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Background: Traumatic brain injury (TBI) has been shown to predominantly affect the corpus callosum (CC). In light of the anatomical
organization of cortico-callosal connections, we hypothesized that injury to the different cortical lobes may specifically affect their
corresponding subdivisional fibers in the CC.

Objectives: The aim of this study was to investigate lesion-related Wallerian degeneration across the subdivisions of the CC in patients
with moderate TBI.

Patients and Methods: Diffusion tensor tractography (DTT) was performed between 14 days and 6 months after trauma in 18 patients with
moderate TB, and 11 age- and gender-matched healthy control subjects. Based on conventional magnetic resonance imaging findings,
patients were classified into 3 groups: A) frontal lobe injury; B) occipito-temporal lobe injury; and C) fronto-parieto-temporal lobe injury.
The CCwas divided into seven subdivisions based on Witelson’s classifications. Fractional anisotropy (FA) and mean diffusivity (MD) values
from the seven segments were compared among patient groups and controls.

Results: Compared to controls, Group A showed significantly reduced FA in the rostrum, genu, splenium, and CC. Group B showed
significantly reduced FA in the isthmus and whole CC relative to that in the controls. In Group C, FA significantly decreased across the
entire CC compared to thatin the controls.

Conclusions: In our study, subdivisional fibers of the CC showed secondary microstructural changes resulting from primary injury in
the corresponding cortical areas. We conclude that DTT-derived measures may act as an indicator of ongoing Wallerian degeneration. By
extension, this study may improve our understanding of variable neuropsychological outcomes in clinically similar patients with TBL
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1. Background

Traumatic brain injury (TBI) has been defined as al-
tered brain function or pathology caused by an external

formation leading to secondary injury. Inflammation,
apoptosis, and diffuse axonal injury (DAI) are reported

mechanical force (1). It is a leading cause of mortality
and morbidity, and there are no effective therapies that
reduce mortality rates or limit disability following in-
jury (2). Thus, TBI does not merely involve a single event,
but rather an ongoing pathophysiological process com-
prising primary and secondary mechanisms of injury
that together lead to structural damage and functional
deficits. Associated neuropsychological deficits include
memory, executive function, and attentional impair-
ment; behavioral and personality changes; and slowed
information processing (3-5). The primary injury which
is the direct result of external force, involves tissue de-

to be among the important cellular processes underly-
ing secondary injury (6).

Trauma-induced white matter (WM) damage from DAI
has been shown to disrupt brain connectivity (7). Fo-
cal lesions in TBI can be easily identified using conven-
tional imaging. However, DAI is not readily observed.
Consequently, advanced diffusion tensor imaging (DTI)
technology has been utilized to study DAI following TBI
(8,9). DTl is based on the assumption that directionality
and diffusivity of constantly moving water molecules
are indicative of the integrity of neural structures (10).
Major WM fibers of interest can be 3-dimensionally re-
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constructed using diffusion tensor tractography (DTT)
and visualized to identify putative changes in connec-
tivity that cannot be seen on conventional MRI (11). Al-
tered pathology can be inferred from DTI metrics, e.g.
fractional anisotropy (FA) and mean diffusivity (MD).
FA indicates the degree of directionality or axon align-
ment, while MD represents the degree of restriction of
movement of water molecules through cells located
within a fiber sample (12).

Various DTI studies of TBI have shown that there are al-
tered diffusivities in the corpus callosum (CC), anterior
limb of the internal capsule, cingulum bundles, unci-
nate fasciculus, centrum semiovale, thalamic WM pro-
jections, and inferior and superior longitudinal fasci-
cules. CC has been shown to be among the most affected
structures (13) depending on the amount of time after
injury, severity, and subject age (9, 14-21). Callosal dam-
age has also been observed in children and adolescents
with TBI (22, 23).

The CC, which contains approximately 200 to 800 mil-
lion axons, is the largest and most dense commissural
fiber tract (24), and it is the tract most vulnerable to ro-
tational acceleration and deceleration following TBI. TBI-
related axonal injury in the CC has been reported to re-
sult from high shear strain forces generated by the long
coursing structure of the CC and its midline location ad-
jacent to the flax cerebri.

Based on Witelson’s classifications, the CC has been di-
vided into 7 segments: rostrum, genu, rostral body (RB),
anterior mid body (AMB), posterior mid body (PMB),
splenium, and isthmus (25). Studies have shown that
deviant asymmetry of cortical areas of the brain may be
related to the callosal abnormalities present in develop-
mental dsylexia (26). In addition, studies of individuals
with autism have shown that there are abnormalities in
subregions of the corpus callosum that correlate with
functional deficits in the corresponding cortical lobes
(27). Specifically, it was shown that functional deficits in
functions controlled by the frontal lobe, such as execu-
tive functions, complex language skills, and reasoning,
were mainly attributable to structural abnormalities in
the subregions of the CC that were connected to the cor-
responding lobe (27).

Studies using advanced neuroimaging techniques to
characterize TBI pathology have shown wide variations
in their results and conclusions (28-30). In a study of
moderate to severe chronic TBI (31), a significant corre-
lation between atrophy of the CC and reaction time (a
behavioral measure) was not observed. Heterogeneity
in the deficits that result from TBI may be attributed to
the location, nature, and severity of primary injury, as
well as pre-existing conditions and demographic char-
acteristics (e.g. age, sex, substance abuse, and genetic
differences) (32). Although studies have shown that
the degree of CC involvement in TBI depends on the
severity of injury, to our knowledge, no study has yet

determined if there is a correlation between injuries to
specific regions of the cortex and abnormalities in the
corresponding subdivisonal fibers of the CC.

2. Objectives

Based on the established cortico-callosal connections
and studies of persistent cognitive impairment and
continued WM degeneracy in post TBI patients, we hy-
pothesized that extent of damage to a subdivision of CC
due to TBI is in a way related to the corresponding corti-
cal area primarily injured. To verify this hypothesis, we
divided patients with moderate TBI into three groups
based on the cortical region that contained the primary
site of injury.

3. Patients and Methods

3.1. Participants: Demographics and Clinical Details

18 patients with moderate TBI (right handed, 13 males
and 5 females; 25.3 + 9.1 years [mean + SD]; range =16 -
45 years) and 11 neurologically healthy control subjects
matched for age, gender, and education (right handed, 6
males and 5 females; 27.6 * 8.3 years [mean + SD|; range
18 - 43 years) were included in this study. Demographic
and clinical characteristics for both groups are given in
Table 1. The patients were included based on the follow-
ing criteria: 1) moderate cortical head injury; 2) absence
of signal abnormalities in the CC on T2-weighted, FLAIR,
and SWI images; 3) no use of any medication during the
study period. The severity of TBI was assessed based on
the Glasgow Coma Scale (33): GCS score 9 - 12. DTI scans
were performed between 14 days to 6 months (4.13 +1.87
months [mean * SD]) of the initial traumatic insult. Po-
tential subjects in the control and patient groups with
a history of head trauma, substance abuse, and other
neurological or psychiatric illnesses were excluded. Each
participant in the study signed an informed consent
form. The institutional ethics and research committee
approved this study.

3.2.Image Acquisition

Imaging was performed using a 3-Tesla MRI scanner
(Megnetom, Skyra, Siemens) with a 25 mT/m actively
shielded gradient system and a 20-channel head coil.
Subjects were instructed to remain still during the
acquisition to minimize the effect of movement. The
head was supported and immobilized within the head
coil and foam padding was kept around the ears to
reduce gradient noise. Conventional MR imaging was
conducted in addition to DTI to detect the lesion site
(Figure 1). The imaging parameters for T2-weighted fast
spin echo sequence were: repetition time [echo time|
number of excitations (TR)/(TE)/(NEX) = 5600 ms/100
ms|2). Ti-weighted spin echo (SE) was obtained using:
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TR = 2000 ms, TE = 859 ms, NEX = 1; while the T2-fluid
attenuated inversion recovery (FLAIR) sequence was ob-
tained using: TR=9000 ms, TE = 81 ms, inversion time =
2500 ms, NEX = 1. Susceptibility weighted imaging was
conducted using the following parameters: TR = 28 ms,
TE =20 ms, NEX =1, slice thickness =1.5 mm, flip angle =
15°, FoV=220 x 192.

DTI images were acquired in 30 directions using a
single-shot, echo-planar dual SE sequence with ramp
sampling; b-factors of 0 and 1000 s/mm? were used for
acquisition with a slice thickness of 3 mm and no inter-
slice gap. A total of 45 slices were acquired with an FOV of
230 mm x 230 mm. The imaging matrix size was 128 x 128;
other parameters were: a flip angle of 90°, TR = 8800 ms,
TE=95ms, and NEX = 2.

3.3. Segmentation of White Matter Structures and
Diffusion Tensor Tractography

White matter segmentation was done as described in
detail elsewhere (34). In addition, the segmented com-
ponents were reconstructed and fiber assignment was
carried out with a continuous tracking algorithm to gen-
erate the fiber bundles of interest (35). Specific WM fiber
bundles and their related anatomy were identified in
these reconstructions, and various DTI measures were cal-
culated for the desired WM fiber bundles. Fibers with FA
values more than 0.15 were considered for tractography.

An ROI in the mid-sagittal slice was selected for generat-
ing CC tracts, and was then further subdivided into seven
sub divisions based on Witelson’s classifications (25): ros-
trum, genu, rostral body (RB), anterior mid body (AMB),
posterior mid body (PMB), isthmus, and splenium, which
approximately represent the CC connections that are hy-
pothesized to distinguish callosal connections from dis-
tinct cortical brain regions (25). For all subdivisions of the
CC and the CC as a whole, fibers were successfully gener-
ated and DTI measures were quantified (Figure 2 A).

3.4. Statistical Analysis

One-way analysis of variance (ANOVA) with post-hoc
and Bonferroni corrections was performed to study the
difference in DTI measures among patient groups and
controls. P values of less than 0.05 were considered to be
statistically significant. Data were analyzed using SPSS
(version 16.0, SPSS Inc. Chicago, IL, USA).

4. Results

Among the 18 patients with TBI, six had frontal lobe
injury (n = 6), five had occipito-temporal lobe injury
(n = 5), and seven had fronto-parieto-temporal lobe
injury (n = 7). None of these patients exhibited CC in-
jury on conventional imaging. Based on these conven-
tional imaging findings, patients were classified into
three groups: frontal lobe injury patients (Group A);
occipito-temporal lobe injury patients (Group B); and
fronto-parieto-temporal lobe injury patients (Group C)
(Figure 2 B).

4.1. Quantitative Analysis

The TBI group did not show any significant differences
from control subjects in age, education, or handedness.
The FA and MD values (mean * SD) collected from the vari-
ous subdivisions of the CC from patients and controls are
listed in Tables 2 and 3, respectively.

4.2. Group A versus Control

Compared to the control group, Group A exhibited
significantly decreased FA values in the rostrum, genu,
splenium, and CC as a whole. MD values in the rostrum
and genu significantly increased in Group A compared
to the values in the controls, while increases in MD val-
ues in the splenium did not reach the level of statistical
significance.

Table 1. Demographic Data and Clinical Details of the TBI and Control Groups ab

Demographics TBI(N=18) Control (N=11) PValue
Gender (male/female) 13/5 6/5 ns
Age,y 253191 27.6+83 ns
GCS 9-12

Time since injury, months 413£1.87

2 Abbreviation: ns, non-significant.
Values are presented as mean + SD.
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Figure 1. Example of an Age Matched Control

Figure showing the normal distribution of gray and white matter on T2-weighted images of the brain parenchyma (a), an FA map (b), a color coded FA
map overlaid on MD (c), mid-sagittal T2-weighted (d) images, and a mid-sagittal color coded FA map overlaid on MD (e). Axial T2-weighted images from
patients in Group A (f+j), Group B (k-0), and Group C (p-t) showing hyperintense lesions in the left frontal region (f), right temporal region (k), and right
fronto-temporal region (p), respectively. A decrease in FA values is evident in all three patient groups on the corresponding axial FA (g, ], q) and a color-
coded FA map overlaid on MD (h, m, r). The corpus callosum (CC) appears normal in a mid-sagittal T2-weighted image of all three groups (i, n, s); however,
the sagittal color-coded FA map (j, o, t) shows decreased FA values in the CC in all three patient groups.

4.3. Group B versus Control

Group B patients showed decreased FA values in fibers of the
PMB, isthmus, splenium, and CC as a whole compared to those
shown by control participants. However, a significant differ-
ence was observed in the isthmus and CC as a whole. Increased
MD values were observed in fibers of the isthmus, splenium,
and CC as a whole compared to those in the controls.

4.4. Group Cversus Control

FAvalues significantly decreased in Group C compared to
those in the controls in fibers of all subdivisions and the CC
as a whole. MD values showed significant increases in the
genu, splenium, and CC as a whole in Group C compared
to those in the controls. Other subdivisions showed mod-
est increases in Group C compared to those in the controls.

Arch Neurosci. 2015;2(4):e27768
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Control

Figure 2. A, The methodology used for reconstruction and segmentation of the corpus callosum (CC) into seven subdivisions (rostrum: grey, genu: green,
rostral body: blue, anterior mid-body: yellow, posterior mid-body: turquoise, isthmus: pink, splenium: white) based on Witelson’s classifications applied
to a healthy participant. B, Reconstructed subdivisional callosal fibers in the control group, Group A, Group B, and Group C.In Group A, thinning of the CC
(yellow arrow) is apparent in the rostrum, genu, and splenium compared to that in the control group. Group B exhibited thinning of the CC in both the
isthmus and splenium compared to that in the control group. In Group C, all CC subdivisions were thinner than in the control group.

Arch Neurosci. 2015;2(4):€27768
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Table 2. The FA values (Mean + SD) for Various Subdivisions of the CC from the Control Group and Patients Groups A, B, and C @

Fiber

Statistical Significance (P Value) Difference on Bonfer-

0 A B C
Bundle Control Group A Group B Group C roni Post-Hoc Test
Rostrum 0424003 0344005 0414004 03640050 Poa(0-01):Pop(1-00)Poc ég'g;))’ P (0-11), P (100), Pgc
Genu 0.49+0.02 0.43+0.03P 046+0.02 043+0.04P PoA (0.01), o (0-87), Poc ((((;.2(1))), P (0-50), Poc (100), Pgc
Rostral 0.46£0.02 0.44£0.04 0444004 041£003> Poa(0:8D):Pop(0-67)Poc (0.01), Py (1.00) Poc (031), Pyc
body (0.53)
AMB 0504002 048+0.03 047003 044+003D Poa(0-54)Pop(100),Poc gg‘gi))' P (1-00), Pac (0-05), Pgc
PMB 051£0.02 0.48+0.04 047+0.01 0.44+0.03P Poa (050), pop (0-06), pOC((g';gg' P (1:00), Poc (0-06), Pyc
Isthmus  0.48+0.02 0.45+0.01 042% ) yi+0.03b Poa(024),Pop(0.01), poc (0-01), ug (100), P (0.20), Pyc
0.05P (1.00)
Splenium  052+0.02 0.48+0.01° 0.49+0.02 0.46+0.03P Poa (0-03), o (0.06), pOC((g'g(l)))’ Pag (1:00), P (0-60), Pgc
cc 0504002 046+0.02>  %%°% 4410020 Poa(0-01):Pop(0-03)Poc 50'01))’ Pag (100), Pac (021), Py
0.02 0.8

a Abbreviations: AMB, anterior mid body; CC, corpus callosum; PMB, posterior mid body; POA, denotes P value of control versus group A; poB, denotes
P value of control versus group B; poC, denotes P value of control versus group C; pAB, denotes P value of group A versus group B; pAC, denotes P value

of group A versus group C; pBC, denotes P value of group B versus group C.

Denotes Pvalue < 0.05.

Table 3. MD Values (Mean + SD) for Various Subdivisions of the CC from the Control Group and Patient Groups A, B,and C @

Statistical significance (P Value) Difference on

. 0 A B C

Fiber Bundle  Control Group A’ Group B Group C Bonferroni Post-Hoc Test

Rostrum 0.95+0.07 114+014P 099+0.08 1.08t0.2 Poa (0-01), o (1.00), Poc (0-07), Pag (1:00), Pac (1-00),
Ppc (0.74)

Genu 0.87£0.04 0.98+0.12° 092+0.06 0.99+0.08P Poa (0:04), Pop (1.00), Poc (0-02), pag (1.00), Pac (1-00),
Ppc (0.64)

Rostralbody 0.88+0.06  0.93+0.10 093t012  0098+0.07 FoA (1:00), pop (1.00), Poc (0-11) g (1.00), pc (1-00),
Ppc (1.00)

AMB 0.86+0.04 0.87+0.06 0.89+0.08  0.94+0.07 Poa (1:00), Pop (100), Poc (014), P (1-00), Poc (0:30),
Ppc (1.00)

PMB 0.88+£0.04 0.88+0.07 0.90+0.06 095+0.08 FOA (1.00), Pop (1:00), o (0-10), P (1:00), Ppc (0-33),
Ppc (1.00)

Isthmus 0.96+0.06 1.00+0.05 1.05+0.10 1.03£0.09 Poa (1:00), Pog (015), Poc (0:36), g (1:00), Pc: (1.00),
Ppc (1.00)

Splenium 0.92+0.04 098+0.04 101+0.05° 1.01+0.05P PoA (0:11), Po (0:01), Poc (0-01), P (0-85), Pac (1.00),
Ppc (1.00)

cC 0914£0.04 095+0.06 0.97+00.06 099+0.05P PoA (0:35), Pop (0-18), Poc (((1)'3(1)))’ Pag (100), Pac (1.00),
Ppc

2 AMB, anterior mid body; CC, corpus callosum; PMB, posterior mid body; POA, denotes P value of control versus group A; poB, denotes P value of
control versus group B; poC, denotes P value of control versus group C; pAB, denotes P value of group A versus group B; pAC, denotes P value of group

Aversus group C; pBC, denotes P value of group B versus group C.
Denotes Pvalue < 0.05.

5. Discussion

Here, we demonstrate the degenerative changes, sec-
ondary to TBI, in the sub divisional fibres of CC which
showed a direct association to the corresponding cortical
lobes primarily involved in injury. Compared to the con-
trols, patients with moderate TBI (based on GCS Score)
showed microstructural damage to the CC during sub-

acute to chronic phases of insult when no damage was
visible on conventional MRL

A study (36) of 42 closed head injury patients in a post-
traumatic persistent vegetative state showed DAI in the
CC in all cases. Additional studies (16) have shown WM
loss between 2 to 12.7 months post TBI that was particular-
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ly prominent in the CC. Trauma-induced atrophy of the
CC may be due to either direct effects of trauma to the CC
itself (37, 38) or Wallerian-type secondary degeneration
(WD) resulting from diffuse brain damage that disrupts
the integrity of white matter fibers (39). WD has been de-
fined as a spontaneous process involving degeneration
of axons that have been separated from their respective
cell bodies (40). WD in humans initiates as early as 1 - 2
hours post-injury (41) and can last for several months
(42). During WD, axons distal to the injury site undergo
cytoskeletal disassembly and granular degeneration (43,
44). This is followed by blood-brain barrier breakdown
and removal of axonal and myelin debris by local and in-
filtrating reactive glial cells.

The pathological process in WD has been character-
ized using conventional MR (45). Changes from 20 days
to 2 - 4 months appear as a low signal on T2 images, as
tracts become hydrophobic due to myelin and protein
breakdown. This hydrophobicity leads to accumulation
of water in the oedematous demyelinating tracts which
is subsequently visible as increased signal intensity on
MR A correlation of the long-term clinical outcome in
WD with the early changes in diffusion indices in the cor-
tico-spinal tract (CST) of post-stroke patients has been re-
ported (46). This study showed monotonously decreased
anisotropy and increased diffusivity (though this was
stable during the first 2 weeks after injury) of the degen-
erated CST during the first 3 months (though they were
stable during the first 2 weeks after injury), which then re-
mained relatively unchanged. A study (47) on individuals
with focal infarcts that exhibited water diffusion changes
associated with WD showed that diffusivity is greatly in-
creased in the primary lesion, but only slightly increased
in areas undergoing WD. This has been explained on the
basis that in regions primarily affected by stroke, there is
formation of CSF filled cystic spaces in regions primarily
affected by stroke. The increased content of unhindered,
isotropically diffusing water in these cavities led to dis-
cernible increases in diffusivity. Moreover, there was an
overall increase of diffusivity at the site of the primary le-
sion. By contrast, WD showed a limited increase in diffu-
sivity as there was neither formation of cysts nor signifi-
cant water accumulation in the interstitial space. Studies
have demonstrated WD in CC in brain tumors patients
where tumors do not infiltrate the CC (48). Another imag-
ing study of temporal lobe epilepsy showed changes not
only in the seizure site, but also in remote locations such
as the splenium of CC owing to secondary WD-mediated
white matter degeneration (49). In view of the above
studies, our findings of altered DTI measures (decreased
FA and increased MD) in patients with moderate TBI may
be due to WD.

de Lacoste et al. (51) reported a relationship between
cortical lesion sites in ischemic infarctions or circum-
scribed contusions and WD in the corresponding regions
of the CC in 13 postmortem brains. Cortico-callosal con-
nections and the topography of the callosal fibers in re-
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lation to their cortical regions of origin and termination
have been studied widely in primates (50) and human
clinical studies (51). Witelson measured the whole CC in
50 human post-mortem brains and subsequently divided
it into 7 subdivisions (25). In the present study, we have
segmented the CC based on Witelson’s classifications, in
which the rostrum contains fibers from the caudal/orbit-
al prefrontal and inferior premotor regions and the genu
contains fibers from the prefrontal regions (25). Thus,
our findings of significantly decreased FA with increased
MD values in the rostrum and genu in Group A to those in
the controls can be attributed to microstructural chang-
es secondary to injury in the frontal lobe.

In this study, Group B patients had circumscribed lesions
in the temporo-occipital lobes. The callosal fibers originat-
ing from the occipital and temporal lobes constitute the
isthmus and splenium of the CC (25). Decreased FA along
with increased MD in both the isthmus and splenium of
Group B patients can be attributed to circumscribed le-
sions in the occipito-temporal lobes. Group C patients, had
circumscribed lesions in the frontal, parietal, and temporal
lobes, and showed decreased FA along with increased MD
in all the subdivisions of the CC. Thus, in contrast to Group
Aand B patients, Group C patients also showed microstruc-
tural damage in the RB, AMB, and PMB subdivisions of the
CC. It has been documented that fibers from the RB and
AMB course through the premotor/supplementary motor
areas and motor somesthetic areas, respectively (25). Fibers
from the posterior parietal regions constitute the PMB (25).
We speculate that the microstructural damage observed in
the anterior callosal subdivisions (rostrum, genu, and RB),
AMB, and PMB is a consequence of the primary lesion sites
being in the fronto-parietal lobes in Group C patients.

The findings of the present study correspond with previ-
ous studies that have reported reduced FA and increased
MD in sites of secondary degeneration (52, 53). Additional
studies have established temporal alterations in MD values
in subjects with TBI (16, 54), whereby MD initially decreases
due to cytotoxic edema and later normalizes or elevates as
result of either recovery or gliosis during the WD process.
This indicates that the timing of imaging post-injury is a
crucial factor in determining diffusivity changes. In Group
C, though a few (RB, AMB, PMB, and Isthmus) showed a
trend towards an increase. This may be attributed to the
wide range in the time interval between injury and image
acquisition, which ranged from 14 days (sub-acute) to 6
months (chronic) post-injury in the patients with TBL

The limitations of our study were the small number of
patients and wide variation in the time interval between
image acquisition and injury within the TBI patient
groups. In conclusion, this study describes the cortico-
callosal topographical relationship in patients with TBI.
We observed a decline in FA and increase in MD values
that appeared to represent regional WD. These findings
may contribute to our understanding of why patients
with the same severity of TBI present with a wide varia-
tion of deficits in cognitive functions.
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