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Abstract

Conventional imaging is unable to detect damage that accounts for permanent cognitive impairment in patients
with mild traumatic brain injury (mTBI). While diffusion tensor imaging (DTI) can help to detect diffuse axonal
injury (DAI), it is a limited indicator of tissue complexity. It has also been suggested that the thalamus may play
an important role in the development of clinical sequelae in mTBI. The purpose of this study was to determine if
diffusional kurtosis imaging (DKI), a novel quantitative magnetic resonance imaging (MRI) technique, can
provide early detection of damage in the thalamus and white matter (WM) of mTBI patients, and can help
ascertain if thalamic injury is associated with cognitive impairment. Twenty-two mTBI patients and 14 controls
underwent MRI and neuropsychological testing. Mean kurtosis (MK), fractional anisotropy (FA), and mean
diffusivity (MD) were measured in the thalamus and several WM regions classically identified with DAL
Compared to controls, patients examined within 1 year after injury exhibited variously altered DTI- and DKI-
derived measures in the thalamus and the internal capsule, while in addition to these regions, patients examined
more than 1 year after injury also showed similar differences in the splenium of the corpus callosum and the
centrum semiovale. Cognitive impairment was correlated with MK in the thalamus and the internal capsule.
These findings suggest that combined use of DTI and DKI provides a more sensitive tool for identifying brain
injury. In addition, MK in the thalamus might be useful for early prediction of permanent brain damage and
cognitive outcome.

Key words: cognitive impairment; diffusion tensor imaging; mild traumatic brain injury; thalamus; white matter

Introduction
et al., 2010; Wood and Bigler, 1995). Its possible function in

MILD TRAUMATIC BRAIN INJURY (MTBI) is a major
public health problem. While about 85% of patients
eventually recover from trauma-related cognitive deficits,
approximately 15% have protracted symptoms with serious
social and economic consequences (National Center for Injury
Prevention and Control, 2003). Clinical and neuropsycholo-
gical predictors are suboptimal to forecast cognitive outcome,
and more objective measures such as conventional magnetic
resonance imaging (MRI) usually fail to detect any macro-
scopic and microscopic evidence of brain injury (Mittl et al.,
1994). It has been suggested that in addition to the presence of
diffuse axonal injury (DAI) in white matter (WM), injury to
the thalamus may play an important role in the development
of clinical sequelae in mTBI (Abdel-Dayem et al., 1998; An-
derson et al., 1996; Ge et al., 2009; Henninger et al., 2007; Little

mTBI has, however, remained largely uninvestigated.

Diffusion tensor imaging (DTI) can detect microscopic tissue
damage, grade its severity, and provide prognostic markers for
clinical outcome in mTBI (Arfanakis et al., 2002; Inglese et al.,
2005; Little et al., 2010; Miles et al., 2008). The theory on which
DTI is based assumes that water molecules move through a
homogeneous environment in which diffusion can be estimated
using a gaussian displacement probability distribution. There-
fore, it is most useful in the evaluation of highly organized
systems such as WM tracts (Basser et al., 2002). Most biological
tissues, however, have an intricate microstructure that impedes
the movement of water, and causes diffusion to deviate sub-
stantially from a gaussian form. This means that DTT is a limited
indicator of complexity, especially in brain regions that exhibit a
substantial amount of tissue heterogeneity.
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This limitation can be partially overcome with diffusional
kurtosis imaging (DKI), a recently developed noninvasive
MRI technique that measures non-gaussian properties of
water diffusion (Jensen and Helpern, 2010; Jensen et al.,
2005; Lu et al., 2006b; Wu and Cheung, 2010). A scalar index
derived from DKI called the mean kurtosis (MK) provides an
average measure over all directions of the amount by which
the diffusion displacement probability distribution departs
from a gaussian form (Jensen and Helpern, 2010; Jensen
et al., 2005, Wu and Cheung, 2010). Recent studies have
demonstrated that DKI may provide different and comple-
mentary information to DTI in a variety of brain disorders
(Helpern et al., 2011; Jensen et al., 2010; Lu et al., 2006a;
Raab et al., 2010; Ramani et al., 2007). This suggests that
employing both DTI and DKI indices in the investigation of
mTBI might produce more sensitive and specific markers for
brain injury. Since a DKI dataset generally includes a DTI
dataset as part of its total measurements, it can be used to
calculate both types of indices, implying that they can be
regarded as belonging to a larger unified set of diffusion
metrics.

The aims of this study were: (1) to investigate whether DKI
can detect the presence, if any, and extent of brain tissue
changes in the thalamus and WM of mTBI patients; (2) to
assess whether DKI provides complementary information
about brain tissue injury; and (3) to identify associations be-
tween the cognitive performance of mTBI patients with DTI-
and DKI-derived measures.

Methods
Subjects

Twenty-two consecutive patients with mTBI (14 male, 8
female; mean age 38.2+11.7 years; mean formal education
16.0+2.5 years) were prospectively recruited and classified
with mTBI using diagnostic criteria developed by the Mild
Traumatic Brain Injury Interdisciplinary Special Interest
Group of the American Congress of Rehabilitation Medicine,
which has been reviewed by Esselman and Uomoto (1995).
Enrollment was permitted only in cases in whom there was no
other history of brain damage or disorders of the central
nervous system, no history of systemic illness, and no history
of alcoholism or drug dependency. Patients were divided into
two groups based on whether they were studied within or
more than 1 year after injury, since this period is close to the
end of the stage in which sustained spontaneous recovery of
cognitive function is expected (Szymanski and Linn, 1992).
The first group, referred to as Group 1, consisted of seven
patients to whom MRI and a neuropsychological battery were
administered within 1 year after injury (mean interval 0.18
years; range 0.04-0.59 years), and the second group, referred
to as Group 2, consisted of 15 patients to whom MRI and a
neuropsychological battery were administered more than 1
year after injury (mean interval 3.9 years; range 1.33-9.58
years). Fourteen healthy controls matched to the patients ac-
cording to gender, age, and formal education (9 male, 5 fe-
male; mean age 36.5+£12.3 years; mean formal education
17.0+2.4 years) underwent the same MRI and neuropsycho-
logical protocols. Approval for the study was obtained from
the Institutional Review Board of the New York University
School of Medicine, and all participants provided informed
written consent.
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Neuropsychological assessment

Neuropsychological testing was conducted on the same
day that subjects underwent MRI, and was administered by a
psychologist blinded to imaging results. All neuropsycholo-
gical test results were converted to z scores using published
norms for easier comparison between subject groups with
higher indices indicative of better performance. Patients that
scored at or below the fifth percentile (—1.6 standard devia-
tions below the normative mean) on two or more of the
neuropsychological tests administered compared to controls
were categorized as cognitively impaired.

The neuropsychological battery was composed of tests that
were chosen to yield measures of attention, concentration,
executive functioning, memory, learning, and psychomotor
ability. Meta-analysis studies comparing the cognitive per-
formance of mTBI patients to controls have found significant
differences in attention and processing speed, as well as as-
pects of executive functioning such as cognitive flexibility,
abstraction, and verbal fluency (Binder, 1997; Frencham et al.,
2005; Zakzanis et al., 1999). Memory impairments (Tay et al.,
2010; Tsirka et al., 2010), as well as psychomotor and reaction
time slowing (Heitger et al., 2006; Miles et al., 2008; Paré et al.,
2009) have also been identified in individuals with mTBIL.

Attention and concentration were assessed with the
Weinberg Visual Cancellation Test (WVCT; Rath et al., 2004),
which measures sustained visual attention and concentration
as well as accuracy of visual scanning. Executive functioning
was assessed using the Stroop Test (ST; Batchelor et al., 1995;
Bohnen, 1992; Cicerone and Azulay, 2002; Rath et al., 2004;
Trenerry et al.,, 1989), and Prioritization Form A (PriA) and
Form B (PriB) tests (Miles et al., 2008; Rath et al., 2004), which
are measures of cognitive flexibility and abstraction, and the
Controlled Oral Word Association Test (FAS; Lezak et al.,
2004; Mathias et al., 2004; McHugh et al., 2006; Ruff et al.,
1997), which is a measure of verbal fluency. The HeadMinder
Cognitive Stability Index (Erlanger et al., 2002), an internet-
based computerized screening tool designed to measure the
cognitive functioning of patients with neurological impair-
ments, was used to assess performance in four areas: Atten-
tion and Concentration (A/C), Memory and Learning (M/L),
Processing Speed (PS), and Response Speed (RS). A/C is
comprised of the Number Recall subtest, which assesses fo-
cused attention, and the Number Sequencing subtest, which
assesses focused attention while placing a greater demand on
working memory. M/L is comprised of the Memory Cabinet 1
subtest, which assesses nonverbal incremental learning of
visual material presented within a selective reminding for-
mat, and the Memory Cabinet 2 subtest, which assesses de-
layed recall of the visual material presented in Memory
Cabinet 1. PS is comprised of the Animal Decoding and
Symbol Scanning subtests. RS is comprised of the Response
Direction 1 subtest, which provides an assessment of reaction
time with speeded discrimination response requirements, and
the Response Direction 2 subtest, which provides an assess-
ment of reaction time with more complex discrimination re-
sponse requirements.

Image acquisition

The theory underlying DKI has been previously described
elsewhere (Jensen and Helpern, 2010; Jensen et al., 2005, Wu
and Cheung, 2010). In brief, it employs a diffusion sensitizing
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gradient similar to what is used in DTI, but acquires three or
more diffusion weighting b values instead of two. These ad-
ditional b values are needed to determine the nonlinearity of
the logarithm for the signal decay caused by numerous distinct
biophysical environments with different diffusion properties.
The b values are fitted to the following equation from which the
apparent diffusional kurtosis (ADK) can be estimated:

In[S(b)] = In[S(0)] — b - Dypp + ébz Dl Kapp (1)
Here S(b) is the signal intensity as a function of b, S(0) is the
signal intensity at b=0, Dy, is the apparent diffusion coeffi-
cient (ADC) for a given direction, and K., is the ADK. By
fitting experimental data to Eq. (1), obtained while applying
multiple gradient encoding directions, it is possible to calculate
tensor information about the ADC and the ADK. From the
apparent diffusion tensor, several standard measures can be
derived, including fractional anisotropy (FA) and mean diffu-
sivity (MD), and from the diffusional kurtosis tensor a number
of other parameters can be similarly elicited, including MK.
MRI was performed on all subjects using a 3-Tesla (T)
Magnetom Trio whole-body scanner (Siemens Medical Solu-
tions, Erlangen, Germany) with a 12-channel head matrix coil.
The protocol included the following sequences: (1) two-
dimensional T2-weighted (T2W) turbo spin echo (TSE), which
was applied to 50 axial slices that were 3.0mm thick and
contiguous with repetition time (TR)=9090 msec, echo time
(TE)=93msec, flip angle (FA)=120°, field of view (FOV)=
220220 mm?, and matrix =256 x256; (2) three-dimensional
T1-weighted (T1IW) turbo fast low angle shot (turboFLASH)
magnetization prepared rapid acquisition gradient echo
(MPRAGE), which was applied to 160 axial slices that were
1.0mm thick and contiguous with TR=2100msec, TE=
3.9msec, inversion time (TI)=1100msec, FA=12°, FOV=
165%220mm?, and matrix=192x256; (3) susceptibility-
weighted imaging (SWI) which was acquired using a 2D
gradient echo (GRE), and applied to 32 axial slices that were
2.0mm thick and contiguous, with TR=50msec, TE=25
msec, FA =20°, FOV =165 x 220 mm?, and matrix =192 x 256;
and (4) DKI, which was applied to 13 axial slices that were
3.0mm thick and had an interslice gap of 3.0 mm with TR=
2100 msec, TE=115msec, FOV =220 x 220 mmz, matrix=128 x
128, and voxel size=1.7x1.7x3.0mm?>. The DKI sequence
was carried out by means of a twice-refocused spin echo
diffusion technique (Reese et al., 2003), using 30 different
gradient encoding directions and an optimized sampling
strategy (Jones et al., 1999; Skare et al., 2000), in which there
were six b values (0, 500, 1000, 1500, 2000, and 2500 s/mm?).
Images from all sequences were evaluated by a neuroradiol-
ogist and analyzed for structural abnormalities, including
microinfarcts and gliotic spots in the region of the small
penetrating arteries and arterioles.

Data processing and analysis

The DKI data were processed with in-house MATLAB (The
Mathworks, Natick, MA) scripts. Three-dimensional motion
correction and spatial smoothing (gaussian filter full-width-
half-maximum ;FWHM]=2.5 mm) were performed with the
Statistical Parametric Mapping package (SPM; Wellcome
Trust Centre for Neuroimaging at University College London,
London, U.K.). The signal intensities of the diffusion-
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weighted data acquired from each gradient direction were
then fitted to Eq. (1) on a voxel-by-voxel basis to obtain ADC
and ADK maps using a Levenberg-Marquardt nonlinear fit-
ting algorithm (Bates and Watts, 1988). The ADC values from
all 30 gradient directions were used to calculate diffusion
tensor indices, which were then employed to obtain FA and
MD maps. The ADK values from all 30 gradient directions
were averaged to generate MK maps (Lu et al., 2006b).

Analyses of the MK, FA, and MD maps were performed
with ImageJ] (National Institutes of Health, Bethesda, MD)
software. Anatomical regions of interest (ROIs) were selected
on T2-weighted scans by an experienced observer, and then
transferred onto co-registered MK, FA, and MD maps. Rec-
tangular ROIs that varied in size (range 4-96 pixels®), de-
pending on the anatomical region studied, were placed
bilaterally on three consecutive slices in the thalamus, and the
anterior limb, genu, and posterior limb of the internal capsule
along the anterior commissure-posterior commissure (AC-PC)
line, the splenium of the corpus callosum at the most ventral-
caudal aspect, and the centrum semiovale at the most ventral
aspect. The average MK, FA, and MD were calculated for each
RO, and these values were then averaged over all slices and both
sides to derive one mean for each brain region on every map. To
assess variations in measurement, the same observer conducted
two sets of ROI analyses for the above-mentioned brain regions
in five controls on two occasions separated by 1 week.

Statistical analysis

Statistical computations were performed with SAS (SAS
Institute, Cary, NC) software. A Wilcoxon-Mann-Whitney
test was used to assess differences between control and pa-
tient group neuropsychological z-score results. Restricted
maximum likelihood (REML) estimation of variance compo-
nents in a random effects model was used to assess variations
in the replicate assessment of regional imaging measures ac-
quired by a single observer, and reproducibility was sum-
marized in terms of the coefficient of variation (CV). Analysis
of covariance (ANCOVA) was used to compare subject
groups (controls, all patients, Group 1, and Group 2), in terms
of regional imaging measures. A separate assessment of every
brain region was conducted in which the observed value for
each imaging measure converted to ranks was employed as
the dependent variable to better satisfy underlying distribu-
tional assumptions, and subject group was included as a fixed
classification factor with age and gender as numerical cov-
ariates. Spearman correlation coefficients were used to test
associations between imaging measures for patients com-
pared to controls in the thalamus and WM. Partial Spearman
correlation coefficients adjusted for age and gender were used
to test associations between imaging measures in every brain
region of controls and patients with their z-scores from each
neuropsychological test. Logistic regression analysis adjusted
for age and gender was used to assess whether regional im-
aging measures for patients were predictive of cognitive im-
pairment, or had diagnostic utility for the detection of mTBI.
All p values were two-sided, adjusted for age and gender,
and declared statistically significant only when <0.05. While
p values have been reported without multiple comparison
adjustments, explicit mention has been made with regard to
results that would remain statistically significant after Bon-
ferroni correction.
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Results

Patient demographics and clinical data are summarized in
Table 1. Conventional MRI scans showed the presence of right
frontal lobe encephalomalacia in two patients, while no ab-
normalities were observed in any of the controls. Eighteen
patients had an emergency department Glasgow Coma Scale
(GCS) score of 15, two had a score of 14, and two had a score of
13. All patients complained of post-concussive symptoms,
such as headache, photophobia, nausea, dizziness, fatigue,
memory deficits, and sleep disturbances, except two Group 2
patients, who reported a complete recovery at the time they
were studied. These two patients were not classified as cog-
nitively impaired.

The mean and standard deviations of neuropsychological
test z scores obtained from the control and patient groups, as
well as cases where they demonstrated significant differences
are shown in Table 2. Thirteen (59%) patients, four from
Group 1 and nine from Group 2, were classified as cognitively
impaired, with most impairment found in the domains of
executive functioning (50%) and memory (33%). The bias to-
wards long-term cognitive impairment over what is usually
reported in mTBI reflects the fact that patients used in this
study do not represent a random sample group, since the
majority of them were recruited from hospital centers while
receiving treatment for post-concussive symptoms.

Examples of MK, FA, and MD maps from one mTBI patient
are shown in Figure 1. Variations in measurement differed
across ROIs for each DTI and DKI measure, with CV ranging
from 1.9-5.9% for MK, 3.9-12.5% for FA, and 2.2-7.1% for MD.
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Comparisons between controls and patients in terms of
regional DTI and DKI measures are reported in Table 3.
Compared to controls, the group of patients as a whole
showed significantly lower MK and FA and higher MD in the
thalamus (MK: p<0.01), and the internal capsule (MK:
p=0.04; FA: p<0.01, MD=0.01). All differences remained
statistically significant after Bonferroni correction, except for
MK in the internal capsule. Regression analysis showed that
DTI and DKI measures in the thalamus were significantly
correlated with those in WM (MK thalamus and MD total
WM: r=-0.58, p<0.01; MD thalamus and MD total WM:
r=0.56, p=0.01; MD thalamus and FA total WM: r= —0.59,
p<0.01).

When patient groups were analyzed separately and com-
pared to controls, Group 1 patients showed significantly
lower MK in the thalamus (p=0.02), and FA in the internal
capsule (p<0.01), and Group 2 patients had significantly
lower MK and FA and higher MD in the thalamus (MK:
p<0.01, MD=0.02), the internal capsule (MK: p=0.02; FA:
p<0.01), the splenium of the corpus callosum (MD: p=0.02),
and the centrum semiovale (MK and MD: p<0.01). All dif-
ferences remained statistically significant after Bonferroni
correction, except for MK in the thalamus of Group 1 patients
and MD in the thalamus and the splenium of the corpus cal-
losum and FA in the centrum semiovale of Group 2 patients.

When Group 2 patients were compared to Group 1 patients
they showed significantly lower MK and FA and higher MD
in the thalamus (MD: p=0.02), the splenium of the corpus
callosum (MD: p=0.02), and the centrum semiovale (MK
and MD: p<0.01; FA: p=0.02). All differences remained

TaBLE 1. MTBI PATIENT DEMOGRAPHICS AND CLINICAL DATA SORTED BY ELAPSED TIME SINCE INJURY

Cause of GCS Years since

Patient Age/gender injury score injury T2W MRI findings
1 21/ M MVA 13 0.04 Unremarkable

2 36/F Fall 14 0.05 Unremarkable

3 43/F Fall 15 0.08 Unremarkable

4 47/M Falling object 15 0.09 Unremarkable

5 32/M Fall 15 0.15 Unremarkable

6 26/M Assault 15 0.28 Unremarkable

7 24/M Fall 15 0.59 Unremarkable

8 34/F MVA 15 1.33 Unremarkable

9 36/M Falling object 14 1.75 Unremarkable

10 50/F Assault 14 2.38 Unremarkable

11 23/M Assault 15 2.42 Unremarkable

12 28/M Ped/auto 15 2.54 Unremarkable

13 42/F MVA 15 2.58 Unremarkable

14 30/M Assault 15 2.58 Unremarkable

15 60/M Falling object 15 2.58 Right frontal lobe

encephalomalacia

16 33/F Assault 15 3.00 Unremarkable

17 25/M Fall 15 3.00 Right frontal lobe

encephalomalacia

18 50/F MVA 15 4.50 Unremarkable

19 49/M MVA 15 6.75 Unremarkable

20 45/M MVA 15 6.75 Unremarkable

21 59/F Fall 15 7.33 Unremarkable

22 48/M Fall 15 9.58 Unremarkable

mTBI, mild traumatic brain injury; GCS, Glasgow Coma Scale score; T2ZW MRI, T2-weighted magnetic resonance imaging; MVA, motor

vehicle accident; Ped/auto, pedestrian struck by automobile.
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TABLE 2. NEUROPSYCHOLOGICAL TEST Z-SCORE RESULTS FOR CONTROLS AND MTBI PATIENTS

Mean z score+SD

Neuropsychological test Controls All patients Group 1 Group 2

WVCTT -0.05+£0.71 0.15+£0.75 0.37£0.91 0.05+0.67
WVCTE -0.30+0.76% 0.77+1.54 1.08+£1.92 0.62+1.38
ST 0.36£0.31° -1.85+£2.11 -1.41+£1.30 -2.06+£2.42
PriA -0.11+0.82 0.14+0.98 0.27+0.99 0.07£0.99
PriB 0.13£0.61 0.36+0.88 0.39+£0.97 0.35+0.88
FAS 0.05+0.65 -0.32+£1.02 -0.741£1.42 -0.13+£0.75
A/C 0.14£0.86" -0.59+£1.11 -0.58+£1.03 -0.60£1.19
M/L 0.13£1.21° -0.99+£1.55 -0.75+£1.63 -1.11+£1.56
PS 0.33£0.55° -0.62+£1.19 -0.37£1.09 -0.71£1.26
RS 0.16£1.06" -0.85+£1.38 -0.52+0.90 -1.02+£1.57

“Demonstrated differences of p<0.01 when compared to all patients.

mTBI, mild traumatic brain injury; SD, standard deviation; All patients, group 1+ group 2; Group 1, patients studied within 1 year after
injury; Group 2, patients studied more than 1 year after injury; WVCTT, Weinberg Visual Cancellation Test Time; WVCTE, Weinberg Visual
Cancellation Test Error; ST, Stroop Test; PriA, Prioritization Form A; PriB, Prioritization Form B; FAS, Controlled Oral Word Association Test;
A/C, HeadMinder Attention and Concentration; M/L, HeadMinder Memory and Learning; PS, HeadMinder Processing Speed; RS,
HeadMinder Response Speed.

statistically significant after Bonferroni correction, except for ~lower MK in the thalamus (p<0.01) and FA in the internal
MD in the thalamus and the splenium of the corpus callosum, capsule (p=0.02), which is illustrated in Figure 2. Only the
and FA in the centrum semiovale. difference for MK in the thalamus remained significant after

When cognitively-impaired patients were compared with ~ Bonferroni correction. In addition, regression analysis
cognitively-unimpaired patients they showed significantly = showed that for Group 2 patients, MK in the thalamus was

FIG. 1. Representative T2-weighted (T2W) images and corresponding mean kurtosis (MK), fractional anisotropy (FA), and
mean diffusivity (MD) maps (A, B, and C), from one 49 year old male patient with mild traumatic brain injury. Locations for
regions of interest that were investigated in this study are indicated bilaterally as follows: (A) the thalamus and the anterior
limb, genu, and posterior limb of the internal capsule; (B) the splenium of the corpus callosum; and (C) the centrum semiovale.
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TaBLE 3. DTI AND DKI COMPARATIVE REGIONAL BRAIN MEASURES FOR CONTROLS AND MTBI PATIENTS
Controls Controls Controls ~ Group 1
All versus versus versus versus
Controls patients  All Patients  Group 1 Group 1 Group 2 Group 2 Group 2
Brain region ~ Measure Mean=SE Mean+SE  p Values®  Mean+SE p Values® Mean=SE p Values® p Values®
Thalamus MK 1.26+0.02 1.23+0.01 <0.01°¢ 1.241+0.02 0.02° 1.23+0.02  <0.01°¢ 0.59
FA 0.32+0.01 0.30£0.01 0.06 0.30+0.01 0.13 0.30£0.01 0.10 0.99
MD 0.83£0.01 0.84%0.01 0.20 0.83+0.01 0.81 0.84+0.01 0.02° 0.02°
Internal MK 139002 138+0.02 004>  138+003 039  137+002  0.02° 0.35
capsule FA 0642001 062£001  <0.01> 062002 <0.01> 0.62£0.02 <0.01°° 074
MD 0.84£0.01 0.85%£0.01 0.01°¢ 0.85+0.02 0.97 0.85+0.02 0.91 0.61
Splenium MK  1.42£0.02 1.40+0.03 0.62 146+0.01 048  137£0.03 026 0.11
of copus  FA  074%001 071002 0.3 075£0.02 076  0.70£0.02  0.06 0.22
callosum MD 1.00£0.02 1.06+0.03 0.14 0.96+0.03 0.7 1.10£0.04 0.02° 0.02°
Centrum MK 137001 133£001 013 1.36£001 025 133002 <0.01°°  <0.01°°
semiovale ~ FA  050£0.02 0.48+0.01 0.06 052+0.03 044 047002  0.80 0.02°
MD 0.82£0.01 0.83%£0.01 0.14 0.82+0.01 0.95 0.84+0.01  <0.01°¢ <0.01°¢

“Significant after adjustments for differences in age and gender.

PDemonstrated significant differences without Bonferroni correction.

“Demonstrated significant differences with Bonferroni correction.

DTI, diffusion tensor imaging; DKI, diffusional tensor imaging; mTBI, mild traumatic brain injury; All patients, Group 1+Group 2;
Group 1, patients studied within 1 year after injury; Group 2, patients studied more than 1 year after injury; SE, standard error; MK, mean
kurtosis; FA, fractional anisotropy; MD, mean diffusivity.

significantly correlated with neuropsychological z score re-
sults for A/C (r=0.67, p=0.03) and PS (r=0.65, p=0.02),
which is illustrated in Figure 3.

DTI and DKI measures were not found to be predictive of
cognitive status, since the number of subjects in each of the
cognitively-impaired and cognitively-unimpaired patient
groups was relatively small. They were, however, found to
predictive when considered with respect to the larger patient

group represented by mTBI status in the thalamus (FA:
p=0.04), the internal capsule (FA: p=0.03), and the centrum
semiovale (MK: p=0.04).

Discussion

This study shows that the combined use of DTT and DKI
indices provides higher detection and better characterization

Thalamus Internal Capsule
1.28 1.41
1.27
1.26 1.40
Impaired mTBI
13
> Control I8
w124 ontro e Unimpaired mTBI
= Impaired mTBI =
1.23
Unimpaired mTBI T8
122 Contral
121 1.37
1.20
1.36
1.19
0.325 0.66
0.320 0.65
0.315 0.64
g1 Control _ osof
¥ 0008 Unimpaired mTB|  Impaired mTBI b enire
0.62
0.300 Unimpaired mTBI
0.61
0.295
0.60
0.290 Impaired mTBI
0.59

FIG. 2. Plots displaying age- and gender-adjusted means (hash marks), and 95% confidence intervals (lines), for mean
kurtosis (MK) and fractional anisotropy (FA) in the thalamus and the internal capsule of controls, cognitively-unimpaired
mild traumatic brain injury (mTBI) patients, and cognitively-impaired mTBI patients. When cognitively-impaired patients
were evaluated with respect to cognitively-unimpaired patients they exhibited significantly lower MK in the thalamus
(p<0.01), and FA in the internal capsule (p=0.02).
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FIG. 3. Scatterplots with best-fit lines showing significant
correlations between the baseline average values for mean
kurtosis (MK) in the thalamus of Group 2 mild traumatic
brain injury (mTBI) patients and their z scores on neu-
ropsychological tests evaluating attention and concentration
(r=0.67, p=0.03), and processing speed (r=0.65, p=0.02).

of regional brain injury in mTBI patients. These findings also
suggest that DTT and DKI have the potential to advance our
understanding of pathophysiology in mTBI, and may possi-
bly yield valuable predictors for the severity of brain damage
and cognitive outcome.

While this study is in line with previous DTI investigations
of mTBI in identifying that, compared to controls, the group
of patients as a whole demonstrated lower FA and higher MD
in the internal capsule, and reflected the presence of DAI
(Arfanakis et al., 2002; Inglese et al., 2005; Miles et al., 2008) a
more interesting finding is that they also exhibited lower MK
in the thalamus. Although there is some evidence to suggest
that the thalamus is involved in mTBI (Abdel-Dayem et al.,
1998; Anderson et al., 1996; Basser and Jones, 2002; Ge et al.,
2009; Henninger et al., 2007; Wood and Bigler, 1995), very few
MRI investigations have addressed the structural and func-
tional vulnerability of this region during such injury (An-
derson et al., 1996; Ge et al., 2009; Henninger et al., 2007; Little
et al., 2010). This raises an important question about whether
thalamic damage is directly caused by traumatic insult or
results from secondary phenomena involving longer-term
cellular processes related to WM injury. Experimental models
suggest that these mechanisms are not mutually exclusive,
and it is likely that they both contribute to thalamic injury in
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mTBI. For example, Zhang and associates (2004) investigated
the susceptibility of different cerebral tissues to direct injury
during traumatic insult in mTBI using a simulated human
head, and demonstrated that the highest stress shear con-
centration in the brain was localized to the thalamus and
midbrain. In contrast, Anderson and colleagues (1996) pro-
posed a model of secondary injury in mTBI based on trans-
neuronal degeneration, showing that if a lesion interrupts
WM fibers connecting the cerebral cortex and the thalamus,
then target cells in both regions might undergo apoptosis.
Furthermore, although speculative at this time, it would
appear that damage to axons controlling the blood flow and
permeability of vessels supplying the thalamus might also
contribute to secondary injury (Feig and Guillery, 2000). In
the present study the correlation in patients between DTI
and DKI measures in the thalamus with those in WM does
indeed support the secondary nature of thalamic injury.
Since, however, this was only a moderate correlation, it
suggests that damage caused directly by traumatic insult
also had the potential to contribute, at least in part, to
thalamic injury.

The precise meaning of DTI and DKI measures and their
relationship to the underlying cellular environment is not yet
completely understood. According to experimental animal
models of DTT a decrease in FA and an increase in MD reflects
alterations in microstructural integrity that may be associated
with the disorganization and loss of axonal membranes and
myelin sheaths (Basser, 1995). A decrease in MK can be in-
terpreted as a reduction in overall diffusional heterogeneity,
and while it is only possible to speculate about the underlying
pathological substrate, this is probably associated with de-
generative changes and neuronal shrinkage (Jensen and
Helpern, 2010; Jensen et al., 2005; Lu et al., 2006b; Wu and
Cheung, 2010).

Perhaps the most important finding in this study is that
cognitively-impaired patients demonstrated significantly
lower MK and FA in the thalamus and internal capsule
compared to cognitively-unimpaired patients. In addition,
there were correlations in Group 2 patients between MK in the
thalamus and neuropsychological performance on tests of
attention, concentration, and processing speed. Unlike the
thalamus the internal capsule has been widely accepted as a
probable anatomical correlate for cognitive dysfunction in
mTBI (Mittl et al.,, 1994). Pathological investigations have
shown that the anterior limb and genu of the internal capsule
are related to disorders of attention and executive functioning,
delayed visuospatial memory, and perceptuomotor slowness
(Rao, 1995; Tatemichi et al., 1992), while the posterior limb of
the internal capsule is related to pure motor deficits (Arboix
et al., 2000 ).

Despite the paucity of research on the possible function of
the thalamus in mTBI there is evidence to suggest that if this
region is injured it might play a role in cognitive impairment.
The thalamus has been described as the central relay station of
the brain because it has reciprocal projections to the entire
cerebral cortex and plays a principal role in the processing and
transmission of information between the sensory, motor, and
associative regions (Sherman and Guillery, 2009). These
multiple functional pathways influence many global activities
and therefore could potentially account for a great deal of the
morbidity associated with mTBI. The relationship between
the thalamus and cognitive function has been described with
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respect to several neurological diseases, as well as prelimi-
narily mTBI, and includes the domains of attention, concen-
tration, and processing speed, which are relevant to the
results of this study (Ge et al., 2009; Little et al., 2010; Salmond
et al., 2005; Van Der Werf et al., 2000, 2001).

Finally, since changes detected in the thalamus and the
internal capsule of patients were present during both early
and late time intervals following injury compared to controls,
it is possible to infer that damage occurring in these regions is
sustained, and DTI and DKI measures might therefore rep-
resent early indicators and prognostic measures for neuro-
psychological outcome. This is important because predicting
which patients are at risk of experiencing protracted adverse
cognitive changes enables early intervention that has been
shown to reduce the possibility of long-term deficits (Cicerone
et al., 1996; Mittenberg et al. 1996; Warden et al., 2006).

There are several potential limitations to this study. One
concern is the lack of histological confirmation for the imaging
findings that have been reported. Nevertheless, DTI and DKI
WM abnormalities appear to be in locations that are charac-
teristic for DAI and consistent with what has been identified
in previous DTI investigations of mTBI. Another concern is
the relatively small number of patients examined. Recruiting a
larger cohort would certainly improve statistical power and
will be addressed in subsequent studies. Finally, to determine
their true predictive utility, longitudinal studies will be re-
quired to better assess changes in imaging measures over
time, and more precisely ascertain their relationship to cog-
nitive outcome.

In conclusion, it has been demonstrated that the combined
use of DTI and DKI facilitates the detection of subtle brain
tissue injury in both the thalamus and WM of mTBI patients.
Since the acquisition protocol used to obtain a DKI dataset
includes all the information necessary to derive a standard
DTI dataset, it can be used to calculate both types of indices
and provide more sensitive and specific markers for tissue
injury. Finally, since the thalamus and the internal capsule
exhibited changes in DTI and DKI measures at both early and
late time intervals following injury, and were associated with
neuropsychological dysfunction, it is possible they might be
useful in the early prediction of permanent brain damage and
cognitive outcome.
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