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Abstract

Background and aim Diffusion tensor imaging (DTI) parameters in the corpus callosum have been suggested to be a bio-
marker for prognostic outcomes in individuals with diffuse axonal injury (DAI). However, differences between the DTI
parameters on moderate and severe trauma in DAI over time are still unclear. A secondary goal was to study the association
between the changes in the DTI parameters, anxiety, and depressive scores in DAI over time.

Methods Twenty subjects were recruited from a neurological outpatient clinic and evaluated at 2, 6, and 12 months after the
brain injury and compared to matched age and sex healthy controls regarding the DTI parameters in the corpus callosum.
State-Trace Anxiety Inventory and Beck Depression Inventory were used to assess psychiatric outcomes in the TBI group
over time.

Results Differences were observed in the fractional anisotropy and mean diffusivity of the genu, body, and splenium of the
corpus callosum between DAI and controls (p < 0.02). Differences in both parameters in the genu of the corpus callosum
were also detected between patients with moderate and severe DAI (p < 0.05). There was an increase in the mean diffusivity
values and the fractional anisotropy decrease in the DAI group over time (p <0.02). There was no significant correlation
between changes in the fractional anisotropy and mean diffusivity across the study and psychiatric outcomes in DAL
Conclusion DTI parameters, specifically the mean diffusivity in the corpus callosum, may provide reliable characterization
and quantification of differences determined by the brain injury severity. No correlation was observed with DAI parameters
and the psychiatric outcome scores.

Keywords Brain injury - White matter - Diffusion tensor imaging - Depression - Anxiety

Introduction

Diffuse axonal injury (DAI) following traumatic brain injury
(TBI) leads to white matter pathology [1, 2], cognitive and
psychiatric sequela [3—6], and brain atrophy over time [1, 3].
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The anatomical sites commonly affected are the corticomed-
ullary junctions, the corpus callosum (CC) [7, 8], and associ-
ation white matter tracts. The CC is one of the most affected
white matter regions in DAI [9—-11]. The decreased integrity
of the CC tracts was correlated with Wallerian degeneration
[12], which is usually observed as a post-traumatic condition
in patients with DAI [3].

Studies suggest that lesions in specific areas of the CC are
associated with the duration of unconsciousness and might
be a biomarker for clinical prognosis after the brain injury
[13, 14]. Rutgers et al. [13] investigated the differences in
the fractional anisotropy (FA) of the CC in participants with
mild, moderate, and severe TBI and controls; however, they
found no differences in DTI measures between moderate
and severe TBI on DTI-derived parameters. The lack of sig-
nificant differences between the moderate and severe TBI
subgroups may be associated with the small sample size,
leading to loss of statistical power [13]. Additionally, the
authors selected patients with heterogeneous traumatic brain
lesions and at variable intervals from subacute to the chronic
stages of the TBI.

The quantitative analysis of the CC using the DTI-derived
parameters allows the correlation with several clinical
outcomes, such as depressive and anxiety symptoms, the
most common psychiatric disturbances after the TBI. Evi-
dence points out that depressive symptoms are associated
with reduced fractional anisotropy (FA) in the CC genu
in the non-lesioned brain [15]. Ware et al. [16] identified
that chronic concussion-related to boxing exerted higher
mean diffusivity (MD) in the CC and reduced FA in the CC
splenium in comparison to the control group. The authors
also found a positive correlation between FA, anxiety, and
depression symptoms in this population. The CC is fre-
quently injured in TBI, but the contribution of the integrity
of the CC and neuropsychiatric symptoms in persons with
DALI over time is inconclusive.

In the present study, we aim to (1) investigate the dif-
ferences of the DTI-parameters (FA and MD) of the CC
between healthy controls and participants with moderate
and severe DAI; (2) compare differences of the DTI-derived
parameters (FA and MD) in the CC between moderate and
severe DAI and the FA and MD changes over the time; (3) to
correlate the DTI-parameters (FA and MD) in the CC with
anxiety and depression scores assessed 2, 6, and 12 months
after the trauma.

Methods

This work is part of a larger prospective study analyzing
clinical characteristics, brain magnetic resonance imaging
(MRI), and cognitive outcomes in patients with DAI [3,
17]. For this study, we analyzed the DTI data, depression,
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and anxiety scores at three timepoints: 2, 6, and 12 months
after the brain injury. The control group was assessed
once. The project was approved by the Institutional Eth-
ics Committee for Research (CAPPESQ) of the University
of Sao Paulo under the number 0097/11.

Subjects

Twenty outpatients with DAI and 20 controls signed the
consent form to participate in this study. A brain CT (com-
puted tomography) scan or MRI interpreted by a certified
neuroradiologist confirmed the diagnosis of traumatic
DAI. According to the Marshall scale, DAI and possible
associated injuries observed on CT scans were classified
into grades III and IV. All participants were screened for
MRI safety guidelines.

DAl group Inclusion criteria: ages between 18 and 55 years;
less than 6 months after the brain injury in the first visit;
post-traumatic amnesia (PTA) <30 min; Glasgow Coma
Scale (GCS) <12; at least 4 years of formal education; and
ability to follow verbal instructions.

Exclusion criteria: evidence of other abnormalities than
DAI shown by neuroimaging (e.g., contusions larger than
10 cc, epidural hematoma, subdural hematoma); neurologi-
cal diseases (e.g., epilepsy, stroke, tumor); previous TBI;
current use of illicit drugs; and participation on any reha-
bilitation program during the period of the data collection.

Control group Inclusion criteria: ages between 18 and
55 years and at least 4 years of formal education. Exclusion
criteria: a history of neurological disease and current use of
illicit drugs.

Instruments
Beck Depression Inventory [18], Brazilian version by [19]

Beck Depression Inventory (BDI) is a 21-question tool,
measuring symptoms of depression (e.g., sadness, pessi-
mism, failure, guilt, suicidal ideation).

State scale from State-Trait Anxiety Inventory [20], Brazilian
version by [21]

State scale from State-Trait Anxiety Inventory (STAI-S)
consists of 20 questions that assess state anxiety, in which
all items range from O to 4 (from “almost never” to “almost
always”). Higher scores indicate a higher anxiety level.
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Imaging

Conventional MR images acquisition MRI data was acquired
on a 3 T scanner (Phillips Achieva, Best, The Netherlands)
using a phased eight-channel head coil. Anatomical imag-
ing protocol was acquired in the sagittal plane using a 3D
T1-weighted Fast Field Echo (3DT1-FFE) sequence cover-
ing the entire brain (180 slices), with the following param-
eters: inversion time (IT) =700 ms; TR/TE=6.2 ms/2.7 ms;
flip angle =8°; acquisition matrix =240 x 240; field of
view (FOV)=240x240x 180 mm; voxel resolution=1
mm?> (isotropic); slice thickness = 1.0 mm; and completion
time =4 min.

DTl data acquisition DTI images were collected in the axial
plane with gradients applied in 32 non-collinear direc-
tions. The entire brain was covered with 70 slices, 2 mm-
thick each, with no gaps in between. Other parameters
used were TR/TE=8.500 /61 ms; b value=1000 s/mmz;
matrix = 128 x 128; FOV =256 X 256 mm; 2mm> isotropic
voxel; NEX (number of excitations) =2; and completion
time = 14 min.

Pre-processing All data were pre-processed using the func-
tional MRI brain (FMRIB) software library (FSL), version
5.0 (available at http://www.fmrib.ox.ac.uk/fsl/), applying
brain extraction tool (BET), FMRIB’s linear image registra-
tion tool (FLIRT), and correction of Eddy current-induced
distortions [22, 23]. Motion correction was completed using
ExploreDTI (A. Leemans, University Medical Center, Utre-
cht, The Netherlands) by rotating the B-matrix to keep the
orientation input accurate. Investigation for residuals and
outliers of the diffusion tensor fit was done with the same
software, ending on residual maps similar on all groups [24,
25].

Tractography Tensor calculation and fiber tracking were
performed with ExploreDTI (Fig. 1), [24, 25]. First, a
whole-brain tractography was automatically obtained in the
native space using a brute-force approach of every pixel.

Deterministic tractography technique was then achieved fol-
lowing a predesigned combination of specific procedures,
which included the positioning of multiple regions-of-inter-
est (ROIs) on different planes. The corpus callosum was seg-
mented into three parts: genu, body, and splenium, following
the most standard segmentation used in the literature [11,
26, 27]. The FACT (fiber assignment by continuous track-
ing) algorithm was calculated with a FA threshold of 0.25
and a maximum angle of 30°, equally applied to all subjects
[28]. The average quantitative values of FA and MD were
extracted from all voxels inside each CC segment.

Statistical analyses

All the data was analyzed using IBM SPSS Statistics ver-
sion 24.0 (SPSS Inc., IBM Company, Chicago, IL, USA)
with two-tailed tests and a 5% level of significance. Analy-
sis of variance (ANOVA) with Bonferroni’s post hoc analy-
sis, or unpaired t-test, the X2 test, and the nonparametric
Kruskal-Wallis test were used to analyze differences in the
baseline characteristics between patient groups. The mixed-
effect model (REML) regression analyses were used. For the
first analysis, the control group was considered the refer-
ence and the patient’s group as the comparison one. Each
participant was added to the model as a random effect, and
the severity (control DTI parameters’ single score, moderate
TBI, and severe TBI), the time (2, 6, and 12 months) as fixed
factors. In the first model, we have described the differences
between controls and DAI (moderate and severe) and the
effect of time. The second analysis evaluated the differences
between patients when separated into groups according to
the severity of the trauma (moderate vs. severe). Severity and
time were considered as a fixed effect and participants as a
random effect to the model. We evaluated parallelism of the
lines correspondent to scores of DTI-derived parameters in
both moderate and severe TBI over time. If parallelism was
detected, no interaction analysis between DTI measures and
time was performed. The results were presented accordingly
to the region of the CC (CCgenu, CCboby, CCsplenium).

Fig. 1 Representation of the final tractography of each segment of the corpus callosum (CC): CCgenu, CCbody, and CCsplenium
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For the complementary analysis of the association
between the DTI-derived parameters and the psychiat-
ric symptoms in the patients’ group, the Pearson linear
correlation was performed in each timepoint (2, 6, and
12 months after the brain injury).

Results

Forty individuals, 20 patients with DAI and 20 controls,
participated in the study. DAI severity was estimated
using the Glasgow Coma Scale (GCS) and the Posttrau-
matic Amnesia (PTA) scores during the hospital admis-
sion. Table 1 shows the summary of the demographic
data of both DAI and the control group. Except for the
expected GCS score differences between the DAI groups,
no statistical differences were found in the groups’ demo-
graphic characteristics.

Genu of the corpus callosum

The severe DAI group has lower FA values when com-
pared to the control group (z= —5.85, p=0.0001), but
no significant differences were found between the con-
trols and the moderate DAI group (z= —1.30, p=0.19).
Patients with severe DAI also showed lower FA values
compared to patients with moderate DAI (z= —2.28,
p=0.02). No significant effect of the time between the
three timepoints has been shown (p > 0.06). For the MD
analysis of the CCgenu, moderate DAI had higher MD
than the healthy controls group (z=1.82, p=0.007). Sim-
ilar results were found between the severe and the con-
trol group (z=5.04, p=0.0001). Differences were also
found between moderate and severe DAI groups (z=2.02,
p=0.044), where the severe group had higher MD than
the moderate DAI in the CCgenu. There was a significant
increase in the MD values observed from the baseline to
12 months after the trauma (z=2.29, p=0.022) (Fig. 2).

Mean diffusivity at the genu of the corpus callosum
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Fig.2 Longitudinal mean diffusivity values at the genu of the corpus
callosum in the moderate and severe DA

Body of the corpus callosum

The moderate and severe DAI groups have lower FA values
when compared to the controls (z= —3.59, p=0.0001 and
z=—28.33, p=0.0001, respectively). There were no differ-
ences in the FA values between the moderate and the severe
DALI group (z= —1.94, p=0.052). There was a significant
decrease in the FA values between 2 and 6 months after the
brain injury (z= —2.27, p=0.002). For the MD analysis of
the CCbody, moderate and severe DAI groups have higher
MD values than the controls (z=2.16, p=0.031 and z=4.59,
p=0.0001, respectively). No significant differences between
the moderate and severe DAI groups were found (z=1.02,
p=0.31). A significant increase of MD values between the
baseline and 6 months (z=2.42, p=0.02) and 12 months
after the trauma (z=3.13, p=0.002) (Fig. 3).

Splenium of the corpus callosum

Healthy controls have higher FA values compared to both
the moderate (z= —3.16, p=0.002) and severe DAI groups
(z= —6.93, p=0.0001). There were no differences between
FA values between moderate and severe DAI groups

Table 1 Summary of the

. e Demographic characteristics
demographic characteristics of

Controls (n=20)

Moderate DAI (n=16) Severe DAI (n=14)

the patients with DAI and the Age

control group Sex (male %)
Glasgow Coma Scale (M, SD)
Mechanism of trauma (n, %)
Motorcycle accident
Automobile accident
Running over
Physical aggression

29.65 (3.86) [21-50]

35.8 (9.5) [27-48] 26.7 (8.5) [19-47]

13 (65%) 6 (100%) 10 (71.4)
NA 10.3(1.0) 6.3 (1.7)
NA
4 (66.7%) 6 (42.9%)
1(16.7%) 5(35.7%)
1 (16.7%) 2 (14.3%)
0(0) L (7%)
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Mean diffusivity at the body of the corpus callosum

.0009

[ 2]
>e

.00085
Il

0008
Il

n |®

S ¢ N

S °

it o °

S

8,7\ T T
2 12

6
months after the TBI

° moderate DAI
Prediction line in moderate DAI

severe DAI
Prediction line in severe DAl

Fig.3 Longitudinal mean diffusivity values at the body of the corpus
callosum in the moderate and severe DAI

(z= —1.45, p=0.15). There were no significant changes
in the FA values over time (p > 0.9). For the MD analysis
of the splenium, the moderate and severe DAI group had
higher MD values than the controls (z=2.38, p=0.02 and
7=15.52, p=0.0001, respectively). There were significant
differences between the moderate and severe DAI groups
(z=1.81, p=0.007). There was a significant increase in MD
values between the baseline and 12 months after the trauma
(z=4.10, p=0.0001).

Correlation between white matter integrity
of the corpus callosum and depressive and anxiety
scores over time

The Pearson correlation test found no significant correla-
tion between the DTI measures on depressive and anxiety

symptoms scores in our DAI group in any of the three time-
points (Table 2).

Discussion

To our knowledge, this study was the first one to identify
progressive differences after the trauma in the DTI-derived
parameters in the CC between patients with moderate and
severe DAL FA value is the most widely used DTI parameter
and represents the degree of directionality of microstructures
(e.g., axons, myelin, and microtubules) that may indicate
the integrity of the white matter tracts. Our results pointed
to significant differences in the FA and MD measurements
between controls and patients, especially in the severe group.
The control group had significantly higher FA values than
observed in groups with patients with moderate and severe
DAI in the CC body and CC splenium. MD values were able
to discriminate controls from patients with moderate and
severe DAl in all CC regions (genu, body, and splenium). It
was also able to discriminate between patients with moder-
ate and severe DAI. FA values in the CC genu were lower,
whereas MD values were higher in the CC genu and CC
splenium in the severe DAI group than in the moderate. The
results point out that DTI-derived parameters (FA and MD)
in the CC can assist in the characterization of the injury
severity, as proposed by others [29]. In the DAI group, the
effect of time was observed, especially on the MD measure-
ments. The increase of the MD values over time may be
associate with volume loss in the white matter structures,
as shown previously [3]. This increase can be explained by
expanding the extracellular space associated with neuronal
or glial loss in the chronic stage after the trauma.

Table.2 Correlation between

. A 2 months 6 months 12 months
depressive and anxiety
symptoms and DTI-derived r p value r p value r p value
metrics (FA and MD) in
patients with DAI over the time Depressive symptoms
Genu FA 0.17 0.53 —-043 0.08 0.1 0.68
MD -0.1 0.71 0.4 0.1 -0.22 0.37
Body FA 0.145 0.59 -0.26 0.29 0.17 0.26
MD -0.09 0.73 0.27 0.28 -0.012 0.96
Splenium FA 0.16 0.54 -0.16 0.52 0.26 0.28
MD -0.28 0.3 0.16 0.52 —0.03 0.89
Anxiety symptoms
Genu FA 0.29 0.28 0.001 0.999 —0.18 0.47
MD -0.03 0.91 -0.09 0.76 0.15 0.55
Body FA 0.29 0.28 -0.17 0.54 -0.27 0.28
MD -0.02 0.93 0.18 0.51 0.35 0.16
Splenium FA 0.075 0.78 -0.17 0.54 -0.18 0.48
MD -0.33 0.21 0.11 0.69 0.33 0.18
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The CC is the primary fiber pathway linking the bilateral
hemispheres and is divided into C genu, CCbody, and CCsp-
lenium. The CCgenu is the anterior bend of the CC and pro-
jects fibers to connect with medial and lateral frontal lobes,
particularly the prefrontal cortex. Previous studies indicated
that the alterations in the CC could be heterogeneous and
depend on several factors. As pointed out previously, most
of the callosal lesions post-TBI occur in the posterior body
and splenium [30, 31], possibly due to the cue contra-cue
effect at the moment of the brain injury. Those radiological
measures were used to consider the DAI stage (or sever-
ity), such as suggested by Adams et al. [8] and Gennarelli
et al. [32]. Differing from the previous studies that evidenced
lesions in the posterior portion of the CC, our study pointed
for lesions on the anterior (genu) and in the middle (body)
of the CC in DAL

DALI often results in a disruption of the white fibers in
the parasagittal white matter of the cortex, CC, pontine-
mesencephalic junction, frontotemporal regions, amygdala,
hippocampus, basal ganglia, and thalamus [33, 34]. These
fiber disruptions result in impairment of mood regulation
[35] as well as neurochemical and neuroendocrine changes
after the trauma affecting the hypothalamic—pituitary—adre-
nal axis, potentially causing depression [36]. The CC has a
major role in interhemispheric functional connectivity [37]
and connections to multimodal associative areas in the fron-
tal and parietal lobes that affect mood control [37, 38]. It is
still unclear whether specific DTI-derived parameters in the
CC are related to psychiatric prognosis or can be claimed as
a neural signature for depressive symptoms.

Unlike we expected, none of the DTI-parameters used in
this study correlated to depressive or anxiety symptoms at
any time point. Even minor lesions may have overwhelm-
ing functional implications, despite the severity of the brain
injury, and increased risk of developing psychiatric disor-
ders [39]. On the other hand, some authors argue that severe
injury may decline cognitive function, leading to a reduction
of the self-perception and detection of psychiatric disorders
[35].

The GCS is a clinical tool designed to assess coma and
impaired consciousness and is one of the most commonly
used TBI severity scoring systems. Although the GCS
score has been used as the gold standard of neurologic
assessment of trauma patients since its development by
Teasdale and Jennett in 1974 [40], other TBI severity clas-
sification systems have evolved, mostly based on single
grade indicators, such as the loss of consciousness and
the duration of posttraumatic amnesia within 24 h of the
brain injury [41]. One limitation of these classifications
is that the initial TBI score severity does not necessar-
ily predict the extent of disability arising from TBI. In
this way, researchers in the field propose that approaches
to determining severity after injury should also include
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neuroimaging, in addition to clinical evaluation of altered
consciousness, the presence of posttraumatic amnesia, and
the GCS score [41]. In the present study, we have also
considered the GCS score to classify the severity of the
injury and the posttraumatic duration of coma as the pre-
dictive variable that could interfere with the DTI-derived
metrics results (see supplementary materials). Besides
the evidence that the DTI metrics between moderate and
severe DAL differed, the generalization of the predictive
features of the duration of coma for the clinical outcome
between the two groups was not established. In this way,
future studies are needed to understand the difference in
DTI metrics derived from brain tracts and its association
to clinical outcomes in persons with sustained moderate
and severe TBI.

Our study had limitations. One limitation is the self-
reported questionnaire Beck Depression Inventory (BDI)
and State-Trace Anxiety Inventory (STAI). Although BDI
is suggested by the Common Data Element [42] to assess
depressive symptoms in persons with TBI, patients with
severe injury may be not aware of his/her real impair-
ments, resulting in unreliable estimating of their symp-
toms. Another limitation of the study is that we did not
exclude the participants with hypointensities, indicative
of hemorrhage, as did other studies [13]. During the acute
stage after the TBI, usually, when the patients are in the
intensive care unit, there is a relatively high incidence of
post-traumatic seizures. However, this incidence drops
dramatically in the subacute and chronic stages after the
TBI. Due to the lack of seizures during the period of data
collection in our sample, seizures were not considered a
variable that could have interfered in the interpretation of
our results.

In conclusion, our study suggests that DTI-derived
parameters, specifically the MD of the genu and splenium
of the corpus callosum may provide reliable characterization
and quantification of differences determined by the brain
injury severity. DTI-derived parameters in the CC vary
within the same type of intracranial lesion (DAI), according
to the severity of the trauma, as well as progressively across
time, which might suggest that DTI is an interesting method
for patient follow-up.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10072-021-05455-0.
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