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BACKGROUND AND PURPOSE: The corpus callosum is an important predilection site for traumatic
axonal injury but may be unevenly affected in head trauma. We hypothesized that there were local
differences in axonal injury within the corpus callosum as investigated with diffusion tensor imaging
(DTI), varying among patients with differing severity of traumatic brain injury (TBI).

MATERIALS AND METHODS: Ethics committee approval and informed consent were obtained. Ten
control subjects (7 men, 3 women; mean age, 37 � 9 years) and 39 patients with TBI (27 men, 12
women; 34 � 12 years) were investigated, of whom 24 had mild; 9, moderate; and 6, severe TBI.
Regions of interest were selected in the callosal genu, body, and splenium to calculate fractional
anisotropy (FA), apparent diffusion coefficient (ADC), and the number of fibers passing through.
Statistical comparison was made through analysis of variance with the Scheffé post hoc analysis.

RESULTS: Compared with controls, patients with mild TBI investigated �3 months posttrauma (n �
12) had reduced FA (P � .01) and increased ADC (P � .05) in the genu, whereas patients with mild TBI
investigated �3 months posttrauma (n � 12) showed no significant differences. Patients with
moderate and severe TBI, all investigated �3 months posttrauma, had reduced FA (P � .001) and
increased ADC (P � .01) in the genu compared with controls and reduced FA in the splenium (P � .001)
without significant ADC change.

CONCLUSION: Mild TBI is associated with DTI abnormalities in the genu �3 months posttrauma. In
more severe TBI, both the genu and splenium are affected. DTI suggests a larger contribution of
vasogenic edema in the genu than in the splenium in TBI.

Traumatic axonal injury is a frequent cause of impaired clin-
ical outcome in patients with traumatic brain injury

(TBI).1 The location and severity of traumatic axonal injury is
related to various factors,2,3 including the characteristics of
acceleration/deceleration forces during the trauma incident
and differences in attenuation and rigidity between adjacent
cerebral structures. One of the predilection sites of traumatic
axonal injury is the corpus callosum.2,4 This structure forms
the largest commissural white matter bundle in the brain. Its
genu connects orbitofrontal and frontal cortices, whereas its
body and splenium connect temporal, parietal, and occipital
regions.5 CT and MR imaging studies have indicated that the
corpus callosum is unevenly affected in TBI in the sense that
the splenium more commonly shows traumatic axonal injury
than the genu and body.2-4,6,7 However, the frequency of ax-
onal injury is underestimated with CT and various MR imag-
ing techniques, such as fluid-attenuated inversion recovery
(FLAIR), T2-weighted fast spin-echo, and T2*-weighted gra-
dient-echo (GE) sequences.7,8 Diffusion tensor imaging (DTI)
has evolved in recent years as a valuable complementary tech-
nique to investigate traumatic axonal injury.9-15 DTI allows
quantification of tissue architecture through an extensive de-

scription of water diffusion.16,17 DTI parameters such as frac-
tional anisotropy (FA) describe the level of structural integrity
of the tissue that is investigated.16 Traumatic axonal injury is
associated with FA reduction and changes of the apparent dif-
fusion coefficient (ADC).9-15 Fiber tracking algorithms can be
used to reconstruct white matter fibers in 3D and may dem-
onstrate reduction of fiber attenuation in TBI.9

Several DTI studies have investigated the corpus callosum
in head trauma.9,11,13-15 The extent of traumatic axonal injury
in the corpus callosum and its relation to trauma severity are
not clear from these studies. First, a number of studies inves-
tigated only the genu and/or splenium rather than genu, body,
and splenium.11,13-15 Second, various studies included only
patients with mild or severe TBI, instead of patients with a
range of trauma severities.9,11,15

The purpose of the present study was to investigate DTI
characteristics of the corpus callosum in patients with mild,
moderate, and severe TBI. We hypothesized that there were
local differences in DTI characteristics within the corpus cal-
losum, which varied among patients with different TBI
severities.

Materials and Methods

Patients and Control Subjects
The study was approved by our local ethics committee. Informed

consent was obtained from each patient or from the patient’s first-

degree relatives. We prospectively investigated 39 patients with TBI

(27 men, 12 women; mean age, 34 � 12 years). They were selected

from 46 consecutive patients who were referred to our neuroradiol-

ogy department for DTI evaluation of TBI between June 2006 and

June 2007 and who had no known history or MR imaging evidence of
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l’Encéphale, Paris, France. D.R. Rutgers was supported by a grant from the Catharijne
Stichting Utrecht and Sara Lee International.

Please address correspondence to Denis Ducreux, Department of Neuroradiology, CHU de
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additional central nervous system disease. Patients with movement

artifacts on MR images (n � 7) were excluded. Of the 39 included

patients, 24 had mild; 9, moderate; and 6, severe TBI, defined as trau-

matic head injury with an initial Glasgow Coma Scale score �13

(mild), 9 –12 (moderate), or �8 (severe). We investigated 10 age-

matched control subjects (7 men, 3 women; mean age, 37 � 9 years)

for reference values. They were volunteers from our department who

gave informed consent to participate in the study and who had no

known history or MR imaging evidence of central nervous system

disease.

MR Imaging Protocol
Investigations were performed on a 1.5T system (Sonata scanner, Sie-

mens, Erlangen, Germany). Straight head positioning without tilt was

aimed at in each patient and control subject. The MR imaging proto-

col consisted of an axial 3D T1-weighted scan (TR/TE, 11/4 ms), a

FLAIR scan (TR/TE/TI, 9480/112/2390 ms), an axial T2*-weighted

GE scan (TR/TE, 1330/33 ms), and an axial echo-planar imaging

(EPI) DTI scan (TR/TE, 5700/110 ms; FOV, 24 � 24 cm; image ma-

trix, 128 � 128; number of sections, 30; section thickness, 4 mm;

nominal voxel size, 1.875 � 1.875 � 4 mm; number of signal intensity

averages, 3) with diffusion gradients set in 25 noncollinear directions

by using 2 b-values (b � 0 and 1000 s/mm2). The DTI scanning took

7 minutes 30 seconds

DTI Data Processing
DTI data were processed on a voxel-by voxel basis with dedicated

software (DPTools [http://www.fmritools.org]). A correction algo-

rithm was applied to the DTI dataset to account for distortions that

were related to eddy currents induced by the large diffusion-sensitiz-

ing gradients. It relied on a 3-parameter distortion model including

scale, shear, and linear translation in the phase-encoding direction.18

The 25 elements for each voxel, calculated from the images that were

obtained by applying diffusion-sensitizing gradients in the 25 noncol-

linear directions, in addition to a non-diffusion-weighted image, were

diagonalized to compute the eigenvalues (�1, �2, �3) of the diffusion

tensor matrix. The ADC was given by ADC � (�1 � �2 � �3) / 3, and

FA by

FA � �3

2
�
���1 � ��2 � ��2 � ��2 � ��3 � ��2

��1
2 � �2

2 � �3
2

,
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� �
�1 � �2 � �3

3
.

FA values were visualized in 2D color maps.

Fiber Tracking
Fiber tracking was performed with dedicated software (MedINRIA

[http://www-sop.inria.fr/asclepios/software/MedINRIA]). White mat-

ter fiber tracts were created in 3D on the basis of similarities between

neighboring voxels in shape (quantitative diffusion anisotropy mea-

sures) and orientation (principal eigenvector map) of the diffusion

ellipsoid and coregistered on the FA map by using a special algorithm

previously described.19,20 The principal diffusion direction meth-

od20-22 was used, in which the eigenvector corresponding to the larg-

est eigenvalue is extracted from the diffusion tensor field generated

from the DTI datasets in the region where the diffusion is linear. The

FA threshold value was 0.20; and the angulation threshold, 45° to

prevent fibers from sudden transition and to keep tracking based on

the connectivity of the neighborhood, as described elsewhere.20,21

The 3D fiber reconstructions were color-coded so that blue repre-

sented the superior-inferior; green, the anteroposterior; and red, the

left-right direction.

Measurements
Measurements were performed by 1 investigator (D.R.R.) with the

software packages described in the previous paragraphs. After realign-

ment and spatial normalization of the DTI scans, 3 midline regions of

interest were manually drawn in the corpus callosum on the FA map

of each individual: a region of interest of 4 � 4 � 2 (x � y � z) voxels

(7.5 � 7.5 � 8 mm � 450 mm3) in the genu, a region of interest of 3 �

5 � 1 voxels (5.625 � 9.375 � 4 mm � 211 mm3) in the body, and a

region of interest of 4 � 5 � 2 voxels (7.5 � 9.375 � 8 mm � 562.5

mm3) in the splenium (Fig 1). Visual comparison was made with the

corresponding low b-value diffusion, T1, and FLAIR sections to con-

firm region-of-interest localization in the corpus callosum without

including CSF. For each region of interest, the presence of FLAIR

hyperintensities was scored, as well as the presence of hypointensities

on the low b-value EPI diffusion and the T2*-weighted scan. Regions

of interest that contained such hypointensities, which were consid-

ered indicative of hemorrhage, were excluded. For all other regions of

interest, FA and ADC were calculated. Fiber tracking software allowed

reconstruction of fibers that passed through a given region of interest

(Fig 2). The number of fibers passing through was calculated for each

region of interest. All patient measurements were performed blinded

to the clinical status of the patient.

Statistical Analysis
Analysis of variance (ANOVA) with Scheffé post hoc analysis, the �2

test, and the nonparametric Kruskal-Wallis test were used to analyze

differences in baseline characteristics between patient groups. Differ-

ences in DTI and fiber tracking parameters between groups were an-

alyzed through ANOVA with the Scheffé post hoc analysis. A P

value � .05 was considered to indicate a statistically significant

difference.

Results
Patient groups showed no statistically significant differences
in age and sex (Table 1). The time period between the trauma
incident and the MR image was longer in patients with mild
TBI than in patients with moderate or severe TBI, who were all
investigated �3 months posttrauma. However, the difference
among groups was not statistically significant (P � .2,
Kruskal-Wallis test). The frequency of FLAIR hyperintensities
in the genu, body, and splenium regions of interest and the
frequency of EPI/GE hypointensities in the body and splenium
regions of interest were higher in patients with severe TBI than
in the other 2 patient groups. However, only the difference in
FLAIR hyperintensities in the splenium showed statistical sig-
nificance (P � .05). In 1 patient with severe TBI, the region of
interest in the callosal body contained EPI/GE hypointensities
indicative of hemorrhage. The splenium region of interest
contained such hypointensities in 1 patient with mild TBI and
in 1 patient with severe TBI. These regions of interest were
excluded from further analyses.

Compared with control subjects, patients with mild TBI
showed no significant difference in FA, ADC, and number of
fibers for the genu, body, and splenium (Table 2).

Patients with moderate TBI (Table 2) had significantly
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Fig 1. Localization of regions of interest. The upper row of images shows axial color-coded maps of FA with region-of-interest localization in the genu (left image), body (middle image),
and splenium (right image) of the corpus callosum. Regions of interest are shown in white. The lower row of images shows the corresponding axial FLAIR scans.

Fig 2. Regions of interest with reconstructed fibers in a patient with mild TBI. Regions of interest and fibers are superimposed on T2-weighted images. The upper 2 images show a lateral
view with typical region-of-interest localization in the genu, body, and splenium without (left upper image) and with (right upper image) reconstructed fibers passing through. The lower
images show the same regions of interest and reconstructed fibers in the anterior oblique view.
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lower FA and significantly higher ADC in the genu compared
with control subjects (FA, P � .001; ADC, P � .01) and with
patients with mild TBI (P � .05). The number of genu fibers in
patients with moderate TBI was significantly lower than that
in patients with mild TBI (P � .05). In the callosal body of
patients with moderate TBI, FA and ADC were not signifi-
cantly different from those in the other groups, whereas the
number of fibers passing through was significantly lower than
that in control subjects (P � .05). In the splenium of patients
with moderate TBI, FA was significantly lower than that in
control subjects (P � .001) and in patients with mild TBI (P �
.01), whereas ADC did not differ significantly from that in
other groups. The number of splenium fibers in patients with
moderate TBI was significantly lower than that in patients
with mild TBI (P � .05).

Patients with severe TBI (Table 2) had significantly lower
FA and significantly higher ADC in the genu compared with
control subjects (FA, P � .001; ADC, P � .01) and with pa-
tients with mild TBI (FA, P � .05; ADC, P � .01). The number
of genu fibers in patients with severe TBI did not differ signif-
icantly from that in other groups. DTI and fiber tracking char-
acteristics of the callosal body in patients with severe TBI were
not significantly different from those in other groups. In the
splenium of patients with severe TBI, FA was significantly
lower than that in control subjects (P � .001) and in patients
with mild TBI (P � .001), whereas ADC did not differ signif-
icantly from that in other groups. The number of splenium
fibers in patients with severe TBI was significantly lower than
that in control subjects (P � .01) and in patients with mild TBI
(P � .001). There were no significant differences in DTI and
fiber tracking characteristics between patients with moderate
and severe TBI.

Because the time period between the trauma incident and
the MR image was longer in patients with mild TBI than in the
other 2 patient groups, we divided the group of patients with
mild TBI into those investigated �3 months and �3 months
posttrauma. In patients with mild TBI who were investigated
�3 months posttrauma, the median time interval between the

trauma incident and the MR imaging was 0.4 months (first
quartile, 0.2 months; third quartile, 0.5 months) compared
with 25 months in patients with mild TBI who were investi-
gated �3 months posttrauma (first quartile, 8; third quartile,
42 months; P � .001; Mann-Whitney U test). Patients with
Mild TBI who were investigated �3 months posttrauma had
significantly lower FA in the genu compared with control
subjects (P � .01; Table 3) and with patients with mild TBI
investigated �3 months posttrauma (P � .05), whereas ADC
in the genu was significantly higher than that in control sub-
jects (P � .05). DTI and fiber tracking characteristics of the
body and splenium in patients with mild TBI investigated �3
months posttrauma showed no significant differences com-
pared with those in control subjects and patients with mild
TBI investigated �3 months posttrauma. In the latter patient
group, DTI and fiber tracking characteristics of the genu,
body, and splenium did not differ significantly from those in
the control subjects.

Discussion
The most important findings of this study are threefold. First,
patients with mild TBI investigated �3 months posttrauma
showed reduced FA and increased ADC in the genu of the
corpus callosum. Second, patients with mild TBI investigated
�3 months posttrauma showed no DTI abnormalities in the
corpus callosum. Third, patients with moderate and severe
TBI had DTI abnormalities in the genu similar to those in
patients with mild TBI investigated �3 months posttrauma
and showed reduced FA in the splenium without significant
ADC change.

We found that patients with mild TBI investigated �3
months posttrauma primarily showed DTI abnormalities in
the genu, without significant DTI changes in the body and
splenium. Possibly, DTI abnormalities in the genu are revers-
ible in mild TBI, because we found no abnormalities in pa-
tients investigated �3 months posttrauma. In more severe
TBI, DTI shows that the splenium is affected in addition to the
genu. In all patient groups, we found that FA reduction in the
genu was accompanied by significant ADC increase, whereas
FA reduction in the splenium occurred in the absence of sig-
nificant ADC change. This indicates that the type of micro-
structural change was different in both locations. The ADC
increase in the genu may imply a larger contribution of vaso-
genic edema23 in this location than in the splenium. Conven-
tional imaging and pathologic-anatomic study have indicated
that the posterior corpus callosum is more susceptible to fiber
disruption than the anterior corpus callosum.2-4,24 In conse-
quence, it may be hypothesized that the DTI pattern we ob-
served in the splenium is associated with more irreversible
traumatic lesions than the DTI pattern in the genu, which in
turn may reflect more reversible abnormalities. This should be
investigated in a longitudinal study.

The body of the corpus callosum showed no statistically
significant FA and ADC change in any of our patient groups.
Still, this part of the corpus callosum can show axonal injury in
particular in severe head trauma.4 The relative absence of body
abnormalities in our patients may indicate that head trauma
was not severe enough to cause lesions in the body of the
corpus callosum. We cannot fully exclude DTI abnormalities
in the callosal body outside the regions of interest. However,

Table 1: Patient baseline characteristics and MR Imaging
abnormalities in regions of interest in patients with TBI

Mild TBI
(n � 24)

Moderate TBI
(n � 9

Severe TBI
(n � 6)

Patient baseline characteristics
Age (yr, mean � SD) 33 � 10 34 � 15 36 � 22
M:W (No.) 16:8 6:3 5:1
Months between trauma and

MRI scan (median, Q1–Q3)
2.8 (0.4–26.2) 0.5 (0.3–1.2) 1.4 (0.4–2.4)

MRI abnormalities in ROIs
FLAIR hyperintensities (No., %)

Genu 1 (4) 0 1 (17)
Body 0 0 1 (17)
Splenium 1 (4) 1 (11) 2 (34)*

EPI diffusion/GE hypointensities
(No., %)

Genu 0 0 0
Body 0 0 1 (17)
Splenium 1 (4) 0 1 (17)

Note:—M indicates man; W, woman; Q1, first quartile; Q3, third quartile; MRI, MR
imaging; ROIs, regions of interest; TBI, traumatic brain injury; FLAIR, fluid-attenuated
inversion recovery; EPI, echo-planar imaging.
* P � .05.
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we believe that our region-of-interest size and position in-
cluded a considerable and representative part of the central
body. A larger region of interest would have caused partial
volume effects with inclusion of CSF and gray matter.

Patients with moderate and severe TBI had relatively few
fibers passing through the regions of interest in the corpus
callosum. The number of body fibers in moderate TBI and the
number of splenium fibers in severe TBI showed a statistically
significant reduction compared with that in controls. This ap-
parent fiber loss is probably not explained by secondary axonal
loss or degeneration. These phenomena are only supposed to
manifest 3 months postinjury,25,26 which is considerably
longer than the time interval after which our patients with
moderate and severe TBI were investigated. Alternative expla-
nations for the low number of fibers may be fiber disruption or
edema within the region of interest or variability in the region
of interest placement in the callosal body accounting for some
of the fiber data variations.

The exact cause of posttraumatic DTI changes in white
matter remains to be elucidated. Generally, FA reduction is

attributed to a change in parenchymal structure.9,11,13-15 This
may include misalignment of fibers, edema, fiber disruption,
or axonal degeneration. Previous studies of the corpus callo-
sum in TBI report varying DTI findings. In a study of 2 groups
of patients with mild TBI who were investigated on average 4
days and 68 months after injury, the genu was normal, whereas
the splenium showed reduced FA with increased ADC.11 In
another study of mild TBI, FA was reduced in both the genu
and splenium within 24 hours after injury.15 The body of the
corpus callosum was not investigated in these studies of mild
TBI. In severe TBI investigated on average 14 months after
injury, FA reductions were found in the genu, body, and sple-
nium.9 ADC values were not reported in that study. In 2 stud-
ies that investigated various trauma severities within 7 days
after injury, reduced FA was found in the genu and spleni-
um.13,14 Splenium ADC was reduced in 1 of these studies,13

suggesting the presence of cytotoxic edema. The callosal body
was not investigated in these articles.

It is difficult to explain discrepancies of these earlier studies
compared with our study because there are essential differ-

Table 2: DTI and fiber tracking characteristics of the corpus callosum in control subjects and patients with TBI*

Control Subjects
(n � 10)

Mild TBI
(n � 24)

Moderate TBI
(n � 9)

Severe TBI
(n � 6)

Genu
FA 0.74 (0.70–0.78) 0.66 (0.63–0.69) 0.56 (0.47–0.65)†‡ 0.53 (0.43–0.64)†‡
ADC (mm2/s) 2.43 (2.27–2.59) 2.63 (2.52–2.74) 3.10 (2.76–3.45)§‡ 3.24 (2.67–3.81)§
Fibers (No.) 495 (442–548) 491 (451–532) 368 (273–462)‡ 372 (236–508)

Body
FA 0.54 (0.49–0.59) 0.51 (0.47–0.55) 0.46 (0.42–0.51) 0.48 (0.41–0.55)
ADC (mm2/s) 2.71 (2.25–3.18) 2.71 (2.51–2.92) 2.92 (2.51–3.32) 3.00 (2.38–3.62)
Fibers (No.) 254 (221–288) 221 (199–243) 171 (133–210)‡ 172 (70–275)

Splenium
FA 0.82 (0.79–0.85) 0.79 (0.77–0.81) 0.70 (0.65–0.75)† 0.63 (0.55–0.71)†�

ADC (mm2/s) 2.24 (2.11–2.37) 2.39 (2.29–2.48) 2.41 (2.11–2.71) 2.58 (2.35–2.81)
Fibers (No.) 937 (815–1058) 958 (882–1035) 766 (660–873)‡ 508 (273–744)§�

Note:—DTI indicates diffusion tensor imaging; TBI, traumatic brain injury; FA, fractional anisotropy; ADC, apparent diffusion coefficient.
* Values are given as mean (95% confidence intervals).
† P � .001, versus control subjects.
‡ P � .05.
§ P � .01.
� P � .001, versus mild TBI.

Table 3: DTI and fiber tracking characteristics of the corpus callosum in control subjects and patients mild TBI who were investigated <3 or
>3 months posttrauma*

Control Subjects
(n � 10)

Mild TBI
�3 Months
Posttrauma

(n � 12)

Mild TBI
�3 Months
Posttrauma

(n � 12)
Genu

FA 0.74 (0.70–0.78) 0.63 (0.58–0.67)†‡ 0.70 (0.66–0.73)
ADC (mm2/s) 2.43 (2.27–2.59) 2.73 (2.55–2.92)§ 2.53 (2.40–2.66)
Fibers (No.) 495 (442–548) 522 (458–586) 460 (407–514)

Body
FA 0.54 (0.49–0.59) 0.50 (0.43–0.57) 0.51 (0.47–0.56)
ADC (mm2/s) 2.71 (2.25–3.18) 2.77 (2.46–3.08) 2.65 (2.34–2.96)
Fibers (No.) 254 (221–288) 218 (179–257) 225 (197–253)

Splenium
FA 0.82 (0.79–0.85) 0.78 (0.74–0.82) 0.80 (0.78–0.82)
ADC (mm2/s) 2.24 (2.11–2.37) 2.43 (2.25–2.61) 2.34 (2.24–2.45)
Fibers (No.) 937 (815–1058) 877 (761–994) 1032 (937–1128)

Note:—DTI indicates diffusion tensor imging; TBI, traumatic brain injury; FA, fractional anisotropy; ADC, apparent diffusion coefficient.
* Values are given as mean (95% confidence interval).
† P � .01, versus control subjects.
‡ P � .05, versus late mild TBI.
§ P � .05.
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ences in methods. First, the time interval between injury and
imaging varied considerably. This variance implies that the
contribution of acute, subacute, and chronic posttraumatic
changes inevitably differs between studies. Second, trauma se-
verity differed among studies. Third, the DTI method in pre-
vious studies often included 6 diffusion directions,9,11,13 as
opposed to the 25 directions we used. This can result in differ-
ent estimations of anisotropy and diffusivity.27

A clinically relevant aspect of our study is that we found the
genu to be primarily affected early on in mild TBI. This is
somewhat different from the general view that primarily the
posterior corpus callosum is affected in TBI.3,6,7,28 Further-
more, our results show that there are different types of micro-
structural injuries within the corpus callosum, as indicated by
FA and ADC findings in the genu and splenium. A limitation
of our study is the absence of neuropsychological correlations
and long-term follow-up of our DTI findings. In addition to
neuropsychological investigations and follow-up studies, his-
tologic correlation would allow further interpretation of our
DTI results. However, for obvious reasons, this may be diffi-
cult to obtain, in particular in patients with mild TBI. Further-
more, the number of patients with moderate and severe TBI
was relatively small. This may limit the comparison with pa-
tients with the mild TBI in our study, who formed a larger
group. Finally, our study group did not comprise patients with
moderate and severe TBI who were investigated �3 months
posttrauma. Long-term DTI changes in the corpus callosum
in these patient groups remain to be investigated.

Conclusion
Our study shows that there are local differences in DTI char-
acteristics within the corpus callosum, which are related to the
clinical severity of head trauma. Mild TBI is associated with
DTI abnormalities in the genu �3 months posttrauma. In
more severe TBI, both the genu and splenium are affected.
DTI shows different types of microstructural injuries within
the corpus callosum, suggesting a larger contribution of vaso-
genic edema in the genu than in the splenium.
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