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Abstract

Traumatic brain injury (TBI) alters the lives of millions of people every year. Although mortality rates have improved,
attributed to better pre-hospital care and reduction of secondary injury in the critical care setting, improvements in
functional outcomes post-TBI have been difficult to achieve. Diffusion-tensor imaging (DTI) allows detailed measurement
of microstructural damage in regional brain tissue post-TBI, thus improving our understanding of the extent and severity
of TBI. Twenty subjects were recruited from a neurological intensive care unit and compared to 18 healthy control
subjects. Magnetic resonance imaging (MRI) scanning was performed on a 3.0-Tesla Siemens TIM Trio Scanner (Sie-
mens Medical Solutions, Erlangen, Germany) including T1- and T2-weighted sequences and DTI. Images were processed
using DTIStudio software. SAS (SAS Institute Inc., Cary, NC) was used for statistical analysis of group differences in 14
brain regions (25 regions of interests [ROIs]). Seventeen TBI subjects completed scanning. TBI and control subjects did
not differ in age or sex. All TBI subjects had visible lesions on structural MRI. TBI subjects had seven brain regions (nine
ROIs) that showed significant group differences on DTI metrics (fractional anisotropy, radial diffusion, or mean diffusion)
compared to noninjured subjects, including the corpus callosum (genu and splenium), superior longitudinal fasciculus,
internal capsule, right retrolenticular internal capsule, posterior corona radiata, and thalamus. However, 16 ROIs showed
relatively normal DTI measures. Quantitative DTI demonstrates multiple areas of microstructual injury in specific normal-
appearing white matter brain regions. DTI may be useful for assessing the extent of brain injury in patients with early
moderate to severe TBI.
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Introduction to mitigate the effects of secondary injuries attributed to hypoxia,
hypotension, hyperthermia, and seizures have become the mainstay
of clinical care of acute TBI, but there has been little progress made
to address the primary injury caused by TBI. Further, heterogeneity

exists in regional brain metabolism post-TBI** which likely mir-

TRAUMATIC BRAIN INJURY (TBI) continues to be an important
cause of morbidity and mortality across people of all ages in all
parts of the world. In the United States and Europe, incidence

ranges from 180 to 500 per 100,000 persons per year." TBI has
gained public visibility in recent years because of increasing
awareness of both clinically significant sports injuries as well as
injured veterans who are returning with this diagnosis after their
combat in the Middle East. In addition, substance use such as al-
cohol and methamphetamine use disorders are also major risk
factors for motor vehicle accidents that can lead to TBI.

Our understanding of the multitude of variables influencing
patient outcomes post-TBI is still evolving. Clinical therapies used

rors the diffuse, but variable, alterations in white matter integrity.
Advancements in imaging technologies allow clinicians to identify
structural injury in brain regions beyond those visible on conven-
tional imaging, which may lead to many post-traumatic sequelae
and has implications for acute and chronic care. One such imaging
technique, diffusion tensor imaging (DTI), uses magnetic reso-
nance (MR) imaging (MRI) to measure the direction of movement
of water molecules in multiple planes and indirectly provide in-
formation about the microstructural integrity of the white matter
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tracts. These white matter connections are critical for cognitive and
motor function during and after recovery from TBI. Several review
articles described the utility of DTI in examining microstructural
abnormalities in patients with TBI of varying severity.*® These
studies have shown significant abnormalities in white matter in-
tegrity post-TBI and correlation with functional outcome at chronic
time points.” Additionally, a recent multi-center study demon-
strated a significant correlation between quantitative regional DTI
studies performed within the first 45 days post-injury and func-
tional recovery at 1 year.®

The aim of this study is to assess quantitatively the disturbances
of microstructural tissue integrity in brain regions involving major
white matter tracts and subcortical structures in patients who sus-
tained an acute TBI. Our study extends past work by using quanti-
tative multi-regional measurements and describing common patterns
of regional brain injury very early in the clinical course and in areas
that appear normal on standard MRI. Additionally, because brain
function depends on neural interconnectivity, a network approach
has been used to examine DTI data from TBI patients.” Although we
will not be evaluating the neural networks involved, identification
of commonly affected brain regions with DTI may improve our
understanding of functional connectivity failure observed post-TBIL.
Understanding which specific DTI metric, such as fractional an-
isotropy (FA), axial diffusivity (AD) or radial diffusivity (RD), is
abnormal in TBI patients in these brain regions may provide further
insights into the neuropathophysiology in these patients. Therefore,
we aimed to assess FA and diffusivity in atlas-based pre-defined
brain regions in a series of patients after moderate to severe TBI in
order to determine whether microstructural damage occurred more
frequently in particular brain regions. Our hypothesis is that the large
white matter tracts and deep brain nuclei would be preferentially
affected post-TBI regardless of the presence of visible structural
injury on conventional structural MRI.

Methods
Participants

Twenty subjects with TBI were recruited from the Neurological
Intensive Care Unit (NICU) at the Queen’s Medical Center (QMC)
in Honolulu, Hawaii. The study was approved by the Institutional
Review Board at the QMC, and all TBI subjects had proxy consent
provided by their legal guardians. Twenty subjects were enrolled; 3
were excluded because of medical instability that prevented MRI
scanning. Seventeen subjects were able to complete MRI scanning,
and 2 subjects were excluded from analysis because of imaging
artifact. Therefore, fifteen subjects were included in the final im-
aging analysis. TBI subjects had no pre-existing neurological or
psychiatric illness, an admission Glasgow Coma Score (GCS) <13,
and were mechanically ventilated and medically stable enough to
tolerate MRI within the first 21 days post-injury (mean duration of
injury at the time of scan, 10.47+6.77 days). During the brain
imaging acquisition, all TBI subjects received mechanical venti-
lation, were lightly sedated with benzodiazepines and analgesia,
and were monitored by the NICU team. Eighteen age- and sex-
matched healthy controls without a history of TBI or any chronic
medical or neuropsychiatric illnesses were also recruited and
studied as comparison subjects.

Image acquisition
A 3.0-Tesla Siemens TIM Trio Scanner (Siemens Medical So-
lutions, Erlangen, Germany) with a 12-channel head coil was used

for all MR scans. The MRI Protocol included a three-plane lo-
calizer (repetition time/echo time (TR/TE)=20/5ms; 1 average)
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and a sagittal three-dimensional magnetization-prepared rapid
gradient-echo (MP-RAGE) scan (TR/TE/TI [inversion time]=
2200/4.11/1000 ms; 1 average; 208 X256 x 144 matrix) that was
used to assess structural abnormalities. In addition, a fluid-attenuated
inversion recovery (FLAIR) scan (TR/TE/TI=9100/84/2500 ms)
was performed for further assessment of gross white matter abnor-
malities. To evaluate microstructural abnormalities, diffusion mea-
sures were obtained using the following parameters: bmax = 1000s/
rnrnz; 12 directions; TR=3700ms; TE=88ms; in-plane resolu-
tion=1.7x 1.7 mm; and 4 mm axial slices with a 1-mm gap. For each
slice, four averages with one additional b=0 image were acquired.
All images were visually inspected to ensure quality of DTI data.
Standard quality assurance procedures in DTIStudio (DWI standard
deviation maps) were used to identify and eliminate slices and vol-
umes that were affected by motion. All TBI patients were intubated,
sedated, and given pharmacological paralysis as needed to avoid
head motion artifact. Two of the 17 participants’ scans had excess
artifacts with distortions on the DTI attributed to large areas of
hemorrhage and were not included in the final analyses.

Image processing and diffusion-tensor
imaging analysis

DTI data sets were first transferred to DTIStudio (www.
MriStudio.org) running on a Windows platform, and motion cor-
rection was then performed before calculation of a tensor field as
previously described.'® Using dual-channel large deformation
diffeomorphic metric mapping (LDDMM), each tensor field was
then transformed to the corresponding JHU-MNI atlas space using
a nonlinear transformation process.'! After the LDDMM registra-
tion to a single-subject, skull-stripped MNI atlas, 79 brain regions
were automatically segmented in each hemisphere. As previously
described, FA, AD (the first eigenvalue), RD (mean of the second
and third eigenvalues), and mean diffusivity (MD; mean of the
three eigenvalues) were calculated for each participant in each
region of interest (ROI) as defined by the JHU-MNI atlas.' Pre-
processing and quality assessment for the scans were also per-
formed using the Mahalanobis distance, which provides informa-
tion regarding deviation from the center of the distributions of the
variables. This statistical method of using the deviation maps also
identified and eliminated slices and volumes that were affected by
motion and ensured accurate registration. From the 79 segmented
regions, 25 ROIs from the major white matter tracts and subcortical
regions were selected from both hemisphere for further analyses.
These ROIs were chosen based on the existing literature regarding
brain regions affected in patients with TBI.'>% These regions in-
clude the caudate, putamen, globus pallidus, anterior, superior, and
posterior corona radiata, corticospinal tract, superior longitudinal
fasciculus, posterior limb and retrolenticular internal capsule, genu,
body, and splenium of the corpus callosum, and thalamus (Figs. 1-5).

In total, 11 of the regions had both left and right while the corpus
callosum regions had the left and right combined, yielding 25 ROIs
measured for MD, but only 17 ROIs were measured for FA, AD,
and RD because these three measures are not interpretable in
the subcortical gray matter due to the many cross-fibers. However,
measures from TBI patients’ ROIs that included visible brain le-
sions were removed from the final analyses for the p values pre-
sented in the Results section because blood products can cause
DTI signal dropout. The ROIs listed as “‘with visible lesions” in
Figures 1-5 are in the same brain region as the visible MRI lesions,
but not directly in contused tissue.

Statistical analyses

Statistical analyses were performed using SAS software (9.3;
SAS Institute Inc., Cary, NC). Student’s #-test or chi-square was
used to assess group differences in demographic variables. One-
way analyses of covariance (ANCOVA) were utilized to assess
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DTI measures in genu (GCC) and splenium of corpus callosum (SCC). (A) Scatter plot shows lower fractional anisotropy (FA)

values in the GCC of TBI patients (red dots) compared to controls (blue triangles). Only 2 TBI subjects had visible lesions on MRI (red
dots with black outline). The three-dimensional GCC ROI (magenta) used to generate the scatterplot data is shown in the top right panel.
A two-dimensional region of interest (ROI; white arrow) showing an adjacent lesion in 1 of the subjects is shown in the BO image. (B)
Scatter plots show lower FA values and higher radial diffusivity (RD) values in the SCC in TBI patients compared to controls. Only 4 of
the TBI subjects had visible lesions within or near this ROI. The corresponding SCC ROI (pink), along with the projection images of the
fiber tracts, and a two-dimensional representation of the ROI (white arrow) shows a lesion within the ROI in 1 of the subjects, are
illustrated. See Table 2 and text for corrected p values. ANCOVA, analysis of covariance; DTI, diffusion-tensor imaging; MRI,
magnetic resonance imaging; ROI, region of interest; TBI, traumatic brain injury.

group differences in DTI metrics for the selected brain regions
between TBI versus control groups. Holms-Bonferroni correction
of multiple comparisons®' was applied for each DTI metric.
p values <0.05 that survived Holms-Bonferroni correction were
considered statistically significant. Age was included as a covariate
because DTI measures change significantly with age.”* Specifi-
cally, regional FA has been demonstrated to decline in a predictable
fashion in association with normal aging.”®> Therefore, control
subjects were carefully age matched as represented in Figures 1-5.
Additionally, Shapiro-Wilk tests were used to evaluate the nor-
mality of DTI measures in each ROIs that showed group differ-
ences, separately for TBI and control subjects. For measures that
deviated from normality, nonparametric Kruskal-Wallis tests were
used to confirm ANCOVA results (group differences).

Results

Participant characteristics

Healthy controls and TBI subjects with usable DTI scans did not
differ in age (controls, 38.97+3.04 years; TBI participants,

39.29£3.23 years; p=0.94), sex proportion (13 [72%] male con-
trols, 12 [71%] male TBI participants; p=0.91), or percentage of
individuals who tested positive for methamphetamine (controls, 4
of 18 [22%], TBI, 7 of 17 [41%]; p=0.33; Table 1). All TBI sub-
jects sustained a blunt force TBI, with mean GCS after stabilization of
6.47+1.51 with a range of 3-9, and were scanned 10.47+6.77 days
post-injury. Head computed tomography (CT) scans were performed
upon admission and rated using the Marshall Score.** Subsequent
MRI scanning demonstrated structural brain injury (parenchymal
contusion, subdural hematoma, traumatic subarachnoid hemorrhage,
and white matter hyperintensity) was visible on T1 and T2 MRI
sequences in the left hemisphere in 6 (35%), the right hemisphere in 5
(30%), and bilaterally in 6 (35%) TBI subjects. Contusions were
observed in the left hemisphere in 6 (35%), the right hemisphere in 2
(12%), and bilaterally in 5 (29%) TBI subjects. Subdural hematoma
was observed in the left hemisphere in 1 (5%), right hemisphere in 3
(18%), and bilaterally in 3 (18%) participants. Bilateral traumatic
subarachnoid hemorrhage was observed in 3 subjects (18%), whereas
white matter hyperintensities were located in the corpus callosum,
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FIG. 2. DTI measures in bilateral superior longitudinal fasciculus (SLF). Scatter plots show higher RD and MD, as well as lower FA
in the SLF bilaterally, in TBI patients (red dots) compared to controls (blue triangles). In the SLF, only 2 TBI patients had lesions (red
dots with black outline) in the left hemisphere (plots on the left), and only 1 TBI patient had a lesion in the right hemisphere (plots on the
right). The volumetric representation of the left (pink) and right (green) SLF ROIs are shown in the top panel, and a two-dimensional
representation of the ROI is shown including a lesion in the bottom panel (white arrow). See Table 2 and text for corrected p values.
ANCOVA, analysis of covariance; DTI, diffusion-tensor imaging; FA, fractional anisotropy; MD, mean diffusivity; RD, radial dif-

fusivity; ROI, region of interest; TBI, traumatic brain injury.

internal capsule, and the superior longitudinal fasciculus on FLAIR
imaging in 7 (41%) of the TBI subjects (some of these lesions are
illustrated in Figs. 1-4).

Diffusion-tensor imaging measures

Two of the 17 participants’ DTI scans could not be registered
accurately to the automated atlas because of hemorrhage-
associated artifacts that led to image distortion. In the remainder
15 participants, half (7 of 14) of the brain regions, including nine ROls,
with normal appearing white matter showed significant group differ-
ences on DTI measures (FA, RD, or MD) compared to noninjured
subjects (Table 2; Figs. 1-5). TBI subjects had lower FA values than
controls in the corpus callosum (genu, FA p-corrected =0.02; sple-
nium FA, p-corrected =0.015; Fig. 1A,B), superior longitudinal fas-
ciculus (left FA, p-corrected=0.007; right FA, p-corrected =0.004;
Fig. 2), and internal capsule (posterior limb: left FA, p-corrected=
0.008; right FA, p-corrected=0.004; retrolenticular: right FA,
p=0.04; Fig. 3A,B). Higher radial or mean diffusion measures were

also observed in TBI relative to control subjects in the corpus
callosum (splenium RD, p-corrected=0.007; Fig. 1B), superior
longitudinal fasciculus (left RD, p-corrected=0.01; left MD,
p=0.04; right RD, p-corrected=0.01; Fig. 2), right retrolenticular
internal capsule (RD, p-corrected = 0.0006; MD, p-corrected = 0.02;
Fig. 3B), posterior corona radiata (left RD, corrected p=0.002;
left MD, corrected p=0.007; right RD, corrected p=0.009, right
MD, corrected p=0.02; Fig. 4), and thalamus (left MD, corrected
p<0.007; Fig. 5). No group differences were found on axial diffu-
sion in any of these brain regions.

In the TBI group, four measures deviated from normality (FA in
the genu of the corpus callosum, MD in the right retrolenticular
internal capsule, RD in the right retrolenticular internal capsule,
and FA in the left superior longitudinal fasciculus). However, the
group differences in these four measures remained significant
(p <0.05) when data were analyzed with nonparametric procedures
(Kruskal-Wallis tests).

Only a few lesions were observed within the ROIs of TBI pa-
tients containing significant group differences between TBI
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FIG. 3. DTI Measures in posterior limb (PLIC) and retrolenticular internal capsule (RLIC). (A) PLIC: The left (pink) and right (green)
three-dimensional ROIs are shown in the left panel. The corresponding scatter plots show lower FA values in TBI patients (red dots)
compared to controls (blue triangles) in both hemispheres. Two of the TBI patients showed lesions within the right PLIC (red dots with
black outline), as shown in the upper right panel. (B) RLIC: The three-dimensional ROI (pink) is illustrated on an axial MRI. The scatter
plots show higher RD and MD and lower FA in TBI patients compared to controls. Only 2 TBI subjects had lesions within this ROI

(white arrow in MRI). See Table 2 and text for corrected p values.

ANCOVA, analysis of covariance; DTI, diffusion-tensor imaging;

FA, fractional anisotropy; MD, mean diffusivity; MRI, magnetic resonance imaging; RD, radial diffusivity; ROI, region of interest; TBI,

traumatic brain injury.

patients and controls. These lesions are illustrated in the scatter
plots to show the DTI measures in these ROIs with lesions, but they
were not included in the statistical analyses. In the corpus callosum,
2 of 15 patients had visible lesions in the genu (Fig. 1A), and 4 of 15
had visible lesions in the splenium (Fig. 1B). In the superior lon-
gitudinal fasciculus, 2 of 15 TBI patients had lesions in the left
hemisphere, and 1 of 15 patients had a lesion in the right hemi-
sphere (Fig. 2). In the internal capsule, 2 of 15 subjects had lesions
in the right posterior limb (Fig. 3A), and these same 2 patients
also had lesions in the right retrolenticular region. In the left ret-
rolenticular region, 1 of 15 patients had a lesion within the ROI
(Fig. 3B). In the posterior corona radiata, 2 of 15 subjects had
lesions within the ROI in the left hemisphere, and no lesions were
observed in the right hemisphere (Fig. 4). No lesions were observed
in TBI patients in the thalamus, but significantly higher MD values
were observed in TBI relative to control subjects (Fig. 5).

None of these abnormal DTI metrics correlated with the GCS on
admission or with time between injury and MRI scanning in these
participants. Further, the DTI metrics that showed group differ-
ences in TBI participants also did not correlate with the Glasgow
Outcome Scale-Extended at 6 months in these subjects.

Discussion

This prospective case-control study of DTI with quantitative
analysis in multiple brain regions in subjects with acute moderate to
severe TBI has two main findings. First, subjects with acute mod-
erate and severe TBI had microstructural damage in five important
brain regions, including the corpus callosum, superior longitudinal
fasciculus, posterior corona radiata, internal capsule, and thalamus.
Among these brain regions, the large and long white matter tracts
are essential for frontal and parietal lobe interhemispheric and in-
trahemispheric connectivity. We did not find significant correlation
with clinical outcome on the Glasgow Outcome Scale at 6 months;
this is most likely because of the small sample size in this study.
Alternatively, more detailed neuropsychological tests to evaluate
executive function and sensorimotor function may be needed to
evaluate for possible functional deficits associated with these brain
regions. Additionally, if no correlations were observed between the
DTI abnormalities and cognitive outcomes, these findings may
reflect reversible brain edema in these brain regions in this early
stage of moderate to severe TBI. Second, most of the subjects
showed abnormal diffusivity in multiple, but selected, brain regions,
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FIG. 4. Radial and mean diffusivities in posterior corona radiata (PCR). Scatter plots show higher RD and MD values in TBI patients
(red dots) compared to controls (blue triangles) bilaterally. Only 2 TBI patients had lesions within the left PCR (red dots with black
outline in scatterplots, and white arrow, top middle MRI). Three-dimensional representations of the left (yellow) and right (blue) PCR
ROISs are shown on an axial MRI (middle bottom panel). See Table 2 and text for corrected p values. ANCOVA, analysis of covariance;
MD, mean diffusivity; MRI, magnetic resonance imaging; RD, radial diffusivity; ROI, region of interest; TBI, traumatic brain injury.

including brain regions with and without visible abnormalities on the Our study found abnormal regional fractional anisotropy in
regular structural MRI. These findings demonstrate the heteroge-  specific brain regions even in the absence of visible brain lesions.
neous and extensive microstructural abnormalities in patients with ~ This is in contrast to a recent study of patients with acute mild TBI,
TBI. These findings also illustrate the greater sensitivity of DTI ~ which found DTI abnormalities in areas with traumatic intracranial
compared to conventional structural MRI in detecting microstruc-  lesions on traditional MRI or CT imaging, but not in those with

tural abnormalities in patients with TBI. normal early brain imaging.® Thus, the severity of injury may
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FIG. 5. Higher mean diffusivities in thalamus of TBI patients. Scatter plots show higher MD values in both thalamus of TBI patients
(red dots) compared to controls (blue triangles); however, only the left thalamic MD remained significant after Bonferroni corrections.
The three-dimensional ROIs for the thalamus from these ROIs are shown in the images (middle panel). See Table 2 and text for
corrected p values. ANCOVA, analysis of covariance; MD, mean diffusivity; ROI, region of interest; TBI, traumatic brain injury.
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TABLE 2. FRACTIONAL ANISOTROPY (FA) AND DIFFUSIVITY IN DIFFERENT BRAIN REGIONS (MEAN * SE)
of TBI SuBJECTS AND CONTROLS
TBI subjects (n=15) Controls (n=18) TBI vs. controls  TBI vs. controls
ANCOVA-corr-p ANCOVA-corr-p
Brain region Left Right Left Right value (left) value (right)
Fractional anisotropy (FA)
Anterior corona radiata (ACR) 0.315£0.010 0.332£0.008 0.345%£0.007 0.366+0.006 0.99 0.99
Superior corona radiata (SCR)  0.345£0.006 0.335+£0.007 0.364+£0.005 0.365%0.005 0.99 0.10
Posterior corona radiata (PCR) 0.338+£0.006 0.324%+0.010 0.368+0.005 0.360%0.007 0.09 0.56
Corticospinal tract 0.347£0.009 0.346+0.009 0.363+£0.007 0.356%0.009 0.99 0.99
Superior longitudinal 0.332£0.007 0.318£0.005 0.366£0.004 0.347+0.004 0.007 0.004
fasciculus (SLF)
Posterior limb internal 0.490+£0.007 0.472+0.011 0.526£0.005 0.527%0.005 0.008 0.004
capsule (PLIC)
Retrolenticular IC 0.388+0.006 0.396+0.007 0.411£0.005 0.43310.006 0.50 0.04
Genu of corpus callosum (CC) 0.480%0.014 0.542+0.009 0.02
Body of CC 0.400£0.017 0.467+0.010 0.08
Splenium of CC 0.481£0.016 0.549£0.006 0.015
Radial diffusivity (RD)
Anterior corona radiata (ACR)  6.93£0.264 6.52£0.096 6.26+£0.077  6.09+£0.072 0.99 0.07
Superior corona radiata (SCR) 6.02+0.099 6.14+0.105 5.72+0.047 5.75%£0.056 0.63 0.14
Posterior corona radiata (PCR) 6.53+£0.085 6.92+0.111 5.98+£0.069 6.29+£0.086 0.002 0.009
Corticospinal tract 6.47+0.088 6.43+0.117 6.65+0.126  6.59+0.145 0.99 0.99
Superior longitudinal 6.38+0.096 6.51£0.085 591%£0.053 6.07£0.061 0.01 0.01
fasciculus (SLF)
Posterior limb internal 5.09+£0.078 5.41£0.168 4.78+0.057  4.85%0.048 0.35 0.19
capsule (PLIC)
Retrolenticular IC 6.39+0.077 6.771£0.120  6.07£0.062  6.06+£0.065 0.27 0.0006
Genu of corpus callosum (CC)  6.33£0.163 5.67+0.099 0.05
Body of CC 7.2510.228 6.7910.120 0.99
Splenium of CC 6.3310.147 5.63£0.067 0.007
Mean diffusivity (MD)
Anterior corona radiata (ACR) 8.39+£0.250 8.00+0.095 7.80£0.058  7.71£0.057 0.99 0.99
Superior corona radiata (SCR) 7.41+0.106 7.50%+0.114  7.15+£0.044  7.21£0.051 0.99 0.99
Posterior corona radiata (PCR) 8.03+£0.086 8.37+0.111 7.55+0.061 7.87x£0.067 0.007 0.02
Corticospinal tract 7.96+£0.085 7.91+0.112 833%0.125 8.20%£0.138 0.99 0.99
Superior longitudinal 7.77+£0.088  7.80£0.081  7.38+0.047  7.47%0.050 0.04 0.13
fasciculus (SLF)
Posterior limb internal 7.28+0.080 7.58+0.149  7.14+£0.051 7.26%£0.044 0.99 0.99
capsule (PLIC)
Retrolenticular IC 8.15+0.082 8.66+0.144  7.93+0.049 8.05+0.052 0.99 0.02
Caudate 9.22+0.133  9.29+0.178 8.66+0.105 8.91%0.102 0.07 0.99
Putamen 7.85+£0.151  7.80+£0.174  7.4910.087  7.23%£0.078 0.99 0.35
Globus pallidus 8.40+0.215 8.69£0.293 8.07£0.087  8.07£0.100 0.99 0.99
Thalamus 8.83+£0.078  9.08+£0.076  8.41%£0.053  8.76+0.052 0.007 0.12
Genu of corpus callosum (CC) 9.01+£0.130 8.72+0.069 0.99
Body of CC 9.51+£0.196 9.50+0.078 0.99
Splenium of CC 9.00£0.141 8.7210.058 0.99

ANCOVA, analysis of covariance; TBI, traumatic brain injury.

impact decisions regarding the specific modality of advanced MRI
best suited to determine extent of intracranial injury.

We found consistently lower FA, indicating abnormal axonal
integrity, in multiple regions that included white matter tracts that
connect the frontal lobes (Figs. 1 and 2) and involved in motor
function (Fig. 3) in the acute stages, post-moderate to severe TBI.
These findings are consistent with the lower FA found in past
studies in patients with acute mild TBI,>%? as well as more chronic
stages post-TBI.?® In our TBI patients who required NICU care, this
diffuse pattern of involvement in half of the large white matter
tracts was present both in brain regions with and without visible
structural abnormalities on conventional structural MRI. White
matter disruption was previously shown to be poorly estimated by

conventional imaging even when specialized MRI sequences such
as susceptibility weighted images (SWIs) are used. SWI imaging
can be used to detect traumatic microbleeds and is used as a method
for measuring indirect evaluation of axonal damage in the clinical
environment. However, previous studies have predominantly been
performed in the chronic stages post-TBI. *°!

As expected, mean diffusivity was greater than normal, attrib-
uted primarily to the greater radial diffusivity, in these large and
long white matter tracts (i.e., posterior coronal radiata and superior
longitudinal fasciculus) of TBI subjects, which is consistent with
past findings in the pediatric and adult populations in the subacute
to chronic stages post-TBL?°? The higher radial diffusivity likely
reflects the subacute neuroinflammation, with greater water content
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associated with edema between the myelin sheaths, followed by a
complex process of continued degeneration and regional re-
pair.**?* Additionally, the MD was significantly greater than nor-
mal in the left thalamus, which is consistent with the finding of
abnormal resting state functional MRI connectivity found between
thalamus and cortex in subjects with moderate to severe TBIL.*
Together with these past studies, the abnormal thalamic diffusivity
indicate deep gray matter injury, which might have resulted from
torsional forces associated with TBI on these centrally located deep
structures.

As expected, the affected brain regions in this study are mostly
consistent with those found in subjects across a spectrum of TBI
acuity and severity.>>®*3+33% we found lower FA and greater
than normal MDs and RDs in these brain regions, but no significant
abnormalities in axial diffusivity in any brain regions. Overall,
although we assessed for group differences in 14 brain regions (11
had right and left, plus three corpus callosum regions) for a total of
25 ROIs measured, only nine ROIs showed significant group dif-
ferences (on corrected p values) on various DTI metrics (FA, RD,
or MD); see Table 2. Therefore, 16 ROIs showed no group dif-
ferences between the controls and the TBI patients. These relatively
normal brain regions in the TBI patients include the shorter white
matter tracts (anterior corona radiata, superior corona radiata) and
the striatal structures (caudate, putamen, and globus pallidus),
which may be less susceptible to torsional forces that occur with
TBI. These findings suggest that the microstructural brain injuries
are not completely diffuse throughout the brain; however, the lack
of group differences may also be attributed to the relatively small
sample size for our subject groups and the possibly smaller effect
size in these other brain regions.

The absence of abnormalities in axial diffusivity was also re-
ported previously in the corpus callosum of patients with TBI*®
However, some of these abnormalities in the DTI metrics may vary
depending on when the DTI was performed after the TBI, given that
reactive inflammation and microstructural integrity changes dy-
namically over time.*"** Similarly, FA showed dynamic changes
over time, with increases over the first 2 weeks and decreases be-
tween 3 and 6 months post-TBL?’” However, our patients already
showed lower than normal FA, suggesting decreased axonal in-
tegrity, within the first 3 weeks of acute TBI. This early micro-
structural injury has been demonstrated to correlate with the
presence of tau protein and microfilament in the extracellular fluid
in microdialysis studies.** These early changes in FA may reflect
severe brain injuries in our patients, given that microstructural in-
tegrity varies with injury severity.?> However, our abnormal DTI
metrics did not correlate with the Glasglow Outcome Scales at 6
months in these TBI patients. Therefore, these early changes in FA
also could reflect brain edema. More accurate interpretation of
these findings would require longitudinal follow-up studies with
both DTI and more detailed clinical assessments. These findings
highlight the importance of considering both temporal variables
and the brain injury severity when interpreting DTI metrics after
brain injury.

Nevertheless, our findings are clinically significant because
diffusion metrics have been shown to be related to, and likely
predictive of, outcome including mortality** as well as cognitive
and motor performance on neuropsychological testing.*®**=7 Si-
milar changes in DTI measures are also associated with mood
disorders*® and deficits in learning ability*® post-TBI. Further, the
diffuse white matter injury is typically not readily apparent with
conventional structural MRI that is often used for prognostication
post-TBI. In the current study, visible lesions were only observed in
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a minority of affected regions, and TBI patients with lesions within
the significant ROI did not always have the most aberrant values.
Our study provides further evidence that brain injury associated
with TBI may be apparent only on DTI measures.’®>' Thus, DTI is
a useful and sensitive imaging modality to detect microstructural
brain injury even in normal appearing brain regions.

Our study has several limitations. First, microstructural abnor-
malities are dynamic and change over time post-TBI, and although
all imaging was done subacutely within the first 3 weeks post-
injury, the scans were performed on different post-injury days.
Second, because the effects of TBI during the chronic phase are not
the same as those observed during the acute phase of TBI,> and the
manner in which the changes correlate with functional outcomes is
also dependent upon the time of assessment,'* future studies with
longitudinal assessments at later time points are needed to better
determine whether these early microstructural abnormalities can
predict clinical outcomes. Third, the DTI sequence used in the
current study has only 12 diffusion directions, and involved non-
isotropic voxels, which may have increased the potential for partial
volume effects and thus decreased the accuracy of FA and diffu-
sivity measures. However, similar limitations are commonly en-
countered in the clinical environment, which may make our results
more applicable clinically. Fourth, because of the relatively small
sample size, some of the ROIs that had small effect size, even if
diffuse microstructural brain injury was present, may not show
group differences. Last, our relatively small sample size also did
not allow us to adequately correlate the findings with clinical out-
comes or evaluate the possible sex-differences or other comorbid
issues (e.g., other substances use) in our TBI subjects.

In conclusion, this study demonstrates the multiple regional
DTI abnormalities, including abnormal axonal integrity and
neuroinflammation, primarily involving long white matter tracts
within the first few weeks after moderate to severe brain injury.
These abnormalities are located in brain regions that will likely
impact long-term recovery of cognition and motor function post-
TBI. DTT is a sensitive and useful tool for detecting microstruc-
tural abnormalities even in normal-appearing brain regions on
conventional MRI.
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