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Traumatic Brain Injury: Diffusion-Weighted
MR Imaging Findings

Amon Y. Liu, Joseph A. Maldjian, Linda J. Bagley, Grant P Sinson, and Robert |. Grossman

BACKGROUND AND PURPOSE: Diffuse axonal injury (DAI) accountsfor a significant por-
tion of primary intra-axial lesions in cases of traumatic brain injury. The goal of this study
was to use diffusion-weighted MR imaging to characterize DAI in the setting of acute and
subacute traumatic brain injury.

METHODS: Nine patients ranging in age from 26 to 78 years were examined with conven-
tional MR imaging (including fast spin-echo T2-weighted, fluid-attenuated inversion-recovery,
and gradient-echo sequences) as well as echo-planar diffusion-weighted MR imaging 1 to 18
days after traumatic injury. Lesions were characterized as DAl on the basis of their location
and their appearance on conventional MR images. Trace apparent diffusion coefficient (ADC)
maps were computed off-line with the diffusion-weighted and base-line images. Areas of in-
creased signal were identified on the diffusion-weighted images, and regions of interests were

used to obtain trace ADC values.

RESULTS: In the nine patients studied, isotropic diffusion-weighted images showed ar eas of
increased signal with correspondingly decreased ADC. In one case, decreased ADC was seen

18 days after the initial event.

CONCLUSION: Decreased ADC can be demonstrated in patients with DAI in the acute
setting and may persist into the subacute period, beyond that described for cytotoxic edema

in ischemia.

Diffuse axonal injury (DAI) and cortical contusions
congtitute the vast mgjority of primary intra-axial
lesions in cases of traumatic brain injury and are
associated with significant morbidity. DAI results
from rotational acceleration and decel eration forces
producing diffuse shear-strain deformations of
brain tissue, usually at the gray-white junction, in
the corpus callosum, and at the dorsolateral aspect
of the upper brain stem (1, 2). Cortical contusions
are caused by direct contact between the skull and
brain parenchyma, most often in the temporal and
frontal lobes (1, 2).

Conventional T2*-weighted MR imaging is
more sensitive than CT for detecting DAI, although
both techniques most likely underestimate the ex-
tent of DAI (3). Diffusion-weighted MR imaging
is based on the detection of a change in the random
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motion of protons in water. This imaging method
has been described extensively in the evaluation of
acute ischemia, and numerous studies have shown
that diffusion-weighted imaging is more sensitive
than conventional MR imaging in the detection of
acute ischemic changes, in that it can reveal a de-
crease in the apparent diffusion coefficient (ADC)
(4-8). Diffusion-weighted imaging has also been
studied in experimental animal models of traumatic
brain injury, although with different conclusions re-
garding changes in ADC in the areas of injury (9—
12). We hypothesized that ADC values would be
decreased acutely in DAI lesions. We present our
findings of brain parenchymal injury related to DAI
as seen on diffusion-weighted images obtained in
the acute to subacute setting.

M ethods

The study group consisted of nine patients (eight men and
one woman; 26 to 78 years old; mean age, 39 years) who
were selected over a period of 6 months from patients pre-
senting to our medical center with recent trauma in whom
diffusion-weighted imaging was performed and revealed ar-
eas of abnormally increased signal. The patients were imaged
between 1 and 18 days after injury, which included motor
vehicle accidents (n = 6), falls (n = 2), and being hit by a
tram (n = 1). Imaging was performed on a 1.5-T clinical unit
equipped with an Echospeed gradient system for echo-planar
imaging. Sequences consisted of a sagittal T1-weighted lo-
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calizer image followed by fast spin-echo T2-weighted (TR/
TE 4000/98), fluid-attenuated inversion-recovery (FLAIR)
(11000/125, TI = 2200), and gradient-echo (750/40, flip an-
gle = 10°) acquisitions of the entire brain. Diffusion-weight-
ed imaging was performed using a gradient-echo echo-planar
sequence (10,000/125, field of view = 24, matrix = 128 X
128, b-value = 1000 sfmm?). The diffusion gradients were
applied sequentially in three orthogonal directionsto generate
three sets of axial diffusion-weighted images (S,, S, and S,),
in addition to a base-line image (Sp) with no diffusion gra-
dients. The diffusion images were transferred to an Ultrasparc
1 (Sun Microsystems, Mountain View, CA) station for off-
line processing using software developed in IDL (Research
Systems Inc, Boulder, CO). Isotropic diffusion-weighted im-
ages were calculated using the relationship

s = V5.5, S,

Diffusion trace maps were computed from the isotropic dif-
fusion image and the base-line image on a pixel-by-pixel basis
using the relationship

S = Sye D)

where S is the isotropic diffusion-weighted signal, S; is the
base-line signal intensity without diffusion gradients, D is the
average trace, and b is the gradient attenuation factor. Regions
of interest (ROI) were drawn on the diffusion-weighted images
based on areas of abnormally increased signal intensity, and
were applied to the trace maps to obtain the corresponding
trace ADC values. In one case, an ROI could not be drawn
owing to the small size of the lesion. In this case, the ADC
measurements were obtained directly from a pixel map of the
trace images. In addition, ADC measurements were obtained
from normal-appearing white matter in all subjects. These val-
ues were compared with white matter ADC values, which we
have compiled in our institution from measurements taken in
healthy volunteers.

Lesions were characterized as DA by two neuroradiol ogists
on the basis of their location and their characteristics on con-
ventional imaging sequences. In general, lesions at the gray-
white junction, in the corpus callosum, and at the dorsolateral
aspect of the upper brain stem were characterized as DAI.

Results

In each of the nine patients studied, isotropic dif-
fusion-weighted images showed lesions with in-
creased signal intensity and corresponding de-
creased ADC. Five DAI lesions were located in the
splenium of the corpus callosum, one was in the
body of the corpus callosum, one was in the cau-
date, and two were at the gray-white junction (see
Table). Representative images appear in Figures 1
and 2.

The ADC measurements obtained in all cases
were greater than 2 SD below the ADC (mean, 6.79
X 10-19 m?/s, SD, 5.25 X 10-11) for normal-ap-
pearing white matter in these same patients. Severa
reports in the literature suggest that white matter
that appears normal on conventional MR imaging
sequences, such as T2-weighted or FLAIR images,
may in fact be abnormal on magnetization transfer
images or when using MR spectroscopy in a num-
ber of disease processes (13-16). Therefore, the
ADC measurements in the areas of brain injury
were compared with normal white matter ADC val-
ues in healthy volunteers. The measurements were
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Summary of lesion location and apparent diffusion coefficient
(ADC) values in nine patients with diffuse axonal injury

ADC Value Days since
Case Location (m2/s) Injury
1 Splenium of CC 3.89 X 1010 2
2 Splenium of CC 3.71 x 10710 18
3 Splenium of CC 3.62 X 1010 10
4 L parietooccipital 3.40 X 1010 9
5 Body of CC 5,51 X 1010 1
6 R posterior frontal 3.70 x 10-10 6
7 R caudate 4,63 X 10710 3
8 Splenium of CC 3.34 X 10710 7
9 Splenium of CC 5.30 X 1010 9

Note—CC indicates corpus callosum.

also 2 SD below the ADC values for white matter
in a group of five patients with no brain injury
(6.73 X 1019 mZs; SD, 9.2 X 10-11). The lesions
in the splenium measured more than 2 SD below
ADC values for the splenium in the healthy vol-
unteers (6.84 X 10-19 m?/s; SD, 6.00 X 10-11). In
all cases, increased signal was seen in the affected
areas on T2-weighted and FLAIR images. Of par-
ticular note, one patient (case 2) had decreased
ADC 18 days after the initial injury (Fig 1).

Discussion

In the setting of traumatic brain injury, DAI and
cortical contusions are the major causes of primary
intra-axial lesions. Microscopically, shearing injury
initially produces characteristic axonal bulbs, or re-
traction balls, with subsequent progression to mi-
croglia clusters and then long-tract degeneration.
DAI is more commonly associated with impairment
of consciousness than are other types of primary
brain injury.

Previous studies have presented a confusing pic-
ture of the nature of ADC changes in the setting of
traumatic brain injury (9-12, 17). Using an animal
model, Hanstock et al (10) concluded that traumatic
brain injury results in increased water diffusion
rates with the directionality indicative of bulk flow
of extracellular fluid toward the lateral ventricles
(ie, vasogenic edema). In their experimental model
of trauma, these authors showed that focal areas of
brain injury displayed increased ADC values, as
measured up to 4 hours after the injury, and sug-
gested that diffusion-weighted imaging has the po-
tential to differentiate ischemic from nonischemic
traumatic brain injury. In contrast, using a similar
experimental animal model, Alsop et a (9) con-
cluded that diffusion-weighted imaging was able to
depict significant decreases in ADC values at the
site of the primary cortical contusion injury when
imaging was performed up to 150 minutes after the
insult. Using an impact-acceleration injury model
in rats, Barzo et a (11) demonstrated an initial in-
crease in ADC values at the site of the primary
injury up to 1 hour after the insult. This was fol-
lowed by a progressive decline in ADC values,
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Fic 1. Case 2: 52 year-old man with in-
tracranial injuries sustained in a motor ve-
hicle accident. Brain MR imaging was per-
formed 18 days after the accident.

A and B, Axial fast spin-echo T2-weight-
ed (4000/98/1) (A) and FLAIR (11000/125/
1) (B) images both show evidence of dif-
fuse axonal injury, as evidenced by
hyperintense signal in the splenium.

C and D, lIsotropic diffusion-weighted
(10000/125/1) (C) and diffusion trace (D)
images show hyperintense signal and de-
creased ADC values, respectively, consis-
tent with cellular edema. Of particular in-
terest in this case is that ADC values were
decreased well into the subacute period af-
ter the injury.

reaching a minimum 1 to 2 weeks after the injury.
These investigators concluded that after the first
hour, cellular edema is the maor contributor to
post-traumetic brain swelling in diffuse closed head
injury. Some of the conflicting results in these ex-
perimental studies may be due to the use of differ-
ent head injury models (ie, fluid percussion versus
closed head injury versus impact acceleration).
Also, in reporting the ADC changes, distinctions
were not drawn between areas of cortical contusion
and shearing injuries. These lesions are caused by
distinct mechanisms, and corresponding diffusion
changes may have altered temporal characteristics.

Our study differs from prior reports in severd
respects: our study group consisted of human sub-
jects whereas earlier studies were performed in ex-
perimental animal models, and the time course of
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imaging was later than in most of the aforemen-
tioned studies. Whereas imaging was performed in
the hyperacute period for the experimental animal
model studies, imaging in our study was performed
in the acute to subacute period (1 to 18 days after
the initial injury). In addition, in our study, diffu-
sion-weighted imaging was performed with the
echo-planar technique, whereas the other studies
used modified spin-echo pulse sequences. Echo-
planar imaging allows for much more rapid acqui-
sition of the images, permitting diffusion imaging
to be performed in three orthogonal directions
(with computation of trace ADC maps). In most of
the spin-echo studies, the diffusion gradients were
only applied in one direction (acquisition of mul-
tisection, multidirectional images can take several
hours with spin-echo methods). ADC vaues are
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known to vary with fiber orientation and diffusion
gradient direction (18). This represents a potential
source of error for these single-direction measure-
ments. Trace ADC values, however, are rotationally
invariant, and provide a more accurate measure of
the diffusion rate within a voxel. Also of note is
that, in all our cases, signal abnormalities were de-
tected on FLAIR and/or fast spin-echo T2-weighted
images. The presence of these signal aterations on
conventional sequences does not affect ADC mea-
surements; however, it does indicate that imaging
was not performed in the hyperacute period, with
sufficient time having elapsed for edema to be de-
tectable on the conventional sequences.

We have shown that, in humans, significant de-
creases in ADC can be demonstrated in regions of
DAI up to 18 days after initia injury to the brain.
This finding may represent a reflection of cellular
swelling, or cytotoxic edema, in the setting of acute
brain injury. Our results are supported by the find-
ings of Barzo et a (11), who used an experimental
animal model that included imaging findings ob-
tained up to 42 days after trauma. These authors
demonstrated a progressive decline in ADC values
after the hyperacute period (first hour) and well into
the subacute period (several weeks). The mecha
nism for decreased ADC values remains uncertain,
although other studies have also pointed toward
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Fic 2. Case 8: 40 year-old man exam-
ined with brain MR imaging 7 days after
injury.

A and B, Axial fast spin-echo (4000/98/
1) (A) and FLAIR (11000/125/1) (B) im-
ages at the level of the splenium confirm
diffuse axonal injury, with hyperintense
signal seen on both pulse sequences. Also
note the small bilateral frontal subdural he-
matomas and a small contusion in the left
anterior temporal lobe.

C and D, lIsotropic diffusion-weighted
(10000/125/1) (C) and diffusion trace (D)
images show hyperintense signal and de-
creased ADC values, respectively.

cellular edema as a significant component of brain
swelling in traumatic brain injury (11, 12). Cyto-
toxic edemais believed to be the cause of decreases
in ADC values in the setting of acute ischemia (4—
8). Water diffusion is relatively restricted within the
intracellular compartment, with lower ADC values
for the intracellular space as compared with those
for the extracellular space. A flux of water protons
into the intracellular compartment will result in a
net decrease in ADC values.

DAl is often associated with small areas of hem-
orrhage. These lesions are frequently identified on
the basis of signal blooming from magnetic sus-
ceptibility on gradient-echo images. The effect of
blood products on ADC, however, is uncertain.
Ebisu et a (19) reported decreased ADC valuesin
hemorrhagic versus nonhemorrhagic infarcts, but
could not explain the reason for this finding. They
postulated that 1) acute hemorrhage may signifi-
cantly impede water mobility, because of high vis-
cosity, and that concentrated intact blood cells and
the formation of a fibrin clot may cause a decrease
in ADC; or 2) cytotoxic edema may be present,
similar to a nonhemorrhagic stroke. In their study,
several hemorrhagic lesions (without infarction)
were studied, which also displayed persistently de-
creased ADC. Although the ADCs were decreased
in both hemorrhagic and nonhemorrhagic stroke,
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the values were relatively lower in the hemorrhagic
lesions.

In case 2 in our study, alow ADC was found 18
days after the initial traumatic event. Interestingly,
this lesion did not show evidence of overt hemor-
rhage on the conventional imaging sequences. It is
uncertain whether persistently decreased ADC rep-
resents ongoing ischemic change, cytotoxic edema,
or demyelination, or whether it is more indicative
of the underlying intrinsic process of traumatic
brain injury. This is in contrast to the decline in
ADC values seen with acute ischemia, which tends
to persist for the first week and then normalize and
ultimately rise. Although cytotoxic edemais the fa-
vored mechanism for decreases in ADC related to
acute ischemia, the findings in this case are prob-
lematic given the time span over which the de-
creased ADC can be observed. In the setting of
acute ischemia, the ADC values tend to reverse
within 9 to 10 days (20—22). Continued cytotoxic
edema in the brain for several weeks (as would
need to be postulated for this case) is not supported
by well-established cellular and physiological en-
ergy considerations for brain tissue in primate mod-
els (23-25). Furthermore, in experimental models
of traumatic brain injury, the transient reductions
seen in cerebral blood flow are not of sufficient
magnitude to produce metabolic failure and asso-
ciated influx of water (11, 12, 26). In the study by
Barzo et a (11), the reductions in ADC extending
out to several weeks, as seen in their experimental
animal model, are postulated to result from neu-
rotoxic edema. There is experimental evidence that
parenchymal damage in the setting of traumatic
brain injury may be related to the loss of calcium
and potassium homeostasis (27-31), the release of
excitotoxic amino acids (29, 30, 32, 33), free rad-
icals (29, 33-35), and tissue acidosis (11, 36, 37).
This dower form of cellular swelling, resulting
from neurotoxic edema, may be responsible for the
extended period of time over which decreased
ADC values can be observed in traumatic brain in-
jury (11). An alternative explanation may be relat-
ed to the presence of microscopic hemorrhage and
ruptured axons with membrane fragmentation in
DA, increasing the barriers to the free movement
of water molecules, and thereby producing a de-
crease in ADC. A similar model has been reported
in wallerian degeneration and the observed change
in the magnetization transfer ratio (MTR) of white
matter axons. Lexa et a (38) demonstrated that
within the first 2 weeks after a controlled injury,
the MTR increases, corresponding histologically to
a period of axona collapse, with an increase in
Schmidt-Lantermann incisures, and physical de-
struction of myelin.

Potential limitations of our study include the
small sample size and the lack of histologic con-
firmation of the findings. The lesions, however,
were in characteristic locations for DAI. Further
investigation is necessary to determine the frequen-
cy with which ADC values are decreased in the
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setting of traumatic brain injury, and whether these
values are affected by injury type, severity, and
duration.

Conclusion

Significant decreases in ADC values can be
found in the presence of DAI well into the subacute
period in humans. While cytotoxic edema may be
a contributor, the decreased ADC extends beyond
that described for cytotoxic edema with infarcts,
suggesting alternative mechanisms at work in DAI.
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