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Diffusion Tensor Imaging as Potential
Biomarker of White Matter Injury in

Diffuse Axonal Injury

Thierry A.G.M. Huisman, Lee H. Schwamm, Pamela W. Schaefer, Walter J. Koroshetz,
Neetha Shetty-Alva, Yelda Ozsunar, Ona Wu, and A. Gregory Sorensen

BACKGROUND AND PURPOSE: Multiple biomarkers are used to quantify the severity of
traumatic brain injury (TBI) and to predict outcome. Few are satisfactory. CT and conventional
MR imaging underestimate injury and correlate poorly with outcome. New MR imaging
techniques, including diffusion tensor imaging (DTI), can provide information about brain
ultrastructure by quantifying isotropic and anisotropic water diffusion. Our objective was to
determine if changes in anisotropic diffusion in TBI correlate with acute Glasgow coma scale
(GCS) and/or Rankin scores at discharge.

METHODS: Twenty patients (15 male, five Female; mean age, 31 years) were evaluated.
Apparent diffusion coefficients (ADCs) and fractional anisotropy (FA) values were measured at
multiple locations and correlated with clinical scores. Results were compared with those of 15
healthy control subjects.

RESULTS: ADC values were significantly reduced within the splenium (�18%, P � .001). FA
values were significantly reduced in the internal capsule (�14%; P < .001) and splenium
(�16%; P � .002). FA values were significantly correlated with GCS (r � 0.65–0.74; P < .001)
and Rankin (r � 0.68–0.71; P < .001) scores for the internal capsule and splenium. The
correlation between FA and clinical markers was better than for the corresponding ADC values.
No correlation was found between ADC of the internal capsule and GCS/Rankin scores.

CONCLUSION: DTI reveals changes in the white matter that are correlated with both acute
GCS and Rankin scores at discharge. DTI may be a valuable biomarker for the severity of tissue
injury and a predictor for outcome.

Diffuse axonal injury (DAI) is identified as one of the
most important causes of morbidity and mortality in
patients with traumatic brain injury (TBI) (1–3). DAI
refers to white matter (WM) injury induced by sud-
den acceleration-deceleration and/or rotational
forces. The resulting tissue injury is characterized by
axonal stretching, disruption, and eventual separation
of nerve fibers (4, 5).

Currently, no technique is accurate for diagnosing

and assessing the distribution and severity of DAI. CT
and MR imaging are known to underestimate the
extent of DAI and correlate poorly with final out-
come (6, 7). This lack of sensitivity is confirmed in
studies in which patients had progressive, global ce-
rebral atrophy despite the fact that initial imaging
failed to show pathology or revealed only discrete
findings (8, 9). Consequently, there is considerable
interest in developing more-sensitive diagnostic tools.

Several previous studies have shown that diffusion-
weighted imaging (DWI) is valuable in evaluating
DAI (10–12). One study showed that DWI depicts
shearing injuries that are not visible on conventional
T2-/T2*-weighted or fluid attenuated inversion recov-
ery (FLAIR) MR images (12). However, the clinical
importance of this extra information was not studied;
DWI findings were not correlated with clinical scores.
Diffusion tensor imaging (DTI) represents an exten-
sion of DWI that allows the quantification of WM
architecture in vivo. In DTI, the degree and direc-
tionality of water diffusion (anisotropy) is measured.
By measuring the degree of water diffusion anisot-
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ropy, information about the integrity of WM tracts is
obtained (10, 13–16).

In the present study, we hypothesized that the de-
gree of tissue abnormality, as measured with DTI, is
correlated with clinical scores. Our overall goal was to
extend the results of our previous study (12) by inves-
tigating the potential of DTI as a biomarker of tissue
injury.

Methods

Institutional review board approval was obtained for our
retrospective review of patient records (including MR imaging
studies).

Study Patients
Twenty patients (15 male, five female; mean age, 31 years �

10) were included. Patients were selected by means of an
electronic search of all radiologic reports between 1996 and
1999. Specific keywords related to head trauma were used:
traumatic brain injury, cerebral trauma, head trauma, diffuse
axonal injury, shearing injury, closed head injury, and traumatic
cerebral hemorrhage. Initially, 107 patients were identified.
Patients were excluded if the time delay between trauma and
MR imaging exceeded 7 days (n � 26) to avoid the various
changes in anisotropic diffusion related to secondary tissue
injury. Patients younger than 18 years were excluded (n � 9) to
ensure that the measured changes in anisotropic diffusion were
not related to ongoing brain-maturation processes. In addition,
patients who had required emergency neurosurgical or surgical
interventions or had experienced cardiovascular arrest (n � 7)
were excluded. In 11 patients, DWI data were missing. Review
of the medical records and final radiologic reports showed that,
in 28 patients, the clinical criteria for TBI were not fulfilled or
that other nontraumatic cerebral pathologies (eg, cerebral
stroke, hemorrhage) had been diagnosed. In six patients, ade-
quate clinical records were not available. Consequently, 87
patients were excluded, leaving 20 patients for our study. The
clinical records confirmed that the mechanism of trauma was
consistent with DAI. All patients proved to be healthy before
trauma, with no known history of other cerebral disease. Fif-
teen healthy subjects with a matched age distribution served as
a control group (mean age, 35 years � 10 years).

MR Image Acquisition
Imaging was performed on a 1.5-T MR imaging unit with

echo-planar imaging capabilities. All patients and control sub-
jects underwent DTI averaged over three datasets for a total
acquisition time of 126 seconds (TR/TE, 6000/118; field of
view, 40 � 20 cm; acquisition matrix, 256 � 128; section
thickness, 6 mm section; b values, 3 and 1221 sec/mm2) applied
in six directions at 20 section positions. The entire diffusion
tensor was sampled by using a T2-weighted, spin-echo, single-
shot, echo-planar imaging sequence similar to those previously
published (17).

The overall translational water motion, characterized by the
apparent diffusion coefficient (ADC), and the anisotropic com-
ponent of water diffusion, characterized by fractional anisot-
ropy (FA), was calculated on a voxel-by-voxel basis (18, 19).
FA, which represents the ratio of the anisotropic component of

the diffusion tensor to the whole diffusion tensor, was used
because FA has been reported to be the best rotationally
invariant scalar metric for measuring diffusion anisotropy (17–
19). Rotationally invariant anisotropy metrics are advanta-
geous because they are independent of the frame of reference,
of the direction of the applied diffusion gradients, and of the
orientation of the tissue microstructure within the voxels (11,
19). In contrast, rotationally variant scalars depend on the
direction of the applied diffusion gradients and the orientation
of the studied structures within the voxels. FA metrics are
scalar indices ranging from 0 to 1, where 0 represents maximal
isotropic diffusion as in a perfect sphere and 1 represents
maximal anisotropic diffusion, as in the hypothetical case of a
long cylinder of minimal diameter. FA maps are displayed as
gray-scale maps. Areas with high degrees of FA (eg, corpus
callosum) are bright, and areas with low degrees of FA (eg,
gray matter) are dark (Fig 1A). In addition, the spatial direc-
tion of the mean anisotropic diffusion gradient in each voxel
can be displayed graphically by adding a color coding to the FA
maps. Red indicated a predominant left-right anisotropic dif-
fusion gradient; green, an anteroposterior gradient; and blue, a
superior-inferior gradient (Fig 1B).

Data Analysis
The images were transferred to a personal computer (Apple

Computer Inc., Cupertino, CA). ADC and FA values were
measured at well-known predilection sites of DAI: the poste-
rior limb of internal capsule (bilaterally) and the splenium of
the corpus callosum (1, 10, 11). ADC and FA measurements in
the thalamus and putamen, which are not at increased risk for
shearing injuries, served as internal references. The anterior
limb of the internal capsule was not measured because its small
size made region-of-interest (ROI) positioning susceptible to
contamination by the adjacent basal ganglia. In addition, no
ROIs were measured in the brainstem because magnetic sus-
ceptibility artifacts from the adjacent skull base would have
made the ADC and FA measurements less reliable. ROIs were
positioned by exactly identifying the anatomical structures by
using image display software (Alice; Hayden Image Processing
Solutions, Boulder, CO). Manually traced outlines were used
for all regions, similar to the outlining published by Melhem et
al (14). ROIs were positioned by anatomic guidance and not
lesion guidance. This ROI positioning makes the technique less
investigator-dependant. ROIs included at least nine pixels. The
mean ADC and FA values, including the corresponding stan-
dard deviations (SDs), were measured. All bilateral measures
were averaged for each patient.

The acute GCS score and the modified Rankin score ob-
tained on the day of the patient’s discharge were extracted from
the medical records. The GCS score ranges from 3 (worst
score) to 15 (best score), combining three categories of evalu-
ation: eye opening, best verbal response, and best motor re-
sponse. Acute GCS scores were directly extracted from the
medical charts. The modified Rankin scale score is the most
commonly used outcome classification scale for disabilities and
handicaps after cerebral stroke (20). The scale has six grades
ranging from 0 (no symptoms) to grade five (severe disability).
A board-certified neurologist (L.H.S.) retrospectively assessed
the modified Rankin Scale score at the time of discharge by
using all information available. In cases in which non-neuro-
logic events caused impairments in function (eg, long-bone
fracture that prevented ambulation), a CNS-Rankin score was
derived by scoring the impairments based solely on neurologic
injury. A conservative approach was taken to calculate this
modified CNS-Rankin score so that only factors clearly unre-
lated to CNS-mediated injury were excluded from scoring.
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Statistical Analysis

A Wilcoxon signed-rank test was used to determine whether
statistically significant differences existed between the corre-
sponding left- and right-sided ROI measurements in the con-
trol subjects. Subsequently, a two-tailed Wilcoxon rank-sum
test was performed to evaluate for statistically significant dif-
ferences between ROI measurements in patients and control
subjects. To adjust for multiple comparisons, Bonferroni cor-
rection was applied. A P value less than .005 was considered to
indicate a statistically significant difference between patients
and control subjects. Linear regression analysis was applied to
test for statistically significant correlations between the mea-
sured ADC and FA values and the GCS and Rankin scores. A

statistician performed the analyses by using a SAS software
package (version 8; SAS Inc, Cary, NC).

Results

Table 1 lists the results of the left-versus-right com-
parison of the bilaterally measured ADC and FA
values in the control subjects. There was no statisti-
cally significant difference between the left- and right-
sided measurements (P � .182–.890). Consequently,
for further data analysis, all bilateral measurements
were averaged.

FIG 1. Axial FA map (left) and color
coded map of mean diffusion direction
(right) at the level of the basal ganglia,
thalami and internal capsulae in a healthy
control subject. Left, Gray-scale FA map
displays a high degree of anisotropic dif-
fusion (bright) within the internal capsule
and the splenium of the corpus callosum.
The cortex and the central gray matter are
dark because of their low degree of aniso-
tropic diffusion. Right, Color-coded im-
age displays a predominant left-right-left
mean diffusion direction (red) within the
center of the splenium of the corpus cal-
losum, an anteroposterior direction
(green) within the optic radiations, and a
superior-inferior direction (blue) within the
posterior internal capsule.

FIG 2. Images in a 24-year-old man with
severe TBI. Acute GCS, 5. Rankin score
at discharge, 3. Left, FA map shows a
reduced FA index of the splenium of the
corpus callosum (FA � 0.511 � 0.036,
mean control FA � 0.808 � 0.060) and
internal capsule (FA � 0.531 � 0.036,
mean control FA � 0.735 � 0.066). Right,
Color-coded map shows that, within the
center of the splenium of the corpus cal-
losum, the normally predominant red vox-
els are missing and replaced by a mixture
of blue and green voxels (compare with
Fig 1). This finding suggests that fiber
tracts that connect both cerebral hemi-
spheres are injured or disrupted within the
center of the splenium.

FIG 3. Images in a 37-year-old man with
severe TBI. His GCS score at the time of
MR imaging was 3, and his Rankin score
at discharge was 4. Left, FA map shows a
reduced FA index of the corpus callosum
(FA � 0.634 � 0.036). Right, Color-coded
map shows a layered blue, red, and green
aspect of the splenium of the corpus cal-
losum. This could indicate a partial, selec-
tive injury of the most anterior and poste-
rior left-right-left fiber tracts.
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Table 2 lists the measured ADC and FA values for
patients and control subjects. The measured ADC
and FA values in the control group were similar to
previously published measurements (18, 19). In the
control subjects, the splenium showed the highest
level of diffusion anisotropy (mean FA, 0.808 �
0.060), followed by the internal capsule (mean FA,
0.725 � 0.066), the thalamus (mean FA, 0.377 �
0.075), and the putamen (mean FA, 0.286 � 0.081).
There was a statistically significant decrease in ADC
for the splenium (�16%; P � .001) in patients com-
pared with control subjects. A statistically significant
decrease in FA was seen in the internal capsule
(�14%; P �.001) and splenium (�16%, P � 0.002) in
patients compared with control subjects (Table 2). No
statistically significant differences were observed for
the ADC and FA values in the putamen and thala-

mus. In three patients, visual inspection of the color-
coded FA maps showed partial disruption of the fiber
tracts oriented left to right in the central area of the
splenium (Figs 2, 3).

Table 3 lists the correlation coefficients between
the ADC and FA values and the GCS and Rankin
scores. Our results showed that the ADC and FA
values in the splenium were significantly correlated
with both the acute GCS and Rankin scores at dis-
charge. In addition, the FA values in the internal
capsule were correlated with GCS and Rankin scores,
whereas the ADC values did not show a correlation.
The strongest correlation was found for the FA values
in the splenium. The measured FA values showed a
stronger correlation with the clinical scores than did
the ADC values. There was no statistically significant
correlation between ADC and FA values of the thal-
amus and putamen and the clinical scores. The data
are represented graphically in Figures 4 and 5.

The mean GCS score for all patients was 8.7 � 3.7,
and the mean Rankin score was 3.1 � 1.5. Patients
were hospitalized for a mean duration of 18 days.

Discussion
TBI, and especially DAI, represents a major diag-

nostic challenge. An early and exact identification of
the extent and degree of tissue injury is essential for
treatment decisions. Early identification of patients at
risk for a poor outcome or severe cognitive and/or
behavioral deficits is desirable. Conventional neuro-
imaging, including CT and MR imaging, demon-
strates many trauma-related lesions. The correlation
between acute imaging findings and long-tern out-
comes is, however, poor. CT and MR imaging are
known to underestimate TBI, in particular DAI (6, 7,
21). A quantification of neural injury in the acute

TABLE 2: Averaged ADC and FA values for the control subjects and
patients

A: ADC values, mm2/sec
ROI Control Subjects,

� 10�6

Patients, �10�6 P Value

Internal capsule 674 � 81 683 � 59 .732
Splenium* 769 � 61 628 � 74 .001
Thalamus 718 � 60 719 � 62 .975
Putamen 677 � 75 707 � 55 .184

B: FA values
ROI Control Subjects Patients P Value

Internal capsule* 0.725 � 0.066 0.624 � 0.072 �.001
Splenium* 0.808 � 0.060 0.678 � 0.010 .002
Thalamus 0.377 � 0.075 0.401 � 0.040 .147
Putamen 0.286 � 0.081 0.307 � 0.040 .257

Note.—Table lists the mean ADC and FA values � SD for all
patients and control subjects within the respective ROIs. Left- and
right-sided ADC and FA values were averaged. A statistically signifi-
cant ADC decrease is seen for the splenium, and a statistically signifi-
cant FA decrease is seen for the internal capsule. A P value of �.005
was considered to indicate a statistically significant difference. Analysis
was performed by using a two-tailed Wilcoxon rank sum test.

* Statistically significant difference.

TABLE 3: Correlation between DTI measurements and clinical
scores

Measurement

GCS Score Rankin Score

r Value P Value r Value P Value

ADC internal capsule �0.070 .686 0.018 .914
FA internal capsule* 0.657 �.0001 �0.714 �.0001
ADC splenium* 0.515 .0015 �0.599 .0001
FA splenium* 0.725 �.0001 �0.694 �.0001
ADC thalamus �0.165 .342 0.147 .396
FA thalamus �0.163 .348 0.114 .513
ADC putamen �0.314 .065 0.280 .103
FA putamen �0.116 .504 0.187 .281

Note.—Table lists the correlation coefficient r between the mea-
sured ADC and FA values and GCS or Rankin score for different
anatomic locations. There proved to be a statistically significant corre-
lation between the ADC and FA values measured within the splenium
and the GCS and Rankin score, as well as between the FA value of the
internal capsule and the GCS or Rankin score. The correlation between
the FA values and the GCS or Rankin score was stronger than for the
corresponding ADC values. A correlation probability of P � .0025
indicates a statistically significantly correlation between the measured
ADC- and FA-values and the GCS/Rankin score.

* Statistically significant correlation.

TABLE 1: Averaged ADC and FA values for the control subjects

A: ADC values, mm2/sec
ROI Left � 10�6 Right � 10�6 P Value

Internal capsule 681 � 81 667 � 84 .642
Thalamus 715 � 62 721 � 59 .785
Putamen 684 � 80 669 � 73 .624

B: FA values
ROI Left Right P Value

Internal capsule 0.731 � 0.069 0.721 � 0.077 .761
Thalamus 0.371 � 0.077 0.383 � 0.078 .182
Putamen 0.287 � 0.090 0.286 � 0.074 .890

Note.—Table lists the mean ADC and FA values � SD for all
bilaterally measured ROIs for all control subjects. Results showed no
statistically significant difference between the left- and right-sided ADC
and FA measurements. A P value �.005 was considered to indicate a
statistically significant difference. Analysis was performed by using a
Wilcoxon signed-rank test.
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phase is essential for making treatment decisions, for
developing and monitoring new treatments, and for
providing appropriate counseling to patients concern-
ing their long-term prognosis.

Currently, few imaging techniques offer reliable
information that correlates with outcome in TBI. Sin-
son and co-workers evaluated 30 patients with TBI by
means of magnetization transfer ratio (MTR) imag-

ing and MR spectroscopy (21). They showed that
MTR and MR spectroscopy can be used to quantify
damage after TBI and that N-acetylaspartate/creatine
ratios may be sensitive indicators of neuronal dam-
age. They correlated their results with clinical out-
come scores.

Alternatively, conventional DWI that involves the
use of diffusion-weighted images to calculate the

FIG 4. Linear regression plots of ADC
and FA values of the splenium and internal
capsule versus GCS at the time of acute
MR imaging (in patients) or at time of com-
parison MR imaging (control subjects, all
with GCS scores of 15). A statistically sig-
nificant correlation is seen between the FA
values of the splenium/internal capsule
and GCS, as well as between the ADC
values within the splenium and GCS. GCS
scores vary between 3 and 15, where 3
represents the worst score, and 15, the
best score. Open rectangles indicate pa-
tients; solid rectangles, control subjects.

A, ADC splenium versus GCS.
B, ADC internal capsule versus GCS.
C, FA splenium versus GCS.
D, FA internal capsule versus GCS.

FIG 5. Linear regression plots of ADC
and FA values of the splenium and internal
capsule versus Rankin score at the time of
discharge (in patients) or at time of com-
parison MR imaging (control subjects, all
with Rankin scores of 0). A statistically sig-
nificant correlation is seen between the FA
values of the splenium/internal capsule
and Rankin score, as well as between the
ADC values of the splenium and Rankin
score. Rankin scores vary between 0 and
5, where 0 represents the best score and 5,
the worst score. Open rectangles indicate
patients; solid rectangles, control subjects.

A, ADC splenium versus Rankin.
B, ADC internal capsule versus Rankin.
C, FA splenium versus Rankin.
D, FA internal capsule versus Rankin.
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ADC can be used. This method can show lesions with
decreased ADC in patients with DAI, in both the
acute and subacute periods after TBI (10). Further-
more, DWI has been shown to be valuable in eval-
uating closed-head injury because it can depict ad-
ditional shearing injuries not visible on
conventional T2/FLAIR or T2* MR images (12).

DTI represents a relatively new, noninvasive MR
technique that quantifies isotropic and anisotropic
water diffusion in tissues (13, 15, 16, 18, 19). The
degree of anisotropic diffusion is related to the de-
gree of directionality and the integrity of WM fiber
tracts within the brain. Densely packed WM tracts
show a high degree of anisotropic diffusion, whereas
gray matter has a low degree of anisotropic diffusion
(15, 16). WM tracts are typically disrupted in DAI.
Consequently, by measuring WM anisotropy, DTI
could be a diagnostic tool that quantifies the degree
of tissue injury. A previous study in five patients with
mild TBI showed that the degree of diffusion anisot-
ropy was reduced in WM regions in the first 24 hours
after TBI (11). In the present study, we extended
these results by correlating the change in WM tract
anisotropic diffusion with clinical scores. ROI posi-
tioning was anatomically guided (predilection sites of
DAI) instead of lesion guided.

Our results confirm that changes in water diffusion
anisotropy occur in TBI. FA was significantly de-
creased in the posterior limb of the internal capsule
(mean decrease in FA, 14%) and splenium of the
corpus callosum (mean decrease in FA, 16%). Fur-
thermore, we found a statistically significant correla-
tion between FA values and the severity of head
injury, as measured with acute and subacute neuro-
logic assessments (acute GCS and discharge Rankin
scores) in predilection sites of DAI.

These results confirm those of previous case re-
ports and studies suggesting that TBI/DAI may be
associated with changes in diffusion anisotropy (11,
15, 16, 22–24). Our study extends these earlier reports
by quantifying the changes in a larger cohort of pa-
tients, by documenting decreases in FA in predilec-
tion sites of DAI, and by suggesting that FA changes
may be able to serve as predictive parameters for
outcome.

While our findings need confirmation in larger,
longitudinal studies and correlation with pathologic
specimens, they suggest that DTI may be able to
provide biologic insight into DAI and that DTI may
serve as a marker of disease severity. DTI has a
number of advantages as imaging biomarkers of brain
injury: 1) DTI can be used to evaluate brain trauma in
an unconscious or sedated patient. 2) With further
validation, DTI could permit the evaluation of re-
sponses to treatment even when the clinical scores are
inadequate for assessing the patient. 3) The objective
quantitative DTI measurements are unlikely to be
tainted by adverse CNS effects of medications or
intubation, unlike clinical scores. 4) DTI may be an
important alternative marker, as low initial GCS
scores are of limited value in predicting the prog-
nosis (25).

The exact mechanisms underlying the changes in
diffusion anisotropy are not yet fully understood but
most probably reflect changes in the underlying mi-
croscopic structure of the tissue being examined. In
ordered structures like the myelin sheaths of densely
packed WM tracts (as in the internal capsule and
splenium of the corpus callosum), a loss of order or
structural integrity of the tissue results in a reduction
of FA (11, 26). The diffusion along axons decreases,
while the diffusion in directions perpendicular in-
creases. Given that TBI is associated with DAI
changes in the internal capsule and corpus callosum,
we believe that the decrease in FA confined to these
WM tracts reflects tissue damage and can be used as
a biomarker of TBI severity.

Our data showed that FA is not significantly
changed in the deep gray matter (thalamus, puta-
men). These findings parallel theoretical consider-
ations that the central gray matter is less susceptible
to shearing forces because of its mainly cellular con-
tents and fewer fiber tracts.

Our data also showed that the degree of FA change
was better correlated with the clinical scores in both
the acute and subacute states than the ADC values.
This finding was especially apparent for the packed,
parallel-oriented fiber tracts in the internal capsule.
Our data showed a statistically significant correlation
between the measured FA values of the internal cap-
sule and the clinical scores, whereas no correlation
was observed for the corresponding ADC values.

Finally, our data showed that, in areas where a
statistically significant change in ADC values was
found (splenium), ADC values were decreased rather
than increased. This finding make it unlikely that
decreases in FA result from an increased accumula-
tion of water in the interstitial space. Interstitial
edema would increase the isotropic diffusion compo-
nent while reducing anisotropic water diffusion.

Limitations of our study were that only a selection
of WM fiber tracts were investigated, that the eigen-
values/eigenvectors of the diffusion tensor were not
separately studied, that the results were not corre-
lated with magnetization transfer imaging or MR
spectroscopic findings; that no long-term follow-up
measurements were performed, and finally, that the
number of patients was small.

Conclusion
Our data demonstrate that DTI is feasible in the

setting of TBI and that TBI and DAI is associated
with changes in diffusion anisotropy along fiber tracts
at predilection sites for DAI. Furthermore, the de-
gree of FA change is correlated with the acute GCS
score and the discharge Rankin score. The correla-
tion between FA and clinical scores was stronger than
that between ADC and clinical scores. If these data
are replicated in larger studies, DTI results with mea-
surements of FA at predilection sites of DAI could be
used as biomarkers for the severity of head trauma
and as predictors of later clinical outcome in the
acute setting of injury. Advantages are that DTI can
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be performed in unconscious or sedated patients
and that FA measurements (ROI positioning) can
be done with anatomic guidance instead of lesion
guidance.
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