evidence of DAI is believed to be focal
neurofilament misalignment, which becomes striking
within the first 6 hours after injury (Fig 1) (8-11).
This misalignment leads to an impairment of axoplas-
mic transport and local accumulation of organelles.
The effect continues for several hours after injury,
causing local swelling and expansion of the axonal
cylinder (Fig 1). Over time, lobulation of the focal
axonal swelling takes place, followed by disconnection
of the axon at 30—60 hours after injury. After discon-
nection, the proximal and distal segments of the axon
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Fic 1. lllustration of the changes that axons undergo owing to cytoskeletal perturbation from mild traumatic brain injury.
A, The top neuron is healthy. In the bottom neuron, neurofilamentous and, generally, cytoskeletal misalignment is visible a short time

after injury. This impairs axonal transport.

B, Organelles accumulate in the injured region, causing the axon to swell locally and subsequently disconnect from the rest. In this
Figure, the dimensions of the axons relative to the interaxonal space do not necessarily correspond to reality.

become sealed by a continuous axolemma and en-
compassed by an independent myelin sheath. A study
using the tracer horseradish peroxidase determined
that axolemmal permeability is not altered after mild
traumatic brain injury (11). In moderate and severe
traumatic brain injury, however, a change in the ax-
olemmal permeability is the first evidence of injury.
After several hours, the neurofilaments become mis-
aligned, leading to local swelling and disconnection
(8, 11). Similar findings of focal axoplasmic impair-
ment and swelling have been obtained in several dif-
ferent models of traumatic brain injury (13-15). The
only disparity has been that in animals the same
events occur much faster than in humans (9). In the
most severe form of traumatic brain injury, in addi-
tion to the effects just described, direct renting of the
axolemma may also occur (8).

Although the widely used Glasgow Coma Scale has
excellent interobserver reliability and correlation with
outcome following severe brain injury (16), it fails to
differentiate between different types of injury with
different prognoses and fails to localize the injury. CT
or especially MR imaging, however, successfully dem-
onstrates intracranial hematomas, subdural fluid col-
lections, subarachnoid bleedings, cerebral edemas,
and degenerating neurons (2, 17-21). Sufficient evi-
dence exists that DAI is not a phenomenon secondary
to edema, but occurs as a primary response to trauma
(22). In addition, in DAI, not all lesions are associ-
ated with hemorrhage. Moreover, degenerating neu-
rons are not present until several days after traumatic
brain injury. Therefore, none of these techniques are
appropriate imaging tools for DAL

A more recent noninvasive imaging technique, dif-
fusion tensor imaging, as implemented in MR imag-
ing (23, 24), can be used to probe, in vivo, the intrinsic
diffusion properties of deep tissues. Diffusion tensor
imaging has been applied in several studies to infer
the microstructural characteristics of the brain (25,
26), the heart (27), and the spinal cord (28). In addi-
tion, diffusion tensor imaging has been introduced in
the diagnosis of disease conditions such as cerebral
ischemia (29), acute stroke (30), and multiple sclero-
sis (31). Unlike conventional diffusion-weighted im-
aging (32), where diffusion-weighted images are used
to calculate the scalar apparent diffusion coefficient,
diffusion tensor imaging characterizes diffusive trans-

port of water by an effective diffusion tensor D. The
eigenvalues of D are the three principal diffusivities,
and the eigenvectors define the local fiber tract direc-
tion field (23). Moreover, one can derive from D
rotationally invariant scalar quantities that describe
the intrinsic diffusion properties of the tissue. The
most commonly used are the trace of the tensor (23,
25, 33), which measures mean diffusivity, and frac-
tional anisotropy (FA) and lattice index (LI) (25,
33-35), which characterize the anisotropy of the fiber
structure, meaning how much higher the diffusivity is
along some directions compared with others.

The purpose of this study was to test the hypothesis
that the histologic effects of DAI may be directly
detected by means of diffusion tensor imaging in the
first hours after injury, through a reduction of the
axonal diffusion anisotropy. More specifically, we
tested the possibility of using diffusion tensor imaging
to detect DAI in patients with traumatic brain injury,
by studying white matter regions that appeared nor-
mal on CT and other MR images, including apparent
diffusion coefficient maps. We compared diffusion
tensor imaging results between contralateral homol-
ogous structures of each subject and also between
homologous structures of each patient and the con-
trol group. Finally, in the same normal-appearing
white matter regions, we compared diffusion tensor
imaging results in the first 24 hours after injury and in
a follow-up study 30 days later.

Methods

Participants

This study included five patients with mild traumatic brain
injury (three men and two women) and 10 volunteers with no
known neurologic disorders (five men and five women). The
mean age for the group of patients was 35.6 years (SD = 14.8
years), and for the control group 28.9 years (SD = 7.6 years).
All patients were enrolled and studied as soon after admission
to the emergency department as possible, but not after 24
hours. Inclusion criteria for the study were a history of recent
head trauma that exposed the patient to rapid acceleration or
deceleration; symptoms such as amnesia, disorientation, or
confusion; a Glasgow Coma Scale score between 13 and 15;
and the presence of a relative who could provide informed
consent for the MR study. Exclusion criteria were evidence of
large intracerebral hematomas, subdural hematomas, or her-
niations; an indication for immediate surgical treatment of the
head injury or other injury; an inability to cooperate with the



796 ARFANAKIS

examination; and dental devices or other causes for degraded
echo planar MR images or a contraindication for MR exami-
nation. All participants or the legal guardian signed an in-
formed consent form in accordance with institutional policy.

Image Acquisition

CT scans were obtained in all patients. MR images were
acquired in all patients and control subjects with use of a
clinical 1.5-T imager with high-speed gradients (40 mT/m max-
imum amplitude, 150 mT/m/msec slew rate). The following
conventional MR sequences were performed during each im-
aging session: 2D sagittal T1-weighted spin-echo localizer (500/
8/1 [TR/TE/excitations], 90° flip angle, 24 X 24-cm field of view
[FOV], 256 X 256 imaging matrix, 20 sections, 5S-mm section
thickness with 1.5-mm skip); 2D axial T2-weighted multiplanar
prepared gradient-recalled acquisition in the steady state (800/
25/1, 20° flip angle, 22 X 22-cm FOV, 256 X 256 imaging
matrix, 23 sections, 5S-mm section thickness with 2-mm skip);
and 2D axial T1-weighted spin-echo (500/8/1, 90° flip angle,
24 X 24-cm FOV, 256 X 256 imaging matrix, 20 sections, 5-mm
section thickness with 1.5-mm skip). Diffusion tensor imaging
was performed with a modified 2D spin-echo sequence, with an
echo planar imaging acquisition window and a pair of diffusion
gradients symmetrically positioned around the 180° radio-fre-
quency pulse. The imaging parameters were 4500/71.8/1, 24 X
24-cm FOV, 21 contiguous sections, 3-mm section thickness.
The amplitude of the total diffusion gradient was 40 mT/m and
was applied in 23 noncollinear directions uniformly distributed
in 3D space. The duration of each diffusion-weighted gradient
lobe was 21.3 ms, and their temporal spacing was 26.9 ms. The
effective diffusion weighting was b = 1001 s/mm? (23). To
estimate the diffusion tensor for all voxels, T2-weighted images
with no diffusion weighting (b = 0 s/mm?) (24) were also
acquired at the beginning of each diffusion tensor imaging
study. Echo planar readout was performed with a 128 X 128
image matrix, and all images were reconstructed to a 256 X 256
matrix after zero filling. Therefore, the resultant voxel dimen-
sions were 0.9375 X 0.9375 X 3 mm?®. All diffusion tensor
images (b = 0 s/mm? and b = 1001 s/mm?) were acquired four
times. The duration of diffusion tensor imaging was 7 minutes
12 seconds, and total imaging time for each subject was less
than 15 minutes.

MR imaging and CT examinations were completed for all
patients within the first 24 hours after injury. A second diffu-
sion tensor imaging examination was performed in two of the
patients 30 days after injury.

Postprocessing

All MR images were transferred to an offline workstation
for postprocessing. The four repetitions of the images that were
acquired with the diffusion tensor sequence were first averaged
to increase the signal-to-noise ratio. Then, for the T2-weighted
images with no diffusion weighting, a threshold was selected to
remove CSF, and the averaged diffusion-weighted images were
registered to these T2-weighted images to correct for distor-
tions induced by eddy currents (36), by using a 2D perspective
eight-parameter registration algorithm (37). Next, the diffusion
tensor D and its eigenvalues and eigenvectors were estimated
for all voxels (23). After sorting the eigenvalues in order of
decreasing magnitude for each voxel, (A; > A, > A3), A\,
represented the diffusivity along the primary diffusion direc-
tion €, (23). In theory, the primary diffusion direction in a voxel
coincides with the mean of the unit vectors that are parallel to
the physical axes of the neurons included in that voxel. The
second and third largest eigenvalues (A,, A;) represented the
diffusivities along directions that were perpendicular to the
primary diffusion direction, and to each other (23). The corre-
sponding eigenvectors (e€,, €;) represented those secondary
diffusion axes. Several diffusion tensor imaging indices were
also derived from the eigenvalues and eigenvectors in each
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Fic 2. Example of the selection of voxels from the five struc-
tures under study, in one section of a control subject. The
background image is an LI map. The red dots correspond to the
selected voxels. The dots were made larger than the in-plane
dimensions of a single voxel for visualization purposes.

voxel. One of these quantities is the trace of the diffusion
tensor (23, 25, 33), which is a measure of the mean diffusivity.
Diffusion anisotropy, which expresses the degree of selective
diffusion along specific directions, was also measured, by
means of FA and LI (25, 33-35). According to the definition of
LI and FA, measurements of LI are characterized by a lower
standard deviation than those of FA but are more susceptible
to partial volume effects. Maps of trace, FA, and LI were
constructed for all participants.

A series of voxels was selected systematically in the left and
right sides of the external capsule, posterior corpus callosum,
anterior corpus callosum, posterior limb of the internal cap-
sule, and anterior limb of the internal capsule in all subjects
(Fig 2). For the patients with traumatic brain injury, these
voxels were always selected from white matter that appeared
normal on conventional MR images, even on trace maps. The
selection was performed based on LI maps where the structures
were easily identified. Since it was not trivial to detect the
border between the posterior and the anterior limbs of the
internal capsule based only on LI maps, where the two struc-
tures appear to be continuous, absolute value color maps (38)
were also produced for all subjects (Fig 3). In these maps,
different colors represent specific directions in 3D space, and
the intensity at each voxel is weighted by its LI value. The
difference between the orientation of neurons in the posterior
and the anterior limb of the internal capsule is such that the
corresponding colors are also significantly different, therefore
simplifying the selection of the voxels (Fig 3). The same rules of
voxel selection were applied to all patients and neurologically
normal volunteers.

Each side (left, right) of the five aforementioned structures
was considered as a separate region of interest (ROI). Fifteen
noncontiguous voxels were selected from each ROI. A total of
150 voxels (15 voxels X 5 structures X 2 hemispheres) were
chosen in each participant. The selection was performed ac-
cording to the following protocol. Since thin sections (3 mm)
were used for diffusion tensor imaging, portions of each ROI
appeared in more than three sections. After identifying all the
sections that contained each ROI, voxels from the three central
ones were selected. In each one of these three sections, five
noncontiguous voxels were selected per ROI. The voxels were
evenly spaced from each other within the same section and
ROI (Fig 2). Mean Ay, A,, A;, trace, FA, and LI and their
standard deviations were calculated for each ROI in both
hemispheres in all participants.

The diffusion tensor imaging results from each structure in
one hemisphere of the brain were compared with those from
the contralateral hemisphere for all participants. In addition,
the diffusion tensor imaging indices from each patient’s ROIs
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Fic 3. A, LI map in a control subject. The border between the anterior (A/IC) and posterior (PIC) limbs of the internal capsule is not

obvious from this image.

B, Absolute value color map of the same section as in A. Arrows indicate the exact level of the border between AIC and PIC. Color
representation of directions in 3D space helps to clearly separate the two structures.
C, Color circle demonstrates the correspondence of colors and directions in 3D space. This circle should be thought of as a 3D dome

that is viewed from below.

Fic 4. A, T2-weighted image in a patient with mild traumatic brain injury. Small hemorrhagic lesions are visible in the left occipital lobe

and right frontal lobe.

B, Diffusion-weighted map of the same section in the same patient, for one of the 23 diffusion-weighted gradient directions. The

abnormal regions from A are also visible in B.

C, Corresponding trace map. The same lesions from A and B can be detected.
D, LI map of the same section in the same patient. Decreased anisotropy is visible in the left internal capsule and left anterior corpus
callosum. No abnormality was demonstrated in these regions with any other type of imaging. On this LI map, however, the hemorrhagic

lesions from A, B, and C are hard to identify. R indicates right; L, left.

were compared with those of the control group. The signifi-
cance of any differences was assessed based on the assumption
that the results from the control group were normally distrib-
uted. For all structures, values of diffusion tensor indices from
the patients were indicated on graphs of the corresponding
normal probability densities of the control group. Comparisons
were also performed between the results from immediate (<1
day after injury) and short-term follow-up (30 days after injury)
diffusion tensor images for two of the patients. For each se-
lected structure, the side with the lower anisotropy on the
immediate image was determined. Ratios of several diffusion
characteristics between the ROIs with low anisotropy on the
immediate image and their homologous contralateral ROIs
with higher anisotropy were plotted for the immediate and
follow-up data sets. A Student’s ¢ test was used to determine
the statistical significance of the differences between hemi-
spheres and between the immediate and follow-up data sets. A
P value less than .05 was considered to indicate a statistically
significant difference.

Results

For all patients, CT images exhibited no abnormali-
ties. Conventional MR images, especially T2-weighted,
and diffusion-weighted images and trace maps dem-
onstrated scattered sites of abnormal signal intensity
consistent with petechial hemorrhage or edema. In
addition, for all patients, images of diffusion anisot-
ropy (FA, LI) obtained with diffusion tensor imaging
revealed regions of reduced anisotropy, differing
from the hemorrhagic and edematous lesions (Fig. 4).
These regions did not appear to be abnormal on the
other types of images. However, anisotropy maps did
not often provide sufficient contrast for detection of
hemorrhages and edema, where anisotropy values
might be similar to those in CSF or gray matter.

Interhemispheric comparisons of diffusion charac-
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Diffusion characteristics of five structures from both hemispheres in a patient with mild traumatic brain injury and a healthy control subject

Structure and Parameters Patient Control Subject
Left Hemisphere Right Hemisphere P Value Left Hemisphere Right Hemisphere P Value
Anterior corpus callosum
A 1.50 = 0.15 1.81 =£0.25 <0.005 1.84 £ 0.27 1.88 = 0.21 <04
Ay 0.67 £ 0.12 0.45 £ 0.11 <0.005 0.43 £0.12 0.42 £ 0.09 <0.4
A3 0.37 = 0.11 0.29 = 0.08 <0.005 0.20 = 0.07 0.22 = 0.07 <0.3
Trace 2.54 £0.21 255 +0.21 ~1 246 +0.21 2.52 +0.23 <0.3
FA 0.6 £ 0.09 0.76 = 0.09 <0.005 0.80 = 0.08 0.81 + 0.06 <0.4
LI 0.47 = 0.10 0.65 =0.1 <0.005 0.72 = 0.11 0.72 = 0.07 <1
Posterior corpus callosum
A 1.74 = 0.27 1.64 =£0.22 <0.2 1.71 £ 0.12 1.62 = 0.14 <0.05
A 0.47 = 0.15 0.49 +0.12 <04 0.47 £ 0.10 0.45 £ 0.11 <0.4
Ay 0.27 £ 0.10 0.24 = 0.07 <0.2 0.23 = 0.08 0.16 = 0.09 <0.025
Trace 2.49 £0.25 2.36 £ 0.19 <0.1 241 +0.15 2.23 £0.19 <0.005
FA 0.75 = 0.10 0.74 = 0.08 <04 0.77 £ 0.07 0.79 £ 0.07 <0.3
LI 0.65 = 0.12 0.65 = 0.09 <1 0.69 * 0.08 0.70 = 0.08 <04
External capsule
A 1.28 £0.13 1.13 £ 0.13 <0.005 1.26 = 0.12 1.25 = 0.11 <0.5
A 0.69 = 0.10 0.73 £ 0.10 <0.1 0.65 £ 0.11 0.66 = 0.08 <04
A3 0.37 £ 0.14 0.50 = 0.10 <0.005 0.34 £ 0.10 0.37 £ 0.05 <0.2
Trace 2.34 +0.14 2.36 + 0.16 <04 2.26 +0.19 2.28 £ 0.12 <04
FA 0.53 £0.10 0.39 = 0.10 <0.005 0.56 = 0.08 0.53 £ 0.06 <0.2
LI 0.38 £ 0.09 0.26 = 0.08 <0.005 0.41 £ 0.08 0.37 £ 0.06 <0.1
Posterior internal capsule
A 1.23 =0.17 1.30 = 0.16 <0.1 1.42 £ 0.11 141 =0.12 <0.5
Ay 0.64 £ 0.07 0.54 £ 0.11 <0.005 0.49 £ 0.08 0.46 = 0.07 <0.2
A3 0.36 £ 0.08 0.31 = 0.04 <0.01 0.25 £ 0.04 0.24 = 0.07 <0.4
Trace 2.24 £0.17 2.14 £ 0.13 <0.025 2.16 = 0.09 212 £ 0.15 <0.2
FA 0.53 £ 0.09 0.63 = 0.08 <0.005 0.70 £ 0.06 0.71 £ 0.07 <0.4
LI 0.41 = 0.09 0.50 = 0.08 <0.005 0.59 + 0.06 0.60 + 0.07 <04
Anterior internal capsule
A 124 =0.13 1.47 = 0.06 <0.005 1.38 = 0.15 1.55x0.23 <0.025
A 0.59 £ 0.09 0.50 = 0.09 <0.01 0.56 = 0.10 0.52 £ 0.10 <0.2
Ay 0.42 £ 0.08 0.31 = 0.06 <0.005 0.33 £ 0.09 0.35 £ 0.10 <0.3
Trace 225 +0.13 229 £ 0.12 <0.2 2.26 £ 0.24 2.41 £0.29 <0.1
FA 0.52 = 0.09 0.68 = 0.06 <0.005 0.63 = 0.05 0.67 = 0.09 <0.1
LI 0.38 = 0.09 0.56 = 0.06 <0.005 0.51 = 0.06 0.55 = 0.10 <0.1

Note.—Data are the mean = SD. The values of A, A,, A5, and trace were multiplied by 10° before they were included in the table and are in mm?/s.

teristics from the five selected structures in all neu-
rologically normal control subjects showed no signif-
icant differences in anisotropy (Table). In two control
subjects, a part of a selected structure in one hemi-
sphere was characterized by a trace significantly
higher (P < .005) than the trace of the homologous
contralateral region. In all patients, significant differ-
ences (P < .005) were detected between the mean
anisotropy of voxels selected from the two contralat-
eral sides of several structures. The regions with re-
duced anisotropy were always characterized by a de-
crease in A; and an increase in A, and A;. However, in
approximately 95% of the interhemispheric compar-
isons that were performed in the selected structures
of the patients, and that resulted in significantly dif-
ferent anisotropy between the two sides, no signifi-
cant differences in the trace were detected.

In many of the selected ROIs in each patient,
anisotropy was significantly decreased with respect to
the mean anisotropy in homologous ROIs in the con-
trol group (P < .05). No significant differences were
observed between the trace values from homologous

ROIs of each patient and the controls. However,
ROIs with reduced anisotropy, compared with that in
the control group, also exhibited reduced A, and in-
creased A, and A5. Plotting the diffusion tensor imag-
ing results for the patients on graphs of the corre-
sponding distributions for the control subjects clearly
demonstrated these observations (Fig 5). Significant
reduction of anisotropy was more often detected in
the internal capsule and corpus callosum and less
often in the external capsule of the patients with mild
traumatic brain injury.

Comparison of diffusion tensor imaging results ob-
tained within 1 day and at 30 days after injury in two
patients revealed significant changes in anisotropy in
seven ROIs of both patients. In these ROIs, anisot-
ropy values that were found to be lower than normal
in the first data set were increased in the second. The
corresponding trace values did not change between
acquisitions, whereas A, increased and A, and A5 de-
creased. Plots of ratios of the diffusion characteristics
between these seven ROIs and their homologous con-
tralateral ones, in the immediate and follow-up data
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Fic 5. Graphs show distributions of FA results from 10 selected ROIs (5 structures x 2 hemispheres) for the control subjects
(continuous lines) combined with the corresponding FA values for the five patients with mild traumatic brain injuries (vertical lines), in the
left (A) and right (B) hemispheres. All horizontal axes represent FA values. P values are reported only for cases in which FA results for
the patients were significantly different (P < .05) from the mean FA results of the control subjects. For the patients, anisotropy was found
to be significantly reduced in several structures compared with normal values. Reduction of FA was more often in the internal capsule
and corpus callosum and less often in the external capsule of the patients. LACC and RACC indicate left and right anterior corpus
callosum, respectively; LPCC and RPCC, left and right posterior corpus callosum; LEC and REC, left and right external capsule; LAIC
and RAIC, left and right anterior internal capsule; LPIC and RPIC, left and right posterior internal capsule.

sets, demonstrated the temporal nature of the effects
of mild traumatic brain injury on white matter (Fig 6).
However, although the diffusion properties of these
seven ROIs on the second image were more similar to
normal, three of them were still characterized by
anisotropy values and eigenvalues that were signifi-
cantly different than normal, and four had reached
“normal” diffusion characteristics (P > .05). In two
ROIs with reduced anisotropy on the first diffusion
tensor dataset, no significant change was observed 30
days later.

Discussion

Identification of DAI has been possible after death
with invasive histopathologic studies. Electron mi-
croscopy, light microscopy, and immunocytochemical
methods have been applied in excised human, or
animal, brain samples after traumatic brain injury in
order to visualize DAI (39, 9, 40). MR imaging, with
its ability to differentiate between various types of

brain tissue in healthy or diseased conditions, has
provided useful information about regions with le-
sions, such as edema and hemorrhage, following trau-
matic brain injury. However, conventional MR imag-
ing underestimates the extent of DAI, which may
account for much of the transient clinical pathologic
conditions following traumatic brain injury and per-
haps for the residual neurologic and cognitive deficits
that are associated with traumatic brain injury. In this
study, we tested the hypothesis that a relatively new MR
imaging technique, diffusion tensor imaging, could be
more effective in identifying the effects of DAI in vivo.

Images of FA and LI, as well as quantitative com-
parison of the diffusion characteristics of selected
groups of voxels, demonstrated significant differences
of diffusion anisotropy between the two sides (left,
right) of several white matter structures in the pa-
tients. The same was not true in the neurologically
normal control subjects. Therefore, regions with re-
duced anisotropy, compared with their contralateral
homologous regions, may be possible sites of DAL
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Fic 6. Bar graphs of ratios of diffusion characteristics between the two sides of four structures in a patient with mild traumatic brain
injury, using the immediate (A) and short-term follow-up (B) data. The quantities A4, A,, A5, trace, FA, and LI correspond to that side of
the structure that has the lowest anisotropy on the immediate image. The quantities A;’, A,’, A3’, trace’, FA’, and LI’ correspond to the
contralateral side of these structures. The four structures are external capsule (EC), anterior corpus callosum (ACC), posterior internal
capsule (PIC), and anterior internal capsule (AIC). Each structure corresponds to a specific color. For the immediate data set, one side
of the four structures has lower A, higher A, and A; and lower FA and LI than its contralateral homologous side. Also, trace is similar
for both sides. For the follow-up data set, A;, A,, A5, FA, and LI have become more similar between the two sides of each structure,
therefore giving ratios that are closer to 1. The ratios of the trace have remained at values almost equal to 1. When looking at the absolute
values of the diffusion characteristics, we notice that the ratios change because the side of each structure that had low anisotropy on
the immediate dataset has higher anisotropy on the follow-up dataset.

Although similar changes of anisotropy could be
caused by edema or hemorrhage, there was no indi-
cation for the presence of such lesions on any CT or
MR image. Furthermore, diffusivity values were not
altered in the same regions. These results support the
hypothesis that DAI may be detected by means of
reductions in diffusion anisotropy. They may also
explain why conventional diffusion-weighted imaging
studies have not effectively detected DAI by using
only measures of mean diffusivity (21).

In the patients, several regions were characterized
by significantly lower diffusion anisotropy compared
with the mean values from the control group. There
was no indication for the presence of edema or hem-
orrhage in these regions. Although for several struc-
tures anisotropy values were abnormal, trace or mean
diffusivity was not significantly different than the cor-
responding mean values for the control group. This
observation also confirmed that our choice to study
patients with mild traumatic brain injury by means of
diffusion anisotropy instead of mean diffusivity was
advantageous.

To understand how DAI may cause changes in the
diffusion anisotropy values of white matter, one has
to carefully study the results from histologic studies.
Several researchers agree that the first indication of
DALI in patients with mild traumatic brain injury is a
misalignment of the cytoskeletal network (Fig 1A)
(8-12). In addition, at low b values, similar to the
ones used in our study, diffusion measurements are
mostly sensitive to the extraaxonal space (41). There-

fore, diffusion anisotropy in white matter is due to the
fact that diffusion is more impeded perpendicularly to
the fibers mainly because of their geometric arrange-
ment. In DAI, misalignment of the axonal mem-
branes may increase restriction in diffusion parallel to
the main axis of the neurons, thus decreasing A;.
Additionally, misalignment of the cytoskeletal net-
work may possibly increase diffusion in directions
perpendicular to the axons due to an additional dif-
fusion component, created by the projection of the
primary diffusivity on the transverse plane, therefore
increasing A, and A;. Consequently, misalignment of
the axonal membranes in DAI could be responsible
for reductions of anisotropy. The second phase of
DALI includes an impairment of axoplasmic transport
and local accumulation of organelles, causing local
swelling and expansion of the axonal cylinder (Fig 1)
(8-12). This change in shape may also increase re-
striction in the diffusion along the main axis of the
fibers and decrease local diffusion anisotropy. Fol-
lowing lobulation, disconnection may occur that
might lead to the death of the distal and proximal
segments of the neuron (8-12). The membrane of a
dying neuron degenerates, thus reducing restriction in
diffusion along directions perpendicular to the axon,
increasing A, and A;, and reducing anisotropy. For
moderate and severe traumatic brain injuries, an in-
crease of permeability also takes place in the injured
axons (8-12). This may also increase diffusivity in
directions perpendicular to the axons and reduce an-
isotropy. Some of the effects that can happen in DAI
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may not have occurred in the patients with mild trau-
matic brain injury in this study, either due to timing or
due to severity of injury. However, all the possible
histologic changes that have been associated with
DAI may lead to a reduction in diffusion anisotropy
through different mechanisms. Although we obtained
no pathologic proof that the changes in diffusion
anisotropy were associated with DAI, we could find
no alternative plausible explanation.

A follow-up study in two patients with mild trau-
matic brain injury revealed that in some regions with
initially reduced diffusion anisotropy the changes were
partially, or completely, corrected 30 days after injury.
These results should not be interpreted as evidence for
regeneration of neurons. Instead, a cellular repair
mechanism may have corrected the cytoskeletal mis-
alignment and lobulation, before disconnection oc-
curred. Thus, diffusion anisotropy increased as the
axon returned to its original condition. In some cases,
30 days after injury, diffusion anisotropy was no
longer different than normal values. This might be
due to a complete repair process. In others, diffusion
anisotropy was somewhat increased, but still signifi-
cantly lower than normal. This could be explained
with a repair process that was either not completed 30
days after injury, or it was finished and the final
condition of the axons was different than their healthy
state. Finally, several white matter regions with re-
duced diffusion anisotropy one day after injury did
not exhibit any change 30 days later. In these cases,
disconnection might have happened, and Wallerian
degeneration of the injured neurons might have oc-
curred.

In a recent study of diffusion tensor imaging in two
patients approximately 1 year after severe traumatic
brain injury, reduced anisotropy was detected in the
internal capsule in one of the patients (42). This was
claimed to be due to loss of the parallel fiber arrange-
ment of the major white matter tracts. Although this
observation seems to agree with our results, it was
acquired at a much later time after severe injury and
cannot be easily compared. The same study also re-
ported multiple sites of increased diffusivity in white
matter. These data were translated as an expansion of
the extracellular space, caused by neuronal or glial
cell loss. The fact that we did not observe any changes
in mean diffusivity in our study could be due to
insufficient time for completion of Wallerian degen-
eration, or due to minor neuronal loss in connection
with the mild injuries (43). Furthermore, the charac-
teristics of the rest of the processes that take place in
DALI in patients with mild traumatic brain injury
might be such that mean diffusivity would not be
significantly affected.

Most of the abnormalities in diffusion anisotropy
values were detected in the internal capsule and the
corpus callosum in the five patients. These results are
in accordance with histology research in traumatic
brain injury, which has concluded that the three sites
most commonly involved in DAI are the subcortical
white matter, the corpus callosum, and the upper
brain stem. We did not perform any measurements
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directly inside the upper brain stem, because addi-
tional imging time would have been required to in-
clude this structure. However, many axons that cross
through that region also belong to the internal cap-
sule. Therefore, it is possible that the changes we
observed in the diffusion characteristics of the inter-
nal capsule may be related to damage in the upper
brain stem.

One of the limitations of our study was that not all
of the voxels in the white matter structures under
investigation were used. Instead representative voxels
were selected from each structure. Although the se-
lection was performed carefully and with very well
determined criteria, the process was time-consuming
and the results might be somewhat biased. A solution
to this problem would be implementation of a seg-
mentation algorithm that would separate several
white matter structures. This would allow investiga-
tion of more brain regions than those studied here,
and also all the voxels in each structure could be
accounted for.

An additional limitation of our study is the rela-
tively small number of neurologically normal control
subjects that were included. If more control subjects
were available, we could have performed age-
matched comparisons between the diffusion charac-
teristics of each patient and the corresponding con-
trol subgroup. This is important since diffusion
anisotropy is inversely proportional to the age of the
subject (44). However, our measurements are not
significantly affected, since the age of most of our
patients was very similar to the mean age of the
control subjects. Also, for the patients whose age was
much different than the mean for the control subjects,
the reduction of anisotropy that may have occurred
due to age is much less significant than the changes
we observed (44).

For two of the patients, we performed diffusion
tensor imaging within 1 day of injury and 30 days after
injury. It would be extremely interesting to acquire
multiple diffusion tensor imaging data sets at short
time intervals starting the first hours after injury.
Initially, this might provide useful information about
the severity of injury and the sites of DAI. Then a
detailed longitudinal study would reveal how DAI
progresses in each patient. Finally, after enough ex-
perience has been gained, longitudinal DTT studies in
multiple patients with traumatic brain injury might
provide knowledge that would assist physicians in
predicting future changes in white matter that are
characterized by DAL Possible treatments could also
be tested.

Moderate and severe traumatic brain injuries dem-
onstrate, in addition to the effects found in the mild
form, an increase in the permeability of the axon’s
membranes (8-12). Although we predicted that such
changes would increase diffusivity in directions per-
pendicular to the axon and decrease diffusion anisot-
ropy, diffusion tensor imaging in such patients is nec-
essary to confirm this hypothesis.
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Conclusion

The present study demonstrated that DAI might be

detected in patients with mild traumatic brain injury
through a reduction of the diffusion anisotropy. In-
terhemispheric and intersubject comparisons exhib-
ited significant reduction of anisotropy in several
white matter structures, early after injury. Most of the
DAL sites appeared to be in the internal capsule and
the corpus callosum. Furthermore, a follow-up study
revealed several regions that might have recovered
from the injury 1 month later. The technique pre-
sented herein might provide a tool for in vivo detec-
tion of DAI at the very early stages in patients with
mild traumatic brain injury. This could have signifi-
cant implications not only for the diagnosis but also
for the treatment of these patients.
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