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Abstract

Purpose—To develop and apply DTI based normalization methodology for the detection and
quantification of traumatic brain injury (TBI) and the impact of injury along specific brain pathways
in: a) individual TBI subjects, and b) a TBI group.

Materials and Methods—Normalized DTI tractography was conducted in the native space of 12
TBI and 10 age-matched control subjects using the same number of seeds in each subject, distributed
at anatomically equivalent locations. Whole-brain tracts from the control group were mapped onto
the head of each TBI subject. Differences in the Fractional Anisotropy (FA) maps between each TBI
subject and the control group were computed in a common space using a t-test, transformed back to
the individual TBI subject's head-space, and thresholded to form Regions of Interest (ROIs) that were
used to sort tracts from the control group and the individual TBI subject. Tract-counts for a given
ROl in each TBI subject were compared to group mean for the same ROI to quantify impact of injury
along affected pathways. Same procedure was used to compare TBI group to control group in a
common space.

Results—Sites of injury within individual TBI subjects and affected pathways included
hippocampal/fornix, inferior fronto-occipital, inferior longitudinal fasciculus, corpus callosum (genu
and splenium), cortico-spinal tracts and the uncinate fasciculus. Most of these regions were also
detected in the group study.

Conclusions—The DTI normalization methodology presented here enables automatic delineation
of ROIs within the heads of individual subjects (or in a group). These ROIs not only localize and
quantify the extent of injury, but also quantify the impact of injury on affected pathways in an
individual or a group of TBI subjects.
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1. Introduction

This paper presents a novel methodology to use DTI (Diffusion Tensor Imaging) in the
detection and quantification of traumatic brain injury (TBI) and brain pathways (tracts) affected
by the injury. TBI is a growing health problem in the US, commonly attributed to motor
vehicular accidents and sports injuries but recently also to war-related injuries sustained near
an explosion. One of the serious consequences of TBI is diffuse axonal injury (DALI), or white
matter injuries, induced by sudden acceleration/deceleration and/or rotational/vibrational
forces causing a shearing of nerve fibers [1-4]. In addition to diffuse injury, local shearing of
axons at the gray/white interface is also possible. Diffuse and local axonal shearing both disrupt
axonal connections critical to brain function, and DAI commonly refers to both types of injury.
DA\ has been identified as one of the key reasons for permanent disability or death. In general,
DA can be very debilitating, leading to a wide range of neurological impairments from mild
memory deficits to persistent vegetative states. Though CT and MRI are routinely employed
to evaluate trauma and DA, several reports suggest that CT and commonly used T1- and T2-
weighted MRI protocols are unable to detect the full extent of injury and likely to underestimate
the consequences of DAI, resulting in a poor correlation between diagnosis and final outcome
[5,6]. Typically these patients exhibit a high rate of morbidity without any evidence of lesions
on CT or MRI. It has even been suggested that “DAI can only be definitely diagnosed
postmortem” [7].

Histologically DAL is characterized by disruption of the cytoskeletal network and axonal
membranes, leading to impaired axonal transport [3]. Thus a thorough evaluation of DAI
requires an imaging method able to quantify the integrity of axons and the network of
connections required to support normal brain function. For example, a person may look fully
recovered months after surviving a nearby explosion, but cognitive function may be abnormal
due to loss of connectivity among key brain regions. Some of the sites frequently damaged in
TBI include the corpus callosum, fornix and cingulum [8]. Because of these locations, memory
and language deficits are common as are certain prefrontal syndromes such as dysexecutive,
disinhibited and apathetic behavior. Often these deficits are present without any gross lesions
on the CT scan and the etiology is attributed to DAI. Moreover, approaches to identify DAI
through antibodies targeting amyloid precursor protein (APP) [9] may not always succeed
because some axons demonstrate cytoskeletal alteration and detachment without axonal
swelling and are thus not identifiable by markers of axonal swelling such as APP [10].

DTI has been used over the past several years to detect injured regions in TBI (e.g., [3,4,7,8,
11-14]). DTl is sensitive to the biological diffusion of water molecules, hindered by
extracellular and restricted by intracellular components [15]. When there is no obstruction to
diffusion, the diffusion tensor is isotropic. However, in the presence of axons and their
myelinated sheath, diffusion becomes anisotropic and quantifiable, which reveals the direction
and integrity of axons. Though myelin is not necessary, it influences several diffusion
anisotropy metrics. Thus damage to the myelin sheath and/or axons is potentially detectable
by DTI. Maps of several diffusion anisotropy metrics, e.g., Fractional Anisotropy (FA) -- the
normalized differences among the three eigen values of the tensor; Mean Diffusivity (MD) --
the average of the three eigen values; Axial Diffusivity (DA) -- the first eigen value oriented
along the long axis of the axons; Radial Diffusivity (DR) -- the average of second and third
eigen values; Volume Ratio (VR) -- the normalized product of the three eigen values, and the
ratio DA/DR have been evaluated in human and animal DTI studies [16-21].

The exact model of axonal damage leading to changes in the diffusivity and resulting diffusion
anisotropy measures such as FA is not well-understood. There is converging opinion that DAI
represents a progressive injury, beginning with local swelling of axons, followed by
cytoskeletal perturbations including misalignment of fibers and eventual disconnection [3,4,
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14,22]. It has been hypothesized [3] that the consequences of TBI on DTI would be a decrease
inFAandanincrease in MD, attributed mainly to an increase in DR and a decrease in diffusivity
along the principal direction (i.e., a reduction in DA). Indeed, significant FA reductions but
less significant changes in MD have been reported in the internal capsule and corpus callosum
during the first 24 hours of injury [3]. Changes in FA, however, were significantly less at one
month, suggesting the dynamic nature of the injury. A 20-subject study of changes in the FA
maps in DAI [4] with significant correlation with the Glasgow Coma Scale or GCS (r = 0.65
—0.74, p < 0.001) also concluded that FA values were significantly reduced within the internal
capsule and splenium. MD was not analyzed in that study but no significant changes were
found in the Apparent Diffusion Coefficient (ADC), which is a less sensitive marker of
diffusivity. A previous study also reported an increase in MD but unchanged FA [23], and
another study found reduced FA in the corpus callosum, internal capsule, and centrum
semiovale, with significant increase in MD in the corpus callosum and internal capsule [12].
Similar results have also been reported very recently [24] for the fornix body, all sub-regions
of the corpus callosum and peduncular projections, with the additional observation that not
only did DTI detect loss of white matter integrity at the beginning of the injury process but the
DTI metrics also correlate strongly to functional outcome.

A recent study also compared mild TBI to moderate-to-severe TBI and found that the FA in
moderate-to-severe TBI was reduced in the posterior corona radiata, cortico-spinal tracts,
cingulum, external capsule, forceps minor and major, genu, body and splenium of the corpus
callosum, inferior fronto-occipital fasciculus, superior longitudinal fasciculus and sagittal
stratum. FA reduction in mild TBI, however, was detected only in the cortico-spinal tract,
sagittal stratum and the superior longitudinal fasciculus [25]. This study also examined DR
and DA and found that both DR and DA were increased in moderate-to-severe TBI, which
could explain the decrease in FA. However only DA was found to increase in some regions in
mild TBI while DR did not show any significant increase in any region. It is not clear how the
FA would decrease under these circumstances as FA is likely to increase if DA increases and
DR remains unchanged. This specific issue was not addressed by the authors, but the authors
suggest that their results are consistent with the notion that damage to myelin in mild TBI is
less common, whereas both the axons and myelin are likely to be damaged in moderate to
severe injury.

Contrary to the above studies, an increase in mean diffusivity and an increase in FA in an infant
with severe TBI has also been reported [26], though the authors suggest that the increase in
FA is probably a transient effect due to an orderly disruption of cellular membrane in
combination with cellular and vasogenic edema that could temporarily increase both the FA
and diffusivity. Also, an increase in FA and a decrease in MD have been reported very recently
[14] in a 6-subject study of acute mild TBI. A significant increase in FA in the posterior corpus
callosum and significant decrease in MD in the left anterior internal capsule within 72 hours
of injury was observed and though these results were highly correlated with post-concussive
symptoms (PCS) and neurobehavioral tests, the authors [14] acknowledged that their results
were not consistent with previous studies of mild TBI [3,12]. The explanation offered by the
authors was that as most DTI measurements observe diffusion in water contained in the space
between axons (intercellular space) rather than the axons themselves (intracellular space), the
swelling of axons in the acute injury phase would constrict the intercellular space, leading to
a decrease in MD and an increase in FA. This model is plausible but awaits validation with a
larger number of patients. Other possible explanations include coregistration/normalization
errors and the presence of multiple fibers within a voxel. If more than one fiber were present
in a voxel, and one of them was selectively damaged, the diffusion anisotropy around the
remaining intact fibers would be enhanced, leading to a higher FA for that voxel. Also a recent
longitudinal study of severe TBI found that though the FA was reduced in all investigated
regions, mainly due to a decrease in DA and an increase in DR, the FA had increased in the
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internal capsule and the centrum semiovale at a mean 12-month follow-up [27]. The increase
in FA, which now reached normal to above normal values, primarily in patients with favorable
outcome, was attributed to an increase in DA with no change in DR. The FA remained
depressed in patients with unfavorable outcome.

Though the model for observed FA changes in TBI is not well-established, it is apparent that
maps of anisotropy changes can be, and have been, used to detect injured regions. However
these maps alone are inadequate to isolate specific brain pathways disrupted by the injury or
to quantify the loss of brain connectivity along affected pathways. DTI-tractography, which
creates 3D maps of axonal connections, provides a mechanism to localize and quantify
pathways affected by the injury.

Though there are many computational schemes to conduct tractography, the commonly used
streamline tractography procedure tracks the direction of the first eigen value of an assumed
rank-2 diffusion tensor per voxel until either the FA falls below the threshold or the orientation
shows an abrupt angular change exceeding a specified threshold [28-31]. A 3D interpolation
of the tensor matrix is usually employed to display tracts with sub-voxel resolution. Although
human DT resolution limitations (approximately 2mm) limit tractography to mapping bundles
of tightly packed axons (tracts), this is not expected to be a major weakness since DAI suffered
in head traumais likely to disrupt tracts and not merely single axons. This capability to directly
visualize axonal connections and quantify connectivity among specified regions is a particular
strength of DTI tractography not achievable with any other imaging modality at the present
time. When combined with methods to detect voxel-based anisotropy changes, DTI including
tractography provides a unique capability to localize and quantify injured regions and brain
pathways affected by the injury.

Anisotropy changes are detected by first normalizing the maps of anisotropy metrics (scalars)
from all subjects (subject space) to a common space (normalized space) and then performing
a t-test or similar statistical analysis. There are numerous publications on voxel-based whole-
brain anisotropy comparisons, particularly FA in TBI [8,24,27,32,33]. Statistical comparisons
of whole-brain tractography, however, are more complex as normalization of tensors or tracts
requires additional eigen vector corrections. A previous approach to normalize tractography
relied on averaging tensors in normalized space [34] but this does not fully account for inherent
primary eigen vector variations in individuals. The commonly used current approaches to
normalize whole-brain tractography incorporate a rotational correction factor that realigns the
eigen vectors (or gradients before estimating the eigen vectors) after mapping all images into
a standard or normalized space, consistent with the non-linear mapping transformations for
every voxel [35-37]. However there are several inherent problems with tractography when it
is conducted after spatial transformations, namely: a) spatial mapping exacerbates partial
volume problems due to the required averaging of neighboring voxels during spatial
interpolation, b) it may not maintain tract topography when non-linear normalization is used,
and c) frequently known continuous tracts are divided into non-contiguous segments. To avoid
performing whole-brain tractography in a common space, an alternative approach is to first
identify ROIs in normalized space by, for example a FA comparison [8], and based on the
anatomical locations of these ROIs, or based on a priori hypotheses [24], subjectively draw
these ROIs in each subject's head-space. These ROIs are then used to sort tracts from whole-
brain tractography conducted in each subject's native space. However, manually outlining ROls
is subjective and tracts sorted by such ROIs are prone to relatively large errors as even small
errors in the location of seed points propagate and accumulate along tracts spanning a large
number of voxels.

In an attempt to improve tract normalization and quantification methodology for application
to TBI, the primary objectives of this work were to identify injured regions in a TBI patient,
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quantify the injury in terms of DTI anisotropy metrics, identify brain pathways (tracts) affected
by the injury and quantify the effect on impacted pathways. A preliminary study where affected
pathways in four TBI subjects were identified in a standard normalized space was reported by
us recently at a MRI conference [38]. However, as neurosurgical or other individualized
interventions rely on the anatomy of the patient's own brain, one of the key goals was to quantify
injury related tractography changes in the patient's own 3D head space, which requires mapping
of whole-brain tractographies of a control group to the 3D brain coordinates of an individual
patient. In addition, a prerequisite was not to require any a priori hypotheses or manual outlining
of ROIs to reduce errors of subjectivity. A secondary objective was to conduct a similar study
comparing a group of TBI patients to a group of control subjects in a common 3D space to
detect and quantify patterns of injury and affected pathways in TBI patients, also without the
need for any a priori hypotheses or manually drawn ROIs. Both objectives require novel
tractography normalization and quantification methods. Details of the methodology and results
from a small sample of TBI patients (n=12) and normal subjects (n=10) are presented in this

paper.

2.1. Patients and Control Subjects

Patients with mild to moderate brain injuries (loss of consciousness for less than 1 hour)
primarily due to falls, assault, or traffic accidents, referred to the LAC+USC Brain Injury Clinic
consented to a DTI scan as part of their medical workup and care. IRB approval was obtained
to process existing DTI data from 12 such TBI subjects who had been identified by a
neurosurgeon based on their clinical history and no evidence of additional central nervous
system disease. The mean and standard deviation of the TBI and control subjects’ ages were
28+11.4 and 27+8.1 years respectively, and the mean time interval between TBI and the DTI
scan was approximately one month. All 12 patients were ambulatory (without assistance) and
all could communicate well enough to provide a history of their injury and care. Patients were
interviewed in their primary language (Spanish or English) regarding symptoms of post-
concussive syndrome (headache, dizziness, tinnitus, depression, irritability, sexual
dysfunction, etc.) and every patient who agreed to DTI had at least one post-concussive
symptom. None of the patients had hemiparesis or plegia. There were no aphasic patients, nor
any patients who were blind or deaf. The only cranial nerve deficit was anosmia in 2 patients.
Existing DTI data that had been acquired on the same scanner using the same protocol as the
TBI patients from a group of 10 age-matched volunteers, with no known history of central
nervous system disease and no evidence of neurological disease on MR imaging, were used as
controls.

2.2. MRI Protocol

The available DTI data from 12 TBI and 10 normal control subjects had been acquired with a
whole-brain single shot Echo Planar Imaging (EPI) DTI pulse sequence ona 1.5T GE EXCITE
scanner with an 8-element phased array RF coil at TR=10.3s, field-of-view 26cm, 128x128
matrix, 28 contiguous 4mm thick slices using 25 isotropic gradient directions with b=1000s/
mm?2, one b=0 acquisition, and number of excitations (NEX)=2 for a total acquisition time of
7min 50s. The voxel size was 2.03x2.03x4.0mm3. A 512x512 axial Fluid-Attenuated-
Inversion-Recovery (FLAIR) had also been acquired from the TBI patients using TR/TE/
Inversion time of 8402/146.3/2100 ms, 20 slices, slice thickness 7mm, planar resolution
0.43%0.43mm?.

2.3. DTI Data Processing

The b=1000s/mm?2 images were corrected for distortions and misregistration due to eddy
currents and any movements during the DTI acquisition using the eddy current correction
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module of FSL (The Oxford Centre for Functional Magnetic Resonance Imaging of the Brain
Software Library: http://www.fmrib.ox.ac.uk/fsl/fdt). The correction relies on a 12-parameter
affine transformation. Maps of diffusion anisotropy parameters including FA, DA, DR, and
MD were reconstructed using in-house developed DTI software incorporating a signal-to-
noise-ratio weighted multivariate least-square fitting approach [39]. Whole-brain tractography
was conducted using an in-house developed C-code version of streamline tractography.

2.4, Detection and Quantification of Anisotropy Changes

As several previous studies suggest FA is altered significantly in TBI, identification of the
injured regions was based on changes in an individual's FA map with respect to a group of
normals. This comparison was carried out in the standard MNI (Montreal Neurological
Institute) space using SPM (Statistical Parametric Mapping,
http://www.fil.ion.ucl.ac.uk/spm) based forward and inverse normalization procedures [40,
41]. In forward normalization, each point ‘x” within subject space image f(x) is mapped by a
unigue warping function M(:) onto its equivalent point ‘y’ of a template in MNI space to
generate the normalized image, g(y). Inverse normalization does the reverse, i.e., maps from
MNI space back to an individual subject's space. As each point within the template space maps
to exactly one point in subject space, a unique inverse mapping from the MNI space to the
subject space, M~1("), exists between all points of both spaces. SPM normalization relying on
a 12-parameter affine transformation to register voxels of the subject space to those of the
template space followed by a nonlinear warping transformation to estimate the 3D deformation
field at each point *x’ was used. SPM uses a linear combination of three dimensional discrete
cosine transform (DCT) basis functions in three orthogonal directions to model the
deformation. The DCT coefficients are iteratively optimized via Gauss-Newton strategy to
minimize the bending energies of the deformation fields as well as the residual squared
difference between f(x) and g(y). We used fourth order DCT basis functions, 16 iterations, and
tri-linear interpolation in this work.

An FA template was constructed from the 10 normal control subjects using a two-step
procedure where segmented white matter voxels within each normal subject's b=0 image were
first mapped to the MNI white-matter template using SPM 12-parameter affine/non-linear
transformation. Segmentation of the b=0 images into white-matter voxels was also done by
SPM retaining only those voxels that displayed >50% probability of being classified as white
matter. The forward mapping parameters obtained in the first step were applied to whole-brain
b=0 images and refined in a second step by mapping the resulting images to the MNI EPI
template. The resulting parameters were applied to individual FA maps of normal control
subjects to create the FA template in MNI space from an average of the 10 control subjects.
The FA maps of all control and TBI subjects were then individually remapped to the FA
template and data were analyzed to determine the voxel based FA differences between: a) each
TBI subject and the control group as described below, and b) the TBI group and control group
in MNI space.

2.4.1. Individual TBI subject vs. Control Group—A block diagram illustrating the
procedure to determine the differences between the control group and individual TBI subjects
is presented in Fig. 1.

The FA map of an individual was first compared voxel-by-voxel to the FA maps of the control
group in MNI space by computing a modified t-score defined as:

ti=[FA; (control) — FA; (individual)]/o; (control) (1)
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where FA; (control), FA; (individual) and o; represent mean FA of the control group, FA of an
individual and the standard deviation in the FA values of the control group respectively for the
i-th voxel. The t-score in Eq. (1) thus reflects the number of standard deviations by which the
FA of an individual is reduced with respect to the control group FA mean, equivalent to a one-
sample t-test. The t-score distribution in MNI space for an individual was then mapped back
to the individual subject's head by using inverse normalization and thresholded (t > 3.0, cluster
size k > 12) to localize the injured regions. Voxels satisfying the threshold criteria were
clustered automatically into ROIs relying on contiguity of voxels along any direction. In
addition to FA, other diffusion anisotropy metrics, e.g., DA, DR, MD were also computed for
these ROIs. The t-score map of an individual in MNI space was also mapped onto FLAIR
images using the inverse of the FLAIR to MNI T1-template normalization done by a 12-
parameter affine transformation followed by non-linear warping. After mapping, the t-score
distribution was thresholded as before (t > 3.0, k > 12) to show FA-changed regions
superimposed on FLAIR images.

2.4.2. TBI Group vs. Control Group—Standard SPM group comparison procedure was

used to determine FA differences between the TBI group and the control group in MNI space.
A 2-sample t-test was used to detect ROIs where FA had changed significantly (pppr < 0.05
and k > 12) in MNI space, where pgpr denotes the false detection rate corrected p-value.

2.5. Seed Placement and Tractography

As the number and characteristics of tracts are critically dependent on the number of seeds and
how seeds are distributed in the head, it is critical to account for these variations among subjects
to normalize tracts. We achieved a normalized distribution of seeds in individuals by inverse
mapping seeds from the FA template onto each subject's native space, thereby distributing the
same number of seeds in each subject at anatomically equivalent locations throughout the brain
to account for variations in head size, shape, and white-matter distribution. The MNI space
was masked to create a volume that corresponded to the common brain volume scanned in each
subject's head. The center coordinates of voxels in the common brain volume were considered
to be seeds for all subjects. The mm-space coordinates of these seeds were then mapped on a
point-to-point basis to the native space of each subject in “floating point” using inverse
mapping from MNI space to subject space, as described in Sec. 2.4., without any interpolation.
The mapped MNI space seed-points were used to conduct whole-brain tractography in each
subject. An in-house developed streamline tractography code based on Euler's method and a
step size of 0.2mm with tensor interpolation [31,42,43] was used to generate tracts from all
seeds (whole-brain tractography), where the number of seeds and their distribution were
normalized in each subject's head as described above. Tracts were propagated along the
direction indicated by the primary eigen vector and continued until either a FA threshold was
not met or the deflection angle exceeded 45°.

A similar procedure was first proposed by Clayden [44,45] but apparently not pursued due to
registration errors in their approach. With our FA template based normalization, we have been
able to achieve very good registration among the ten control subjects used in this work
suggesting the viability of this approach. An example of the registration accuracy is presented
in Fig. 2, where whole-brain tractography was first conducted in each control subject using an
equal number of seeds obtained by inverse mapping, and then all tracts from all control subjects
were mapped onto a TBI subject's head (see Sec. 2.6.1 below) and sorted in the TBI subject to
extract fronto-occipital tracts using planar filters as suggested by Mori et al. [46]. It is visually
apparent that the overlap among the ten subjects is very good in the middle portion of the tracts
while there are inter-subject variations (to be expected) as the tracts propagate toward cortical
boundaries.
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2.6. Detection and Quantification of Affected Tracts

2.6.1. Individual TBI subject vs. Control Group—Whole-brain tractographs of each
TBI subject were filtered by FA reduced ROIs identified in the subject's native space as
described above (Sec. 2.4.1) to isolate corresponding pathways affected by each injured region.
Quantification of connectivity along the affected pathways was then performed by comparing
the number of tracts traversing a given ROI in the TBI subject to the mean number of tracts
from the control group also traversing the same ROI in the TBI subject's space after mapping
whole-brain tracts of the entire control group to the individual TBI subject's space as described
below. Connectivity here is defined by the number of tracts traversing an ROl along a specified
pathway. When small step sizes (such as the 0.2mm step size used in this work) are used with
interpolation after each step in streamline tractography, and when only one-seed-one-eigen-
vector is used per voxel, then each of the ‘n” voxels lying on a tract emanating from the it seed
will generally also “send” a tract back to the i voxel. Thus the number of tracts intersecting
a voxel is a reflection of how many voxels are connected to it, which provides a convenient
metric to quantify connectivity. In this work, the number of tracts (referred to as the tract-count)
traversing voxels within a ROI along a specific pathway was used as the metric to quantify the
reduction in connectivity in a TBI subject with respect to a control group along the same
pathway at a given FA threshold.

A two-step procedure was implemented to map whole-brain tracts from each of the control
subjects to the TBI subject's space. Tracts from all control subjects were first mapped to the
MNI space and then the TBI subject specific inverse parameters were used to map all tracts
from the MINI space to the TBI subject's space. Point-to-point mapping of all points lying on
each tract was accomplished in the following way. SPM normalization relies on one-to-one
mapping of the vertices of tetrahederal volume elements [47] from one space to another. Let
us assume that y = M(x) represents the mapping, via FA template based spatial normalization,
of a seed x = [X1, Xp, Xg], lying at the vertex of a tetrahedral in subject space, to pointy = [yj,
Yo, y3], also lying on a vertex of a tetrahedral in standard MNI space. Then the mapped point
y' corresponding the point x’ on atract following a small step can be obtained from the following
equation,

ox 1
0X»
ox 3

=M (x’) = M (x) +J,

[RETER NN

<<

(2)

where the step in any direction is represented by [0x; 0xo 0X3], and Jy defines the Jacobian of
the deformation at the point X = [x1, X», X3]. The elements of the Jacobian were determined by
the multiplication of partial derivatives of the deformation field along pairs of two orthogonal
axes. Similarly the tract point y'= [y1+3y1, Y2+0Yy2, y3+0dys] in the standard MNI space can be
transformed back to the point x’ = [X1', X2, X3'] in a specific subject space via the following
equation,

ay,
ayz

X
x’:’ x5 \:M(y’) =Ml(y) +1y"
dy3

(3)

where M~L(y) indicates a one-to-one mapping of the vertex point y in the standard MNI space
to the vertex point x in the subject space. The deformation derivatives at the point y and its
increments are represented by the Jacobian matrix J, and [0y, dy, dy3] respectively.
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Based on the forward and inverse mapping described in Egs. (2) and (3), all points on any tract
in any subject 1 can be transformed to the standard MNI space and then inverse mapped to the
subject space of any other subject 2 using the inverse mapping function of subject 2, thereby
making it possible to map all tracts from a group of control subjects onto the subject space of
an individual TBI subject. In conjunction with the normalized seed-tractography described in
Section 2.5, it now becomes possible to compare quantitatively a specific tract identified in a
TBI subject to corresponding tracts in a control group, without requiring any manual drawing
of any ROI.

The overall approach to normalize and map tracts from control subjects onto the head of a TBI
subject is conceptualized in Fig. 3. Seeds were first distributed in each subject's head using
inverse mapping of MNI seeds as shown in the top row, and whole-brain streamline
tractography was conducted in each subject's native space from these mapped seeds. All tracts
from each of the 10 control subjects (left box in Fig 3) were first mapped onto MNI space using
non-linear warping, and then mapped to the head of a TBI subject (right box) where they were
sorted by ROIs obtained from the FA comparison (Sec. 2.4.1). An example of tracts sorted by
a particular ROI (shown as a green cluster) in the TBI subject space is also shown in Fig. 3,
where in this particular case, the ROI cluster identified the fronto-occipital and hippocampal/
fornix pathways. In situations like this where more than one pathways were identified by a
ROI, the ROl was subdivided into multiple sub-ROls by identifying voxels along each pathway
and grouping voxels (within the ROI) that were common to at least 50% of the control subjects
along a given pathway. This procedure was used to mitigate effects of inter-subject tract
variations and co-registration errors remaining after our normalization procedure.

The number of tracts passing through each ROI (or sub-ROI) were counted in the TBI subject
and compared to the mean and standard deviation of the normalized tracts from all control
subjects passing through the same ROI (or sub-ROIl) in the TBI subject space to quantify the
reduction along a specific pathway. When multiple pathways were identified within an ROI,
the FA and other diffusion anisotropy metrics were also computed for the sub-ROls.

The key feature of our tract normalization approach is to conduct tractography in subject space
using a unique seed distribution and then transform each tract individually, first to MNI space
and then to the head-space of another subject. Contrary to previous approaches [35,36], our
approach does not warp voxels but instead takes each individual tract in subject space composed
of a string of points located 0.2mm apart, transforms these points to normalized space using a
point-to-point mapping, and connects these mapped points to regenerate the new tract in
normalized space. Mapping these individual 0.2mm spaced points and reconnecting them in
normalized space is equivalent to reorienting the primary eigen vectors along each tract from
subject to normalized space consistent with the non-linear transformation, thereby overcoming
the problem of correcting eigen vectors used in previous normalization approaches [35,36]. To
validate this key feature, a study was performed to compare tract-normalizations obtained with
our approach and the commonly used previous approach [35,36] where the b =0 and all
b=1000s/mm? images are first transformed to MNI space and then the perturbations in eigen
vectors are corrected to account for spatial transformations. A common set of sorting filters
were employed in both cases to compare the integrity of known fronto-occipital connections
after normalization. The results of this comparison are presented in Fig. 4. Though both
approaches show recovery of the Inferior Fronto-Occipital (IFO) and Superior Longitudinal
Fasciculus (SLF) by the filters used to sort these tracts, our method shows better continuity
and branching near the ends (consistent with subject-space mapping) whereas the previous
approach shows discontinuities apparently caused by the voxel-based normalization. Also the
inherent smoothing in voxel-based normalization increases partial volume artifacts causing a
portion of the right IFO tracts to turn around the ventricle, whereas this effect is much reduced
in our approach (Fig. 4.).
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2.6.2. TBI Group vs. Control Group—The group analysis was done in MNI space. The

same procedure as described above was used to map all tracts from all subjects including the
TBI and control subjects into the common MNI space, and ROIs defined from the FA group

comparison in MNI space (Sec. 2.4.2) were used to isolate pathways affected by specific ROls
in each subject. Tract counts along these pathways were compared between the two groups to
quantify the reduction in connectivity.

3.1. Individual TBI subjects

An example of t-score maps corresponding to significant reduction in FA (t > 3.0, see color
bar) and cluster extent k > 12 between a TBI subject (subject 1) and 10 controls is presented
in Fig. 5 where the FA reduced and regions have been superimposed on TBI subject's FLAIR
images. It can be seen that there is partial overlap between the FLAIR spots (which mainly
highlight edema resulting from cellular injury) and the FA reduced regions though there are
regions highlighted in FLAIR but not observed in the FA reduced maps and vice versa,
consistent with previous studies [8,24,27,33,48]. These results are also consistent with a recent
study [49] where partial overlap between the FLAIR and FA-reduced regions has been
explained by a model of the contrast mechanism in each modality.

Using the FA-reduced regions of Fig. 5 as ROIs, the sorted tracts in TBI subject 1 were
compared to sorted tracts obtained from each of the 10 control subjects for the same ROIs after
mapping all tracts of all control subjects to the head of the TBI subject as described in Sec.
2.6.1. As an example, pathways detected by the ROI corresponding to the highest t-score in
TBI subject 1 are shown in Fig. 6 at FA > 0.15.

The FA threshold has a significant impact on tract-counts. FA thresholds ranging from 0.10 to
0.3 have been commonly used in streamline tractography, representing a tradeoff between noise
(which increases as the FA threshold is lowered) and sensitivity (which decreases as the FA
threshold is raised). A previous study where the influence of FA threshold on the accuracy of
DTI tractography was evaluated by comparing histology (ground truth) to DTI tractography
at FA thresholds varying from 0 to 0.60 per every 0.05 [50] reported that the best visual
agreement was achieved at a FA threshold of 0.10 in that work. To determine an optimal FA
for this study, we measured the sensitivity of tract-counts to differentiate between controls and
individual TBI subjects as a function of FA threshold. A tract-count ‘TC’ based effect size was
defined as:

Effect size;=[TC; (control) — TC; (individual)] /o; (control)

where TC; (control), TC; (individual) and o; represent mean TC of the control group, TC of an
individual TBI subject and the standard deviation in the TC values of the control group
respectively for the i-th ROI. The effect size was computed for 28 FA-reduced ROIs identified
in 2 TBI subjects at the t > 3.0, k> 12 mean effect size over these 28 ROIs as a function of FA
is presented in Fig. 7, showing that the effect size peaks at a FA threshold of about 0.15. Thus
an FA threshold of 0.15 was used in this work though the results would not change significantly
for FA thresholds ranging from 0.1 to 0.2. Examples of pathways identified by two other
relatively high t-score FA-reduced regions for TBI subject 1 are shown in Fig. 8 at FA > 0.15.

Though most ROIs identified only one pathway or tract, some ROIs, for example the ROI
shown in Fig. 6, identified three distinct pathways going through it, namely hippocampal/fornix
(HC/FX), inferior fronto-occipital (IFO) and inferior longitudinal fasciculus (ILF). In
situations like this where the ROI contained multiple pathways, or the situation where some
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voxels within a ROI did not show any pathway as their FA values were below the FA threshold,
the ROI was partitioned into multiple sub-ROIls by grouping voxels within each sub-ROI that
were common to tracts along specific pathways in at least 50% of the control subjects. The
diffusion anisotropy and tract-count metrics were then computed within these sub-ROls. A
summary of these metrics and the pathways identified by the ROIs/sub-ROls is presented in
Table 1. The values of FA (and other diffusion metrics) for all voxels contained within the
ROIs were pooled for the ten control subjects to compute the mean and standard deviation.
When a ROI indicated multiple pathways, only those voxels within the ROI that contained
tracts from at least 50% of the subjects along a specific pathway were considered. In addition
to FA, the anisotropy metrics DA, DR and MD were also computed as listed in Table 1.

The FA-reduced regions of another TBI subject (subject 2), detected at t > 3.0, k> 12,
superimposed on the subject's FLAIR images, are presented in Fig. 9, and, as an example of
quantifying pathways affected by injury, the tracts traversing two of the FA-reduced regions
in this subject are shown in Fig. 10. The anisotropy metrics and the tract-counts for all ROIs
att> 3.0, k> 12 are summarized in Table 2 for TBI subject 2.

3.2 Group Study: Control vs. TBI group

The results of the group comparison between 10 normal controls and 12 TBI subjects are
presented in Figs. 11-12. The FA-reduced regions in the TBI group at pgpr < 0.05, k> 12 are
shown in Fig. 11, where these FA-reduced regions have been superimposed on our FA template
in MNI space to show their relative location with respect to some of the affected pathways. As
an example, the pathways obtained by using two of these ROIs to sort tracts from whole-brain
tracts, are shown in Fig. 12. Just like individual TBI subjects, when multiple pathways were
detected within an ROI, for example as indicated in Fig. 12(a) where the HC/FX, IFO and a
portion of the ILF were detected, the anisotropy and tract-count metrics were computed within
sub-ROIs formed by voxels lying at the intersection of tracts from at least 50% of the subjects.
Also as in single TBI subject studies, the same procedure was used to refine those ROIs where
some voxels did not contain any tracts as their FA values were below the threshold.

The anterior and inferior portions of the corpus callosum were frequently injured in this cohort
of TBI subjects. An example of the ROI associated with injury to the anterior (genu) of the
corpus callosum and affected tracts is shown in Fig. 12(b). All the detected ROIs with their
associated pathways, and the anisotropy and tract-count metrics for these ROIs, are listed in
Table 3.

4. DISCUSSION

This paper presents a methodology not only to identifying and quantify the location and extent
of brain regions injured in TBI, but more importantly, also to quantify the impact of injury on
specific pathways in an individual. This information should be vital to diagnose and monitor
objectively the progression of the injury in TBI as well as to assess the outcome of treatment.

Identification of injured regions was based on detecting voxel-based changes in FA values
between an individual TBI subject and a group of age-matched control subjects after
normalization of all FA maps onto a common FA template in MNI space. The FA-reduced
regions were subsequently mapped back to each subject's head- space and used as objective
ROlstosorttracts in each subject's head. A unique seed-placement procedure where the number
of seeds and their corresponding anatomical locations were equalized in all subjects was used
to attain tractography normalization for quantitative comparisons. A unique procedure was
also devised to map tracts from any subject onto the head of any other subject to perform
quantitative comparisons within the head-space of any individual subject. Thus it now becomes
possible to visualize, quantify and compare any specific tract or pathway in an individual
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patient to corresponding tracts or pathways in a group of normal subjects, all normalized and
co-registered to the individual patient's brain anatomy, which should be of particular
significance to an individual based interventional procedure such as neurosurgery.

After normalization and mapping of tracts from a control group onto the head-space of an
individual, a given voxel in the individual should ideally show the same number of tracts and
the same pathways for any control subject. However co-registration is never perfect and one
would also expect some level of inter-subject variability in brain connections. Indeed, in this
work we found that tracts sorted by a given ROl in the TBI subject's head-space did not overlap
completely among the ten control subjects used in this work. To mitigate inter-subject
variability, we refined the ROIs by subdividing them into smaller ROIs representing regions
where specific tracts from at least 50% of the control subjects overlapped completely. All
anisotropy and tract-count metrics were subsequently computed within these sub-ROls.

As specific brain pathways are correlated to specific brain function and behavior, identification
and quantification of damage to specific pathways due to TBI provides a metric to correlate
DTI findings to neurocognitive and other behavior/clinical test scores. For example, consistent
with previous studies [13,24], we observed that the hippocampal/fornix pathway (HC/FX) was
frequently affected by TBI injury in the subjects reported here. This observation in individuals
was validated by the group study where the HC/FX pathway was identified by one of the high
t-score FA-reduced ROIs (ROI 2 in Table 3) as a commonly injured regions in this cohort of
TBI subjects. Consistent with injury to the HC/FX pathways, many of the TBI subjects also
subjectively reported short-term memory loss during their clinical interviews. Future work
should investigate the correlation between neuro-psychological tests designed to probe specific
cognitive function, such as memory, and the DTI metrics including anisotropy metrics and
tract-counts along specific pathways, such as HC/FX, to validate the DTI findings. If validated,
the DTI metrics would provide a unique and powerful approach to objectively monitor TBI
progression.

The ROIs used in this work derive from a significant reduction in FA between an individual
TBI subject and a group of age-matched controls. MD was found to increase significantly in
these regions. We also investigated whether there were regions in the TBI subjects where FA
had increased significantly with respect to the controls but were unable to identify any such
regions in our TBI cohort. As described in Sec. 1., though many other investigators have
reported a decrease in FA and an increase in MD in injured regions, an increase in FA and a
decrease in MD in acute TBI have also been reported with plausible explanations for how FA
could increase initially and decrease subsequently following injury. However the exact model
of how FA or other anisotropy metrics would change in TBI is not known and future studies
are expected to shed more light on the dynamics of FA changes in TBI.

In addition to FA, we investigated the difference maps for MD, DR and DA and found that
except for FA, the other measures showed relatively diffuse and non-specific changes,
distributed across the entire brain and appeared to affect almost all brain pathways. This
observation is consistent with a recent report [51]. As our key objective in this work was to
localize injured regions and specific pathways affected by the injury, and FA changes were
much better localized than the other diffusion measures, we chose to identify injured regions
from their FA changes and then compute the MD, DR and DA changes over these regions. A
detailed study of all of these diffusion measures would be desirable in the future.

It is interesting to note that though DR was significantly higher in TBI compared to controls
(which is expected as there would be more free space for water molecules to diffuse radially
in the absence of barriers posed by intact axons and their myelin sheath), DA was also
consistently higher in TBI than normals in our study. The ratio DA/DR, however, was
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significantly lower in TBI than control subjects. The increase in DA in TBI is puzzling at first
glance but is consistent with the observation that intact axons and their myelin sheath would
present some restriction to free diffusion along the axial direction, which would be lifted
following axonal degeneration in TBI, leading to higher DA. The significantly higher values
of the ratio DA/DR in controls compared to TBI clearly imply that diffusion along the radial
direction is much more restricted when intact axons are present.

It is important to note that the number of tracts is a function of the FA and deflection thresholds
in streamline tractography and hence the tract-count metric computed here is valid only for the
FA threshold of 0.15 and deflection angle <45° used in this work. The FA threshold was
determined objectively to maximize the tract-count difference related effect size between the
TBI and controls.

Previous reports have suggested [52] that the distribution of FA (and other diffusion
parameters) is not strictly Gaussian. Thus the precise statistical significance of the single
subject as well as the group study are not established in this work. A non-parametric comparison
such as the permutation-based approaches [53] would lead to more accurate statistical
comparisons in future work.

Finally the accuracy of DTI metrics including tract-counts is ultimately limited by the signal
to noise ratio of the raw data, partial volume problems due to the limited spatial resolution of
the EPI images, susceptibility artifacts at highfields, micro-movement and motion artifacts,
corrections for eddy currents, co-registration between the EPI and high-resolution anatomical
images to identify anatomical regions, and the accuracy of spatial normalization procedures.
In addition, multiple-fibers within a voxel present challenges to quantification. It is very likely
that several voxels contain multiple crossing fibers, resulting in erroneous estimation of the
DTI tensor's eigen values and eigen vectors that are based on a single rank-2 tensor. Errors in
the eigen values would affect the anisotropy metrics and errors in the primary eigen vector
would propagate tracts incorrectly leading to early termination or misinterpretation. Work is
in progress in our lab and other institutions to reduce these errors.
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Fig. 1.
Block diagram of the procedure to detect FA changes between an individual TBI subject and
a group of controls following normalization of all FA images to a FA template in MNI space.
The t-map of the FA differences in MNI space was inverse mapped to the TBI subject's space
and thresholded to generate regions of interest (ROIs) showing significant FA changes due to
injury.
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Fig. 2.

Superposition of fronto-occipital tracts from 10 control subjects, obtained after mapping
whole-brain tracts from all control subjects onto the head of a TBI subject and sorting in the
TBI subject's head-space using a common set of frontal and occipital regions as filters. (left)
Axial view, (right) Sagittal view.
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Fig. 3.

The procedure used to normalize and sort tracts in each TBI subject's space. (top row) Seeds
from the standard MNI space were first distributed within each control and TBI subject's head
using inverse normalization to maintain the same number of seeds and anatomical equivalency
of seed-distribution in each subject. (left to right blocks) Whole-brain tractography was
conducted in each subject and all tracts from all control subjects were first mapped to MNI
space and then mapped onto the head space of individual TBI subjects. ROIs were identified
in the TBI subject's head using the procedure outlined in Fig. 1. Individual ROIls were then
extracted one-by-one from the FA-difference map between the TBI subject and controls, and
used to sort tracts. An example of a particular ROI (green) is shown at the bottom of the second
column. Tracts were sorted in the TBI subject's space using this ROI from all control subjects
and the TBI subject, and the mean number of tracts from the control subjects were compared
to those from the TBI subject to generate the tract-count metric for this ROI. The sorted and
superimposed tracts for this ROI from two normal subjects (in red and purple respectively) and
the TBI subject (blue) are shown at the bottom of the third column.
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Fig. 4.

Comparison of previous tensor reorientation-based normalized tractography (left, in blue) to
our normalized approach where all subject space tracts are individually mapped to normalized
(MNI-space) using point-to-point transformation (right, in red). Sorting of both sets of
normalized tractography was conducted with identical ROIs, located in the frontal and occipital
areas (shown in green) in template space. The tracts generated with the previous voxel-based
normalization and reoriented tensor method tend to suffer from discontinuity toward the ends.
Compared to our approach, the previous method also appears to increase the confounds of
partial volume effects (arrows indicate areas of tract discontinuity and redirection around the
posterior right corner of the ventricle) due to the interpolation inherent to voxel based
normalization.
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Fig. 5.

FA reduced regions corresponding to t > 3.0 (see color bar) subject 1. An extent threshold k
>12 was also used to identify clusters. Some FA-reduced identify regions overlap completely,
others partially and some do not overlap with the FLAIR spots. (In this montage, the left
hemisphere L appears at the right in each image).
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Fig. 6.

Three pathways, hippocampal/fornix (HC/FX), inferior fronto-occipital (IFO) and inferior
longitudinal fasciculus (ILF) identified as crossing the voxels of the highest t-score ROl in a
TBI subject (subject 1). (top panel) Coronal, sagittal and axial views of the ROI with color-
coding of the t-score as indicated in the color bar. (middle row) The three pathways (HC/FX-
red, IFO-magenta, ILF-black) in a normal subject shown in axial and sagittal views. (bottom
row) The same three pathways (HC/FX-blue, IFO-magenta, ILF-black) in a TBI subject. (The
yellow and green colors in the middle and bottom row pictures were used to identify sub-ROIs
within the ROI as described in the text).
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Fig. 7.
Tract count-based sensitivity (effect size) to differentiate TBI subjects from controls as a
function of FA.
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Similar to Fig. 6, pathways associated with two other ROIs within TBI subject 1 are shown in
(a) and (b) respectively. Coronal, sagittal and axial views of the two ROIs with color-coding
of the t-score as indicated in the color bar are shown in the top row. The ROl in (a) identified
tracts through the posterior portion of the corpus callosum, whereas (b) identified the right HC/
FX tracts. Like Fig. 6, tracts for a normal subject are shown in red and those in the TBI subject
are shown in blue. The reduction of tract-counts in the TBI subject with respect to the control
subject is obvious for these ROIs.

Magn Reson Imaging. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Singh et al.

Page 25

Fig. 9.
Similar to Fig. 5, the FA reduced regions for TBI subject 2 superimposed on the FLAIR images
of the subject. (In this montage, the left hemisphere L appears at the right in each image).
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Fig. 10.

Similar to Fig. 6, pathways associated with two ROIs in TBI subject 2 are shown in (a) and (b)
respectively. The ROl in (a) identified the left HC/FX tracts, whereas (b) identified the right
HC/FX tracts. Like Fig. 6, tracts for a normal subject are shown in red and those in the TBI
subject are shown in blue. The reduction of tract-counts in the TBI subject with respect to the
control subject is obvious in these ROIs.
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Page 27

A superposition of the FA reduced regions (in color) detected by a SPM based statistical
comparison of the TBI group (n=12) to the normal group (n=10) at prpr <0.05, k> 12 on the
FA template in MNI space. Arrows point to the three ROIs (genu of the corpus callosum,

hippocampal region, splenium of the corpus callosum) used in Fig. 12
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(a) (b) (©)

Fig. 12.

Similar to Fig. 6, pathways associated with three ROIs identified as FA-reduced regions in the
group study between 10 controls and 12 TBI subjects are shown in () , (b), and (c) respectively.
The ROI in the middle row of (a) identified the left IFO, HC/FX and a portion of the ILF for
a normal control subject (IFO: purple, ILF: black, HC/FX: red), (b) identified the anterior
portion of the corpus callosum (red) , and (c) identified the posterior portion of the corpus
callosum (red). The bottom row shows corresponding tracts identified by the same ROIs in a
TBI subject. (bottom row, a) IFO: purple, ILF: black, HC/FX: blue. (bottom row, b) anterior
corpus callosum: blue. (bottom row, c¢) posterior corpus callosum: blue. The reduction of tract-
counts in the TBI subject with respect to the control subject is obvious in these ROIs.
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