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ABSTRACT

Objective: To assess the relationship between regional brain volume changes and traumatic brain
injury (TBI) severity in patients with and without focal lesions.

Methods: Sixty-nine chronic-phase TBI patients spanning the full range of severity were recruited
from consecutive hospital admissions. Patients received high-resolution structural MRI a mini-
mum of 1 year after injury. Multivariate statistical analyses assessed covariance patterns be-
tween volumes of gray matter, white matter, and sulcal/subdural and ventricular CSF across 38
brain regions and TBI severity as assessed by depth of coma at the time of injury. Patients with
diffuse and diffuse plus focal injury were analyzed both separately and together.

Results: There was a stepwise, dose-response relationship between parenchymal volume loss and
TBI severity. Patients with moderate and severe TBI were differentiated from those with mild TBI, who
were in turn differentiated from noninjured control subjects. A spatially extensive pattern of volume
loss covaried with TBI severity, with particularly widespread effects in white matter volume and sul-
cal/subdural CSF. The most reliable effects were observed in the frontal, temporal, and cingulate
regions, although effects were observed to varying degrees in nearly every brain region. Focal lesions
were associated with greater volume loss in frontal and temporal regions, but volume loss remained
marked even when analyses were restricted to patients with diffuse injury.

Conclusions: Patterns of parenchymal volumetric changes can differentiate among levels of trau-
matic brain injury (TBI) severity, even in mild TBI. TBI causes a spatially extensive pattern of
volume loss that reflects independent but overlapping contributions of focal and diffuse injury.
Neurology® 2008;70:771-778

GLOSSARY

DAI = diffuse axonal injury; FCC = focal cortical contusion; FOV = field of view; GCS = Glasgow Coma Scale; IQR =
intraquartile range; LOC = loss of consciousness; LV = latent variable; NEX = number of excitations; PLS = partial least
squares; PTA = post-traumatic amnesia; sCSF = sulcal/subdural CSF; TBI = traumatic brain injury; TE = echo time; TR =
repetition time; TSI = time since injury; vCSF = ventricular CSF.

Traumatic brain injury (TBI) is one of the commonest neurologic disorders' and a lead-
ing cause of disability.? This disability is largely attributable to the cognitive and behav-
ioral consequences of TBI neuropathology that affects independence, productivity, and
quality of life.> Accurate characterization of neuropathology is critical to assessment and
rehabilitation in TBI.

TBI neuropathology can be characterized as either focal or diffuse.* Focal injury often
results from inertial forces causing localized contusional damage in ventral and polar
frontal and anterior temporal areas.® Diffuse axonal injury (DAI) is caused by ionic
homeostatic disruption and changed permeability of the axolemma, terminated hours
later by axonal disconnection and demise of the distal axonal segment.”
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Table Characteristics of patients with TBI and controls

Age, y Education, y GCS score Duration of LOC, h Duration of PTA, d TSI,y
Group n* Mean SD Mean  SD Mean Median IQR Median IQR Mean SD
Mild 13(8) 337 131 132 20 146 0.7 0.00 0-0.13 0.0 0-0.30 1.19 042
Moderate 30(16) 32.0 111 149 2.3 11.1 2.0 250 2.25-126 8.5 3-21 122 0.66
Severe 26(19) 289 8.0 14.4 2.7 6.7 26 96 54-336 28 19-60 164 13
Controls 12(7) 272 33 201 25 NA NA NA NA NA NA NA

*Number of males in parentheses.

TBI = traumatic brain injury; GCS = Glasgow Coma Scale; LOC = loss of consciousness; PTA = post-traumatic amnesia;
TSI = time since injury; IQR = intraquartile range; NA = not applicable.

Detection of lasting TBI neuropathology
is best in the chronic phase, after stabiliza-
tion of acute and subacute pathology.®
Large focal cortical contusions (FCCs) are
readily appreciated on structural anatomic
images, whereas detection of DAI is less
straightforward. Hemorrhagic “DAI” le-
sions detected on structural T2-weighted
or gradient echo MRI scans represent only
the regions where the confluence of dam-
age is sufficient to be detected by the naked
eye.” In many cases, DAI can only be de-
tected microscopically.!®!" Although DAI
is not directly assessed in vivo, its effects
can be detected indirectly on structural im-
ages by measuring volume loss in selected

structures. !>

Tissue compartment seg-
mentation algorithms that separate tissue
types based on MRI signal intensity have
been used to quantify volume loss across
the different brain tissue compart-
ments.'®"” These algorithms can be com-
bined with region-of-interest or voxel-
based measures to assess localized volume
loss due to DAL 82!

While advances in MRI technology and
image analysis have improved in vivo as-
sessment of TBI neuropathology, there
have been few systematic studies of large
samples of patients across the range of TBI
severity. In this study, we comprehensively
assessed chronic-phase TBI neuropathol-
ogy as measured by MRI in a sample of
patients that is large relative to previous re-
ports. We combined a robust tissue com-
partment segmentation procedure with
regional brain parcellation to quantify lo-
calized volume changes, including separate
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assessment of sulcal/subdural and ventric-
ular CSF compartments. Finally, we disso-
ciated the effects of diffuse injury from
combined focal and diffuse injury.

METHODS Participants. Sixty-nine TBI patients were
recruited from consecutive admissions to Sunnybrook
Health Sciences Centre, Canada’s largest trauma center, at
approximately 1 year after injury. Eighty percent (55) of the
patients sustained their TBI in a motor vehicle accident. In-
jury severity was determined by the Glasgow Coma Scale
(GCS) as documented at the time of discharge from the
trauma unit, corresponding to the recommended 6-hour
GCS score.?? Severity classification (mild/moderate/severe)
was upgraded in eight cases where extended loss of con-
sciousness (>2 hours), post-traumatic amnesia (>48 hours),
or focal lesions suggested a more severe injury than indicated
by the GCS. Twelve healthy age- and sex-matched partici-
pants were scanned as a noninjured group. Exclusion criteria
for all subjects included significant psychiatric history, sub-
stance abuse, learning disability, multiple traumatic brain in-
juries, severe injury to organs other than the brain, history of
neurologic disease, major medical problems or medications
impacting cognition, and lack of English proficiency.

As seen in the table, there were no significant differences
across groups for age, sex, vocabulary knowledge, and time
since injury. There was a significant group difference for ed-
ucation, F(3,73) = 14.975, p < 0.001, with post hoc tests
indicating that the comparison group had significantly
higher education than the three TBI groups. All participants
were informed of the experimental aim of the study and gave
their consent to participate. The study was approved by the

local institutional ethics review boards.

MRI acquisition. Participants were scanned with a 1.5-T
magnetic resonance (MR) system (Signa, CV/i hardware, LX
software, General Electric Healthcare, Waukesha, WI). A
sagittal T1-weighted three-dimensional volume technique
produced 124 1.3-mm slices (repetition time [TR]/echo time
[TE] of 35/5 msec, flip angle of 35 degrees, 1.0 number of
excitations [NEX], and field of view [FOV] of 22 cm). Pro-
ton density and T2-weighted images with a slice thickness of
3 mm were obtained using an interleaved sequence (TR/TE
of 3,000/30, 80 msec, 0.5 NEX, and FOV of 22 cm). For TBI
patients, gradient echo T2 sequences with a slice thickness of
6 mm were obtained to emphasize hemosiderin deposits
(TR/TE of 750/35 msec, flip angle of 20 degrees, 2.0 NEX,



and FOV of 22 c¢m). For technical reasons, gradient echo

images were unavailable for 21 patients.

Image processing. Brain MRI data were analyzed via an
updated version of our previously reported image processing
pipeline.?* The main modification to this protocol involved
template matching, allowing for comparison of individual
images to a standard image and facilitating automation of
previously semiautomated steps. The first step in the pipe-
line was to create an unbiased nonlinear average of T1-
weighted images of the 12 matched noninjured participants
using a modification of an algorithm previously developed
for mouse brain MRI.” Each participant’s T1-weighted im-
age was then registered to the template brain,*? preserving
the original size of the brain while standardizing the position
and orientation. Images were resampled into template space
using windowed sinc interpolation. Template matching was
accomplished via nonlinear registration of T1-weighted im-
ages to the template image.”

Removal of nonbrain tissue from the image incorporated
thresholding information derived from the proton density
(PD)—weighted and T2-weighted images, facilitating the dis-
tinction between dura mater and gray matter.” This is con-
trasted to methods of brain extraction based on the T1-
weighted image that emphasize the cortical surface,
inconsistently preserving subdural CSF.

Lesions due to FCC were manually defined slice-by-slice
in the axial plane (with occasional corroboration from the
coronal plane) using Analyze® software (Biomedical Imag-
ing Resource, Mayo Foundation, Rochester, MN). Trace-
able lesions appeared on at least two slices, with a minimal
diameter of at least 3 mm. When necessary, T2- and PD-
weighted images were used to guide the tracing, but only
lesions visible on T1-weighted images were traced. We iden-
tified traceable lesions in 23 of the 69 patients (11 moderate,
12 severe). These lesions followed a ventral frontal/anterior
temporal distribution typical for TBL*S with a tendency for
lateralization to the right hemisphere (figure 1). Scans were
clinically interpreted by a board-certified neuroradiologist
specializing in TBI. In addition to the large focal lesions,
evidence of DAI (e.g., hemosiderin deposits) was present for
91% (51) of the moderate and severe TBI patients and 15%
(2) of the mild TBI patients. These estimates were not af-
fected by the unavailability of gradient echo images in 21
patients, because all of these patients had DAI lesions on
T2-weighted images.

The voxels on the T1-image were then classified as repre-
senting gray matter, white matter, or CSF using a robust
automated tissue classification method that corrects for ra-
diofrequency inhomogeneity inherent to MR scanning.? A
trained operator reclassified CSF-segmented voxels inside
the ventricles, allowing for the separate assessment of ven-
tricular and sulcal/subdural CSF (vCSF and sCSF).

A modified semiautomated brain region extraction (SA-
BRE)* method was then used to create regions of interest on
the template brain. Based on identification of the edges of
the brain and the anterior and posterior commissures, a
Talairach-like” grid is automatically created. The algorithm
uses this grid along with the 15 manually identified land-
mark coordinates and tracing of the cingulate gyrus to divide
the brain into 38 regions (19 per hemisphere; figure 2). Non-
linear deformation field matching of the template to individ-
ual images was used to customize these regions to fit each
participant’s brain anatomy (as opposed to transforming im-

Distribution of focal lesions
(contusions) in 23 patients with
traumatic brain injury

Figure 1

Lesion tracings are projected on selected axial slices of a
template brain derived from 12 healthy control subjects. The
color scale indicates degree of lesion overlap across patients
(max = 5). Lower right sagittal image indicates slice location
of the three axial images, with the most ventral axial image
appearing in the upper left, the middle axial image in the up-
per right, and the most dorsal axial image in the lower left.

ages to fit the template, which can distort interindividual
topographical variability). Regional gray matter, white mat-
ter, and CSF volumes were adjusted for total intracranial
capacity using a regression-based method.*

Our tissue compartment segmentation and SABRE soft-
ware are particularly well-suited to analysis of brains with
atrophy, because they do not require spatial transformation
that can distort interindividual topographical variability.
These algorithms have been successfully applied to normal
aging,* multiple sclerosis,’ and dementia®? populations.

Image analysis. Partial least squares (PLS) is a flexible
multivariate technique that has been extensively applied to
brain imaging data.’** Although most of these applications
have involved PET and fMRI, it has also been applied to
EEG**¢ and to structural brain imaging data.’” In general
terms, PLS relates two sets of variables to each other. In the
present application, it was used to identify patterns of re-
gional volume loss related to TBI severity group. Because
PLS considers the brain as a whole, it is well-suited to the
detection of distributed patterns of volume loss that covary
with injury severity.

In the first step of the PLS analyses, correlations are com-
puted between the brain imaging data (i.e., regional gray
matter, white matter, and CSF volumes) and TBI severity
group membership (coded as 0 or 1 for each group). Singular
value decomposition is then applied to this correlation ma-
trix to identify latent variables (LVs) that indicate optimal
relations between TBI severity and patterns of regional brain
volume loss.** Saliences (similar to factor loadings in factor
analyses) reflect the contribution of individual brain vol-
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Figure 2 SABRE regional cortical divisions in axial and sagittal views

SABRE = semiautomated brain region extraction; LSF = lateral superior frontal; MSF = medial superior frontal; LMF = lateral
middle frontal; MMF = medial middle frontal; LVF = lateral ventral frontal; MVF = medial ventral frontal; GCG = genual
cingulate gyrus; ACG = anterior cingulate gyrus; MCG = middle cingulate gyrus; PCG = posterior cingulate gyrus/retrosple-
nial cortex; AT = anterior temporal; MT = medial temporal; PT = posterior temporal; O = occipital; ABGT = anterior basal
ganglia/thalamus; PBGT = posterior basal ganglia/thalamus; EC = external capsule/corona radiata; IP = inferior parietal;

SP = superior parietal.

umes and group membership to the LV (for details, see refer-
ences 33 and 34).

The significance of each latent variable was assessed by
1,500 permutation tests” in which the observations are ran-
domly reordered without replacement to calculate the prob-
ability of each LV having occurred by chance. The stability
of each brain region’s contribution to the latent variable was
determined through bootstrap resampling (subjects were re-
sampled 500 times).* Brain regions were considered reliable
if they had a ratio of salience to standard error (hereafter
referred to as the bootstrap ratio, interpreted similar to a Z
score*) greater than 3, corresponding approximately to p <
0.001. The bootstrap procedure also yields 99% ClIs around
the correlations between membership in each severity group
and the pattern of regional brain volume changes. Because
image-wide statistical assessment is performed in a single an-
alytic step, no correction for multiple comparisons across
brain regions is required.

Two PLS analyses were conducted. The first incorpo-
rated the full sample of 69 TBI patients, providing a global
picture of severity effects on brain volumes in this sample.
The second was restricted to 46 patients without traceable
focal lesions, hereafter referred to as the diffuse injury group
(acknowledging that the focal lesion patients also had diffuse
injury). Each analysis included CSF, gray matter, and white
matter volumes. Ancillary analyses were conducted on sepa-
rate vCSF and sCSF volumes.

RESULTS Each PLS analysis (full sample and dif-
fuse injury group) yielded a single latent variable
delineating the relationship between injury sever-
ity and brain volumes. None of the 1,500 permu-
tated orderings of observations produced latent
variables exceeded the values of those observed.
The latent variables accounted for 86% of the co-
variance between severity and volumetric data for
the full sample and 83% for the diffuse injury
group.

Contribution of TBI severity to patterns of brain
volume changes. There was a stepwise, dose—
response relationship between TBI severity and
volume loss for both the full sample and the dif-
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fuse injury group. The contribution of each TBI
severity group to the patterns of volumetric
changes described in the following section can be
determined by examining the correlations and
their 99% Cl error bars as plotted in the upper left
panel of figure 3, which displays results for the
diffuse injury group (the pattern of group differ-
ences for the full sample was nearly identical;
figure e-1 on the Neurology™ Web site at www.
neurology.org). Correlations for all TBI severity
groups were reliably different from zero (i.e., the
error bars did not overlap with zero), indicating
that all TBI severity groups contributed signifi-
cantly to the identified patterns of volume
changes, with membership in the moderate to se-
vere TBI groups associated with greater volume
loss relative to the membership in the mild TBI
and noninjured groups. Correlations for the mod-
erate TBI group were nonsignificantly lower than
for the severe TBI group (i.e., the error bars for
these two groups overlapped). Otherwise, all
group differences in correlations were significant
(i.e., they had nonoverlapping error bars): the
correlations for mild, moderate, and severe TBI
groups were reliably different from that of the
noninjured group, and correlations for the mod-
erate and severe TBI groups were reliably differ-
ent from that of the mild TBI group.

Patterns of volumetric changes. The color-coded
plots of bootstrap ratios in figure 3 indicate the
patterns of CSF, white matter, and gray matter
volume changes associated with the above-
described pattern of TBI severity group differ-
ences in the diffuse injury group (results for the
full sample are presented in figure e-1). Overall,
patterns of volume changes followed the known

distribution of ventral frontal and temporal dam-



Latent variable from partial least squares analysis indicating the
association of TBI severity in the diffuse injury group with patterns
of volume changes across CSF, gray matter, and white matter

Figure 3

Top left: Group pattern associated with the latent variable, expressed as correlations of
group membership (coded as 1 or 0) with the pattern of volume changes. Error bars represent
99% Cls. Group differences are indicated by nonoverlapping error bars. Remaining panels:
Regional plots of bootstrap ratios indicating pattern of CSF (top right), white matter (bottom
left), and gray matter (bottom right). The color bar indicates the coding scheme according to
the level of the bootstrap ratio, interpreted similar to a Z score. CSF values are positive,
indicating volume increases associated with traumatic brain injury (TBI) severity, whereas
gray and white matter values are negative, indicating volume loss associated with TBI sever-
ity. Images were thresholded at a bootstrap ratio of 3.0, corresponding approximately to p <
0.001. Axial images are displayed in radiologic convention (right hemisphere displayed on left
side of image). The right cingulate volume is displayed on the right side of the images, and the
left cingulate volume is displayed on the left side of the images.

age in TBL*® but the changes were not restricted
to these regions.

CSF increases were observed for nearly every
region. These were maximal in the left medial
ventral frontal and posterior temporal regions.
High bootstrap values were also observed for the
remaining ventral frontal, left lateral middle fron-
tal, right medial and posterior temporal, bilateral
inferior parietal, bilateral posterior basal ganglia/
thalamic, and anterior and middle cingulate re-
gions. Lower (although still significant) bootstrap
values were observed in all of the remaining re-
gions except the right superior medial frontal,
right posterior cingulate, and bilateral external
capsule/corona radiata regions.

White matter volume loss was also wide-
spread, greatest in the lateral superior frontal, su-
perior parietal, posterior temporal, and posterior
cingulate regions bilaterally, with a tendency to-
ward greater volume loss in the right hemisphere.
Significant changes were also noted for the infe-
rior frontal (right lateral), middle frontal (bilat-
eral lateral), bilateral inferior parietal, bilateral

occipital, right posterior basal ganglia/thalamic,
and left anterior cingulate regions.

Gray matter volume changes were observed in
a more restricted pattern, with the strongest ef-
fects observed in the posterior cingulate/retro-
splenial region, right greater than left. Significant
effects were also noted for ventral frontal (left lat-
eral), middle frontal (left lateral), superior frontal
(bilateral lateral), bilateral posterior temporal,
left medial temporal, left occipital, and basal gan-
glia/thalamic regions.

As seen in figure e-1, the patterns of volumetric
changes were similar for the full sample and the
diffuse injury group. Bootstrap ratio maxima for
the full sample generally reflected stronger ef-
fects, particularly over medial frontal and medial
temporal regions. Although more robust effects
are expected with the increased n of the full sam-
ple, further enhancement of parenchymal volume
loss in the right ventral frontal regions corre-
sponded to the location of FCCs (figure 1).

Ventricular vs sulcal/subdural CSF. As above, PLS
analyses for the full sample and diffuse injury
group yielded a single latent variable for each
compartment, significant by permutation test, p
< 0.001, with covariance between severity and
volumetric data ranging between 87% and 91%.
Overall, sCSF was more sensitive to group differ-
ences than was vCSF. sCSF volume in both the
full sample and diffuse injury samples reliably dif-
ferentiated the moderate and severe TBI groups
from the mild TBI and noninjured groups,
whereas vCSF only differentiated between the
noninjured and severe TBI groups. The spatial
distributions of sCSF and vCSF volume loss were
mainly uniform, with nearly all regions in both
compartments significantly contributing to the
pattern.

DISCUSSION Advances in neuroimage analysis
technologies have enhanced regional quantifica-
tion of stable TBI neuropathology through volu-
metric analysis of tissue compartments. Few
studies have applied such methods to a well-
characterized sample of TBI patients of this size.
This study demonstrates systematic relationships
between TBI severity and patterns of spatially ex-
tensive regional volumetric changes in the brain.
The patterns of volume loss demonstrated here
correspond with the substantial handicap experi-
enced in patients with TBI, even in the absence of
FCC, particularly with respect to cognitive and
emotional functioning.?

Our analyses indicated a stepwise, dose—re-
sponse relationship between parenchymal volume
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loss and TBI severity. Importantly, the systematic
brain volume reduction with increasing TBI se-
verity was not modeled a priori in the form of
statistical contrasts as in standard univariate
methods; it was rather determined statistically
from covariance patterns in multivariate analysis.
As expected, patients with severe TBI contributed
most to the pattern of volume loss. Although the
moderate TBI group showed a lesser degree of
volume loss, this effect could not be statistically
differentiated from the severe TBI group, suggest-
ing that, from the perspective of volume loss,
these two groups can be considered together.

The mild TBI group, although differentiated
from the moderate and severe TBI groups, none-
theless contributed significantly to the pattern of
volumetric changes such that this group was reli-
ably differentiated from the noninjured group. All
patients in this study sustained a TBI sufficient to
warrant hospital admission; our findings do not
apply to nonhospitalized mild TBI patients. Al-
though it is possible that our mild TBI group con-
tains patients with more significant TBI, those
with extended post-traumatic amnesia or loss of
consciousness were reclassified to the moderate
group. The majority (69%) of these patients had
the maximum GCS score of 15. One caveat to this
finding is that the TBI patients were not matched
to the noninjured group for socioeconomic status.
Therefore, cohort effects cannot be ruled out as
contributing to the differentiation between the
mild TBI and noninjured groups. This caveat, of
course, does not apply to the significant differen-
tiation of the mild from the moderate and severe
TBI groups that were closely matched to each
other.

Although FCC undoubtedly contributes to
morbidity after TBI, we found that the effects of
TBI severity on volume loss held even when pa-
tients with FCC were excluded from the analysis.
Indices of altered consciousness at the time of in-
jury, such as the GCS, post-traumatic amnesia,
and duration of loss of consciousness, are com-
monly used to classify patients in the chronic
phase. Although these measures can be regarded
as indirect indices of DAI burden,® they can be
influenced by other factors. Brain integrity as
quantified on chronic-phase MRI is a more sensi-
tive and specific indicator of DAI effects. Quanti-
fication is paramount because the subtle TBI-
related changes in regional patterns of volume
loss may not be appreciated by the naked eye.*

Volume loss was spatially extensive, with
nearly every region showing a significant relation-
ship to TBI severity in at least one of the two main
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analyses. Nonetheless, there was a degree of spa-
tial specificity. These findings highlight the im-
portance of regional assessment across the whole
brain, as opposed to targeted regional volumet-
rics.’>* FCCs contributed to robust effects in
right ventral frontal regions in the full sample.
The inclusion of patients both with and without
FCC is common practice in studies of TBI. Al-
though this practice is useful from a clinical per-
spective, it confounds two separate pathologies.
As shown here, excluding patients with FCC can
lead to separate, although overlapping, conclusions.

The spatial breadth of TBI-related volume loss
confirms previous findings that DAI can be ob-
served throughout the cerebrum'' beyond the
well-described corpus callosum, rostral brain-
stem, and cerebral white matter locations.!® Con-
sistent with a rostrocaudal gradient of TBI-
related damage,*” the most reliable effects were
observed in the frontal lobes, cingulate regions,
and temporal lobes, pointing to the effects of DAI
on executive functions and memory. One excep-
tion to this gradient was the posterior cingulate/
retrosplenial region, where gray and white matter
volumes were strongly related to TBI severity,
consistent with the sensitivity of a proximal re-
gion, the splenium of the corpus callosum, to
TBIL.* The posterior cingulate gyrus/retrosplenial
cortex is closely functionally connected to the me-
dial temporal lobes, frontal lobes, and anterior
cingulate gyrus and is involved in cognitive and
mnemonic integration.* This region figured
prominently in a regional pattern of volume loss
that covaried with performance on tests of mem-
ory and attention in a separate study with this
sample (Levine et al., unpublished).

Many studies of TBI neuropathology have fo-
cused on white matter loss.*! When both gray and
white matter are probed using tissue compart-
ment segmentation, however, effects are seen in
both compartments.'”"” Although white matter
volume loss was observed in a greater number of
regions than gray matter volume loss (particularly
in superior and posterior regions), gray matter
loss was nonetheless marked. Localized gray mat-
ter volume loss may have greater implications for
specific behavioral changes than localized white
matter volume loss (Levine et al., unpublished).*

A unique aspect of this study is the dissocia-
tion of vCSF from sCSF, facilitated by enhanced
preservation of subdural CSF in our brain extrac-
tion process.?»** Contrary to previous studies em-
phasizing ventricular expansion,'®* we found
that sCSF was more sensitive to TBI severity (see

reference 24 for a similar finding in normal ag-



ing). vCSF has been related to white matter integ-
rity.* Considering patients without focal lesions,
vCSF in our sample was correlated (using non-
parametric Pearson correlation) with total white
matter volume, 7(46) = —0.50, p < 0.0005; it was
correlated to a lesser degree with total gray mat-
ter volume, 7(46) = —0.32, p < 0.05. The correla-
tion of sCSF to total white matter volume was
similar to that of vCSF, r(46) = —0.47, p < 0.005,
whereas the correlation between sCSF and gray
matter volume was quite robust, 7(46) = —0.74,
p < 0.0005. Therefore, although sCSF and vCSF
show expected differential relationships to gray
and white matter volume, this dissociation is not
complete.

Although our sample size was large compared
with previous studies, the size of TBI severity
groups (particularly the mild group) was small.
The current study did not concern the signifi-
cance of volume loss on behavior, a topic that we
are currently exploring in this same sample of TBI
patients. Although our image analysis pipeline is
automated, flexible, and well-suited to patients
with distorted brain anatomy, it lacks the ana-
tomic precision of manual tracing and the spatial
resolution of voxel-based methods. A fuller ap-
preciation of brain-behavior effects in TBI will re-
quire additional imaging technologies, such as
functional neuroimaging,® diffusion tensor imag-
ing,* and MR spectroscopy.?
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