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Abstract
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Quantitative neuroimaging is increasingly used to study the effects of traumatic brain injury (TBI)
on brain structure and function. This paper reviews quantitative structural and functional
neuroimaging studies of patients with TBI, with an emphasis on the effects of diffuse axonal injury
(DAI), the primary neuropathology in TBI. Quantitative structural neuroimaging has evolved from
simple planometric measurements through targeted region-of-interest analyses to whole-brain
analysis of quantified tissue compartments. Recent studies converge to indicate widespread volume
loss of both gray and white matter in patients with moderate-to-severe TBI. These changes can be
documented even when patients with focal lesions are excluded. Broadly speaking, performance on
standard neuropsychological tests of speeded information processing are related to these changes,
but demonstration of specific brain-behavior relationships requires more refined experimental
behavioral measures. The functional consequences of these structural changes can be imaged with
activation functional neuroimaging. Although this line of research is at an early stage, results indicate
that TBI causes a more widely dispersed activation in frontal and posterior cortices. Further progress
in analysis of the consequences of TBI on neural structure and function will require control of
variability in neuropathology and behavior.
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Advances in the acute management of traumatic brain injury (TBI) for reducing mortality and
morbidity have not been paralleled by diagnostic or therapeutic advances in the chronic stage,
where mental and behavioral deficits occur in the areas of memory, executive functioning, and
personality. The resulting long-term disability affects millions of Americans, with an economic
impact in the billions of dollars (Max et al., 1991).
Although experimental work has refined the psychological structure of mental and behavioral
deficits in TBI, the neuropathology of these deficits is less understood. This review concerns
neuroimaging methods used for in vivo characterization of TBI neuropathology due to closed
head injury at the chronic phase, following stabilization of acute and subacute pathology and
evolving cognitive deficits. These deficits can be measured in weeks or months, depending on
the severity of the injury.

PRIMACY OF DIFFUSE INJURY IN TRAUMATIC BRAIN INJURY
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The most common injuries with the greatest implications for long-term outcome at the chronic
phase are focal cortical contusion (FCC) and diffuse axonal injury (DAI) (Gentry et al.,
1988a). FCC results from inertial forces causing localized damage in ventral and polar frontal
and anterior temporal areas where the brain is confined by bony ridges of the inner skull,
regardless of the site of impact (Courville, 1937;Ommaya and Gennarelli, 1974;Clifton et al.,
1980). These areas mediate self-regulation, emotional functioning, and social functioning,
which are frequently impaired in TBI (Stuss and Gow, 1992;Varney and Menefee, 1993;Levine
et al., 2002b). DAI affects interconnected processing in the brain, contributing to the pattern
of slowing, inconsistency, distractibility, and impaired top-down control classically observed
in patients with TBI. Although FCC is an important cause of TBI-related disability, DAI is
more ubiquitous and may account for a greater share of this disability.

NIH-PA Author Manuscript

DAI is initiated by ionic homeostatic disruption and changed permeability of the axolemma
and is terminated hours later by axonal disconnection and demise of the distal axonal segment
(and its synaptic field—i.e., deafferentation) (Povlishock and Christman, 1995;Maxwell et al.,
1997). Initially, DAI causes confusion, loss of consciousness, or coma due to disruption of
ascending fibers involved in arousal (Gennarelli et al., 1982). The degree of this disruption
marks the severity of injury, as indicated by measures of coma depth and duration, or duration
of post-traumatic amnesia. Initial work characterized DAI as a triad of microscopic and
macroscopic lesions in the corpus callosum, dorsolateral quadrant of the rostral brainstem, and
cerebral white matter (Adams et al., 1982,1989). Later work described microscopic DAI
pathology throughout the neuraxis at the gray/white matter cortical interface and in subcortical
white matter and nuclei in the absence of macroscopic lesions (Povlishock, 1993). The
microscopic scale of DAI neuropathology poses a significant challenge for direct detection by
in vivo neuroimaging, which traditionally provides structural information on a macroscopic
scale (millimeters or greater) to aid in diagnosis.
Although DAI is not directly assessed in vivo, its effects can be detected indirectly by structural
neuroimaging, measuring volume loss due to axonal demise, and functional neuroimaging,
measuring the functional consequences of deafferentation. A recently applied technology,
diffusion tensor imaging, provides a more direct measure of the microstructural integrity of
white matter. Additional imaging technologies (Garnett et al., 2001), such as magnetic
resonance proton spectroscopy, are covered elsewhere in this issue.
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STRUCTURAL NEUROIMAGING
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Magnetic resonance imaging (MRI) is the modality of choice for diagnosis of chronic-phase
TBI-related neuropathology (Gentry et al., 1988b;Wilson et al., 1988;Ogawa et al., 1992). A
proper TBI imaging protocol should include high resolution T1-weighted, T2-weighted, proton
density, and gradient echo images taken at least 70 days post-injury (Blatter et al., 1997). Even
with state-of-the-art images, however, qualitative interpretation does not adequately describe
TBI neuropathology, especially DAI effects. Skilled radiologists have been shown to
underestimate DAI pathology on MRI (Gentry, 1990). The small DAI lesions appreciated on
MRI scans represent only the regions where the confluence of DAI is large enough to be visible
to the naked eye (Gentry, 1990). Moreover, the clinical significance of these lesions is unclear
given the burden of DAI that remains invisible (Scheid et al., 2003). Characterization of classic
DAI-related lesions with standard qualitative image analysis protocols therefore does not truly
characterize the full extent or consequences of DAI.
Quantified Structural MRI in TBI: A Review
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Quantification of the atrophy due to DAI can provide a numerical index that has greater
precision than qualitative judgments and that is more amenable to research. Early research
focused on enlargement of the lateral ventricles, which reflects brain atrophy and is indicative
of a disproportionately greater loss of white matter than gray matter (Anderson and Bigler,
1994). Quantification of lateral ventricular enlargement can be accomplished through simple
linear width or planometric measures taken from computed tomography (CT) (Levin et al.,
1981;Bigler et al., 1992) or by tracing of the ventricles across multiple scan slices to obtain
ventricular cerebrospinal fluid (CSF) volumes (Gale et al., 1995b). Several studies have
capitalized on the superior image quality of T1-weighted MRI scans to describe TBI-related
changes in easily visualized major nuclei and white matter structures, including the corpus
callosum, hippocampus, thalamus, cingulate gyrus, and fornix (Levin et al., 1990;Gale et al.,
1993,1995a;Verger et al., 2001;Yount et al., 2002;Tomaiuolo et al., 2004).
Other studies have focused on tissue compartment segmentation algorithms that take advantage
of the relationship between certain properties of the MRI signal and tissue type expressed at
the level of the image volume element (voxel), to classify the spatial location of normal tissues
and pathology. Several studies of TBI patients have demonstrated the utility of segmentation
data in the characterization of TBI-related diffuse damage. Although some have focused on
segmentation of CSF from parenchyma (Blatter et al., 1997;MacKenzie et al., 2002), others
also included measures of gray and white matter. For example, Thatcher and colleagues
(1997) found reduced differentiation between gray and white matter in 31 patients with TBI.
This reduction in brain differentiation was related to TBI severity.
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Tissue compartment segmentation can be combined with a region-of-interest approach.
Berryhill and colleagues (1995) found localized volume loss in prefrontal gray matter an
increased prefrontal CSF in 14 children with severe TBI who did not have focal lesions, as
compared to 14 children with mild TBI; white matter changes were not significant. Whole
brain volumes were not included in this study. Wilde and colleagues (2005) demonstrated
significant whole brain, prefrontal, and temporal volume loss in 16 children with moderate-tosevere TBI relative to 16 normally developing comparison subjects, with differences noted for
gray matter, white matter, and CSF. However, some of these effects, particularly those for
prefrontal gray matter, were accounted for by the inclusion of patients with focal lesions. SerraGrabulosa and colleagues (2005) assessed hippocampal, frontal, and whole brain tissue
compartments in 16 adolescents with severe TBI and no large frontal lesions. They found
reduced white whole brain and prefrontal white matter volumes, increased CSF volumes, and
reduced hippocampal volumes among the TBI patients. Only CSF volume was related to
memory test performance.
J Neurotrauma. Author manuscript; available in PMC 2007 August 10.
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Voxel-based morphometry (VBM), (Ashburner and Friston, 2000) has been widely used to
characterize regional changes in tissue composition (usually gray matter) in patient samples.
Because this approach analyzes structural brain imaging data at the voxel level (much the same
way functional neuroimaging data are analyzed), it makes no assumptions about regional
distribution of changes, although it may be biased towards localized and against spatially
complex group differences (Davatzikos, 2004; but see also Friston and Ashburner, 2004).
Furthermore, the sensitivity of VBM may not be consistent over all brain areas, as detection
decreases for regions with greater anatomical variability (Tisserand et al., 2002).
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Two studies used VBM to assess TBI effects on structural MRI data. Gale et al. (2005) reported
gray matter loss in frontal, temporal, cingulate, subcortical, and cerebellar regions, some of
which were correlated with performance on tests of attention and the Glasgow Coma Scale
(GCS). These results, however, are difficult to interpret due to the small sample size (n = 9),
that included several patients with evidence of focal lesions on acute CT. Using a different
algorithm focusing on white matter density in 19 severe TBI patients without focal lesions,
Tomaiuolo and colleagues (2005) reported reduced volumes in the corpus callosum, fornix,
anterior limb of the internal capsule, superior frontal gyrus, parahippocampal gyrus, and optic
radiation and chiasma, although these were not related to injury severity (as indicated by days
of coma). Performance on a brief battery of memory tests was unrelated to reduced white matter
density, with the exception of immediate short story recall and the mid-body of the corpus
callosum.
Summary—Quantitative neuroimaging analysis holds significant promise for clarifying brain
behavior relationships in TBI. This brief review indicates that researchers have achieved high
anatomical precision in the quantification of TBI-related tissue loss. TBI-related volume loss
in the corpus callosum and fornix extend experimental observations of TBI-related white matter
degeneration to chronic phase TBI in humans. Further support for this is garnered from
segmentation data, although these data also suggest extension of diffuse injury to gray matter,
including both deep nuclei such as the thalamus and hippocampus as well as the cerebral cortex.
This research, however, is at an early stage; few studies have systematically examined gray
and white matter volumes in large samples.
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In spite of the advances in quantifying volume loss in TBI, only generalized relationships to
clinical outcomes have been consistently demonstrated. As expected, gross classification of
outcome is related to volumetric measures of brain parenchyma (Levin et al., 1981;Blatter et
al., 1997;MacKenzie et al., 2002;Wilde et al., 2005). With respect to neuropsychological test
performance, CSF volumes, particularly in the lateral ventricles, have been associated with
neuropsychological outcome, especially memory tests (Levin et al., 1981;Cullum and Bigler,
1986;Gale et al., 1994;Johnson et al., 1994;Anderson and Bigler, 1995;Blatter et al.,
1997;Serra-Grabulosa et al., 2005), reflecting the effects of non-specific white matter
degeneration. Corpus callosum volume, also reflecting white matter degeneration, has also
been shown to be related to neuropsychological outcome (Verger et al., 2001;Tomaiuolo et al.,
2004). The volume of the fornix is related to memory test performance (Gale et al., 1993,
1995a;Tomaiuolo et al., 2004). Otherwise, specific structure-function relationships have been
limited (Yount et al., 2002;Serra-Grabulosa et al., 2005;Tomaiuolo et al., 2004,2005).
Although these findings may simply reflect the diffuse nature of TBI affecting distributed
neurocognitive systems, there are also numerous methodological factors that should be taken
into consideration. Patient sample sizes vary widely, with large variance for methods of
ascertainment, injury severity and time since injury. The presence of focal lesions can interfere
with volumetric analyses in patients with TBI. Lesioned tissue contains voxels of varying
intensity on structural MRI; some may correctly segment as CSF, others may be isointense
with intact gray or white matter. In any case, the inclusion of patients with large lesions
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introduces a different neuropathology that should not be confounded with diffuse injury effects.
In certain segmentation protocols, method variance is introduced by use of slightly different
structural MRI protocols, different pre-processing methods (e.g., correction for scan
inhomogeneities arising due to the inherent transmission and reception characteristics of
radiofrequency coils used in MR scanning) and different post-processing methods for
quantifying DAI neuropathology from structural MRI. The variability in patient and imaging
methods are compounded by significant variability in behavioral assessment methods, many
of which may be insensitive to TBI effects (Levine et al., 2002b).
To illustrate the effects of method variance on structure-function relationships, consider two
studies by Tomailuolo and colleagues. Using a manual region of interest (ROI) method,
numerous structure-function relationships were delineated, such as lateralized effects of
hippocampal atrophy on verbal and visual memory functioning (Tomaiuolo et al., 2004). Yet
many of these relationships did not replicate on voxel-based morphometric interrogation of
white matter in the same patients (Tomaiuolo et al., 2005).
Toronto TBI Study
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We have attempted to address many of these factors in a recently completed large-scale study
of imaging and behavior and the chronic phase of TBI (Levine et al., in preparation). Sixtynine patients were assessed, spanning the full range of TBI severity. Patients were recruited
from admission lists to Sunnybrook Health Sciences Centre, Canada’s largest trauma center.
Injury severity was determined from an exhaustive review of admission records. All patients
were assessed at least one year post-injury, when neurological recovery has largely plateaued.
Patients were assessed on a large battery of contemporary standard and experimental behavioral
measures and scanned with a standard TBI protocol on a 1.5-T MRI system (Signa, CV/i
hardware, LX software, General Electric Healthcare, Waukesha, WI).
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Neuroimaging data were analyzed via an in-house image processing pipeline based on template
matching. Following automated removal of non-brain tissue, the voxels on the T1-image were
classified as representing gray matter, white matter, or CSF using an automated tissue
segmentation method that corrects for radiofrequency inhomogeneity inherent to MR scanning
(Kovacevic et al., 2002) (Fig. 1a,b). The CSF compartment was further divided into sulcal and
ventricular CSF by outlining the ventricles on the segmented T1 image. A Semi-Automated
Brain Region Extraction (SABRE) (Dade et al., 2004) method was used to create 38 ROI’s on
the template brain. Non-linear registration was used to customize these regions to fit subjects’
segmented T1-image (Fig. 1c,d). Although this method lacks the precision of manual tracing,
it is completely automated and can be applied reliably to large samples of brains. Regional
gray matter, white matter, and CSF volumes were corrected for total intracranial capacity using
a regression-based method (Arndt et al., 1991;Raz et al., 2005).
Twenty-three of the patients had focal lesions (i.e., with volume greater than 0.5 cm3). By
coincidence, nearly all of these lesions were right lateralized or bilateral. They otherwise
followed the typical frontotemporal distribution. These lesions were manually traced. This
lesion mask was incorporated into the analysis to enable separation of volume loss due to focal
lesions from that due to DAI. A set of 12 age-matched healthy adults was included as a
comparison sample.
Given the large number of regional volumes, data were analyzed with partial least squares
(PLS) (McIntosh et al., 1996), a multivariate method that operates on the covariance between
the regional volumetric data and one or more measures to identify a limited number of
components (latent variables [LVs]) that optimally relate the two. This method has been used
extensively in analysis of both functional (McIntosh et al., 2004) and structural (Gilboa et al.,
2005) brain imaging data.
J Neurotrauma. Author manuscript; available in PMC 2007 August 10.
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Our initial analyses examined the relationship of regional gray and white matter volume loss
to injury severity, coded as mild, moderate, severe, or none (in the case of comparison subjects),
in the patients without large focal lesions (Levine et al., in preparation). The findings confirmed
that regionally-specific volume loss is related to TBI severity in a large sample of TBI patients.
Gray and white matter volume loss was observed in ventral prefrontal regions previously shown
to be affected in patients both with and without focal lesions, but volume loss was not limited
to these regions. Volume loss was noted in both rostral and caudal sectors of the cingulate
gyrus, within subcortical nuclei, and dorsal prefrontal, posterior temporal, parietal, and
occipital cortical regions. Whereas earlier studies emphasized white matter as determined by
ventricular expansion or measurement of specific fiber tracts (Levin et al., 1990;Anderson and
Bigler, 1994), our data are in accord with those from later studies in which both gray and white
matter volumes were systematically evaluated (Serra-Grabulosa et al., 2005;Wilde et al.,
2005).
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We next applied the same analysis technique to the full sample of 71 patients to examine the
effects of TBI severity on regional volume loss in a sample of TBI patients with combined
focal and diffuse injury. In this analysis, additional ventral prefrontal and medial temporal gray
and white matter volumes emerged as significantly related to TBI severity, particularly in the
right hemisphere. This finding was expected given the encroachment of lesions on these
regions. Had we run the analysis without discriminating between patients with and without
focal lesions, these effects could not have been separated from those related to DAI.
We next examined covariance patterns between the volumetric data and a set of standard
neuropsychological tests of memory and speeded information processing commonly affected
by TBI. This analysis was restricted to patients. Test performance was robustly related to gray
matter volume loss in patients with and without large focal lesions, particularly in the cingulate,
temporal, parietal, and ventral prefrontal regions. White matter volumes were not consistently
related to test performance, except in patients with focal lesions. Tests of speeded information
processing—i.e., the Symbol-Digit Modalities Test (Smith, 1978) and the Trail Making Test
(Army Individual Test Battery, 1944)—tended to have stronger relationships to structural
changes than did non-speeded tests, such as the Wisconsin Card Sorting Test (Grant and Berg,
1948).
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We have also begun to investigate the relationship of these same brain imaging data to more
refined, experimental tests. We reported that the Iowa Gambling Test (Bechara et al., 1994),
a widely researched test of decision making, was unrelated to whole-brain measures of gray
matter, white matter, or CSF, although the presence of focal lesions was associated with
impaired performance (Levine et al., 2005). In a subsequent study, PLS was used to examine
covariances between three behavioral measures—the Iowa Gambling Test, Smell
Identification (Doty et al., 1984), and Object Alternation (Freedman et al., 1998)—and regional
atrophy using the same image analysis procedures described above (Fuji-wara et al.,
submitted). The three behavioral measures have all been associated with ventral prefrontal
function in experimental animal or human studies. Performance on Smell Identification and,
to a lesser extent, Object Alternation, was related to the integrity of ventral prefrontal regions
in patients with and without large focal lesions, but volume loss in medial and lateral temporal
regions also emerged as related to behavior. The Iowa Gambling Test was not significantly
associated with patterns of volume loss.
Summary—The Toronto TBI study is unique for its large sample size and for its application
of advanced image analysis and behavioral assessment techniques. Preliminary findings
replicate and extend earlier findings that parenchymal volume loss can be documented and
quantified in vivo in patients with TBI even in the absence of large focal lesions (Berryhill et
al., 1995). The results are also consistent with recent findings suggesting that DAI affects both
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gray and white matter to a similar degree when both tissue compartments are systematically
assessed. Increased severity of TBI was associated with volume loss in numerous regions,
including prefrontal regions classically associated with TBI-related damage. Standard
neuropsychological tests typically used in clinical assessments of patients with TBI were
robustly related to volume loss, particularly for gray matter. Certain refined tests, particularly
Smell Identification, showed evidence of specificity, although even here the significant
structure-function relationships were not limited to the hypothesized ventral prefrontal regions.
We are currently investigating patterns of additional experimental test performance against
these same brain imaging data.
Functional Neuroimaging in TBI
Even the most sophisticated structural imaging analysis lacks information about the functioning
of intact tissue. Functional brain imaging techniques can be used to study changes in cerebral
blood flow (CBF) or cerebral metabolism as a result of TBI. In the acute phase, these techniques
are important for the study of disturbances in cerebral circulation (ischemia or hyperemia)
(Overgaard and Tweed, 1974;Langfitt et al., 1977;Obrist et al., 1979;Sakas et al., 1995) or
metabolism (Yamaki et al., 1996;Bergsneider et al., 1997) that may occur as secondary TBI
effects. Functional neuroimaging studies of brain-behavior relationships must await the
resolution of these abnormalities for measures of CBF and metabolism to resume their expected
coupling with each other and their assumed relationship with neuronal activity.
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The majority of contemporary functional brain imaging studies of chronic-stage TBI effects
have used single photon emission computed tomography (SPECT—usually with hexamethyl
propylene-amine oxime [HMPAO] labeled with technetium-99m) and positron emission
tomography (PET—usually with [18F]fluorodeoxyglucose [FDG]). SPECT, given its costeffectiveness and wide availability, is more commonly used. SPECT yields a greater number
of cerebral abnormalities than concurrent structural imaging studies (Gray et al., 1992;Newton
et al., 1992;Nedd et al., 1993;Kant et al., 1997;Abdel-Dayem et al., 1998). These findings have
in turn been related to neuropsychological test performance (Goldenberg et al., 1992;Ichise et
al., 1994;Jacobs et al., 1996). In SPECT, however, the radioisotope uptake characteristics
cannot be related to absolute regional perfusion; interpretation of perfusion abnormalities is
instead made in comparison to an internal standard (such as the cerebellum). Interpretation in
the SPECT literature is further complicated by lack of control over co-morbid conditions (e.g.,
depression) that are associated with cerebral blood flow changes (Ricker and Zafonte, 2000).
FDG PET, which can provide an absolute measure of cerebral glucose metabolism and has
higher spatial resolution than SPECT, has been applied in a handful of TBI studies. Like
SPECT, FDG PET is sensitive to functional abnormalities not appreciated by structural
neuroimaging (Langfitt et al., 1986;Tenjin et al., 1990;Alavi et al., 1997), again with some
relationship to neuropsychological test performance (Rao et al., 1984;Ruff et al., 1994;Fontaine
et al., 1999).
These functional neuroimaging studies, although providing useful supplementation to
structural neuroimaging findings, are typically done with the patient in a resting state, when
neural activity does not necessarily correspond to task-related neural activity (Duara et al.,
1992). Cognitive testing is done separately from scanning with clinical tests of limited
neuroanatomical specificity that are then compared to indices of brain function over large brain
regions. The resulting modest imaging-behavior correlations are of heuristic clinical value, but
are limited in their contribution to knowledge of brain-behavior relationships in TBI.
Activation Functional Neuroimaging
H215O PET and functional MRI reflect task-related changes in regional cerebral blood flow
(rCBF). As a result of the explosion of cognitive functional neuroimaging research in the
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1990’s, the neural circuitry in response to specific tasks in all major domains of human
cognition has been studied (Cabeza and Nyberg, 2000). Functional neuroimaging findings in
healthy adults provide useful templates against which to interpret functional imaging findings
in special populations such as TBI. For example, altered patterns of task-related brain activation
have been identified in normal aging (Grady et al., 1994;Cabeza et al., 1997), Alzheimer’s
disease (AD) (Woodard et al., 1998;Backman et al., 1999), and schizophrenia (Mattay et al.,
1997;Spence et al., 2000). In addition to identifying focal metabolic deficits, these techniques
have documented regions with metabolism similar to or greater than in healthy comparison
subjects, thus indicating preservation in normal task-related systems as well as re-organization
in response to neurocognitive deficits. Such functional re-organization is most explicitly seen
in activation studies of patients with focal lesions following recovery from specific
neuropsychological deficits (Engelien et al., 1995;Weiller et al., 1995;Buckner et al., 1996),
who show increased activation relative to non-injured comparison subjects in areas adjacent
to the damaged tissue or in contralateral homologues to damaged regions that would normally
mediate task performance.
Methodological Issues
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Evaluation of activation functional neuroimaging studies is complicated due to the number of
factors contributing to method variance across studies. Most contemporary studies capitalize
on the blood oxygen level dependent (BOLD) response as an indirect measure of neuronal
activity in functional magnetic resonance imaging (fMRI). Other studies have assessed regional
cerebral blood flow with positron emission tomography (PET). While fMRI is the preferred
technique due to higher temporal resolution, greater availability, lower costs, and absence of
ionizing radiation exposure, it is associated with low signal sensitivity and a variety of image
artifacts, such as susceptibility artifact between air and tissue in ventral frontal and temporal
regions.
Both PET and early fMRI studies presented and analyzed stimuli grouped across trials in what
is known as a blocked design. Later developments in fMRI technology and analysis allowed
for event-related design, meaning trials need not be grouped but may rather be interleaved and
analyzed individually, as they would be in a standard cognitive experiment. Blocked designs
have good signal sensitivity and remain appropriate for processes spanning over trials (e.g.,
sustained attention), although event-related designs are usually preferred as they are not
confounded by task set effects that may accompany sequences of trials, as well as other factors
(Zarahn et al., 1999).
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Scanning patients with TBI introduces a number of other methodological factors that affect
interpretation of results. TBI is a heterogeneous disease with multiple neuropathologies that
evolve over time. Imaging findings from moderate or severe TBI likely differ from those
produced by patients with mild TBI. Within patients, findings will likely be affected by the
time of scanning relative to the time of injury; this effect is reduced with stabilization of
recovery. Signal in brain regions encroached by focal lesions will obviously be greatly affected
relative to signal from intact tissue. Signal drop-out due to focal lesions may therefore
significantly bias results.
There are also conceptual issues related to interpretation of functional imaging results from
patients, and more generally from any functional neuroimaging data set. Patterns of activation
must be interpreted in the context of a control task. Ideally, this task is matched to the
experimental task on all factors except those of interest to the experimenter. In functional
neuroimaging, it can be very difficult to ensure that this is the case. Some control tasks engage
cognitive processing, producing deactivation relative to the experimental task. For example,
visual fixation (i.e., resting with eyes open and fixated) has been often used as a control task,
yet visual fixation alone produces a reliable pattern of brain activation likely related to
J Neurotrauma. Author manuscript; available in PMC 2007 August 10.
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2001).
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In the case where patients have impaired performance and altered patterns of brain activation,
it is impossible to know whether differences in brain activation are attributable to brain damage
or whether they merely reflect altered performance. In other words, could control subjects
mimic the patient’s pattern of brain activity if they are made to perform the task as poorly as
the patients? If so, attribution of the patients’ pattern is ambiguous. Optimally, patients and
non-injured comparison subjects would be matched for performance. However, this creates a
paradox as tasks where patients are impaired are of the most interest. One solution to this
paradox is to scan patients with impaired performance using an event-related design, and only
analyze those events where performance was matched to non-injured comparison subjects.
Alternatively, patients may be scanned on a performance-preserved variant of an impaired task.
For example, Price and colleagues (2001) scanned Broca’s aphasia patients with an implicit
reading task previously known to engage the language system in an obligatory fashion. The
patients could perform this task, yet showed differences from non-injured comparison subjects
downstream in the language system.
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Interpretation of imaging data is also affected by degeneracy of brain systems. Degeneracy
refers to the ability of more than one brain system to yield a similar behavioral output, as in
dual routes (lexical or semantic) to reading (Price and Friston, 2002). Healthy subjects may
activate two or more degenerate systems at the same time, in which case it is impossible to
know which activated regions belong to which system. Alternatively, one system may inhibit
the other (as is often the case with contralateral homologues), so that sub-threshold activity in
the inhibited system is not detected in a functional neuroimaging study. In this sense, functional
neuroimaging data in general is unconstrained; it is unknown whether the pattern of activation
is necessary for task performance. Additional data from lesion studies helps to constrain
interpretation of functional neuroimaging data.
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Armed with tasks with known neuroanatomical correlates as established through previous
functional imaging and lesion studies, the researcher is better able to interpret patterns of
activation when scanning patients with TBI (assuming performance is comparable to noninjured comparison subjects). Activation in regions overlapping with non-injured comparison
subjects suggests that these regions may mediate performance in both groups, increasing the
likelihood that these regions are necessary for task performance. Regional activation in noninjured comparison subjects but not in patients suggests that these areas are incidental to the
task or reflect another degenerate system. Finally, areas of activation may be observed in
patients, but not in non-injured comparison subjects. These may indicate a system that was
either untrained or inhibited in non-injured comparison subjects (Price and Friston, 2002).
Because of these methodological factors, we emphasize group studies over case studies in the
present review. Additionally, this review is restricted to research using contemporary activation
functional neuroimaging paradigms with a temporal resolution on the order of seconds (i.e.,
H215O PET and fMRI)
Activation Functional Imaging in Moderate-to-Severe TBI
Functional neuroimaging studies in TBI can be divided between those that have adapted
standard neuropsychological tests for use in the scanner versus those that use experimental
procedures developed in prior functional neuroimaging studies. Christodoulou and colleagues
(2001) studied nine patients with moderate-to-severe chronic-phase TBI and seven non-injured
comparison subjects with blocked-design fMRI using a modified version of the paced auditory
serial addition task (PASAT) (Gronwall, 1977). The control task consisted of imagining
brushing teeth. Structural MRI indicated clear focal lesions in three of the patients. Although
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patients were able to perform the task, they made significantly more errors than non-injured
comparison subjects. Results indicated more right-lateralized and dispersed activation in the
patients as compared to the non-injured comparison subjects, possibly reflecting the difficulty
of the task for the TBI patients. Using fMRI, Prigatano and colleagues (2004) found greater
bilateral frontal activation on the Halstead (1947) finger tapping test versus rest in eight healthy
non-injured comparison subjects as compared to seven severe chronic-phase TBI patients,
although this finding was only significant for right-handed tapping. Performance was matched
across groups. Three of the patients had focal lesions by history. When five patients with
chronic-phase severe TBI and no large lesions were compared to 11 non-injured comparison
subjects on a modified Stroop task in a blocked-design fMRI study (Soeda et al., 2005), the
TBI patients were found to have reduced activation in the cognitive division of the anterior
cingulate, previously shown to be activated by healthy non-injured comparison subjects.
However, group differences in activation were not statistically evaluated. Although the patients
made more errors than non-injured comparison subjects, performance did not differ
significantly across the two groups.
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Although these studies provide useful information regarding the functional neuroanatomy of
the finger tapping, Stroop, and PASAT tests in patients with TBI, these tests were designed
for clinical assessment, rather than functional neuroimaging. They therefore do not take full
advantage of the experimental design options afforded by functional neuroimaging
technologies, such as event-related designs. Furthermore, given the potential confounds
specified above, interpretation of functional neuroimaging data can be very difficult in studies
that use applications of tasks specifically for a single study rather than paradigms with a reliable
neural signature in healthy adults, forming the basis for interpretation of patient data.
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Perlstein and colleagues (2004) administered a very well-validated working memory task in
an event-related design to seven TBI patients and non-injured comparison subjects that were
part of a larger behavioral study. In this n-back task, subjects must identify consonants
matching the previous item (0-back), the one immediately preceding the previous item (1back), and so on, up to the 3-back condition, allowing for investigation of the parametric effects
of increased working memory load. Compared to non-injured comparison subjects, the TBI
patients showed reduced right dorsolateral prefrontal, left inferior frontal, and left parietal
activation with increased working memory load. Behavioral results from the larger sample
indicated a deficit in strategic or associative processes rather than in speed or in simple
maintenance of representations in working memory. Accordingly, the functional neuroimaging
data indicated a lack of sustained, load-related increase in activation within Broca’s area,
thought to mediate active verbal rehearsal and sequencing (Cohen et al., 1997). One drawback
of this study was the fact that the TBI patients did not perform at the same level as control
subjects. Additionally, focal lesions were not documented.
Reduced self-awareness or insight is a common and disabling TBI-related deficit. Schmitz and
colleagues (2005) used a previously validated self-appraisal task presented in a blocked design
in which subjects decided whether or not adjectives described their own personal traits and
abilities. Activation in response to this task was contrasted to judgment of the affective valence
of adjectives. Twenty moderate-to-severe TBI patients and twenty non-injured comparison
subjects were scanned. Patients with focal lesions were included. Patients were selected for
high self-other disparity scores in the Patient Competency Rating Scale (PCRS) (Prigatano,
1986), indicating self-awareness deficits. Increased activation associated with self-evaluation
was reported in the anterior cingulate, right anterior temporal pole, and the precuneus.
Additionally, regression of PCRS and Digit Symbol scores on whole-brain data indicated a
focus of activation in the right superior frontal gyrus that was specifically associated with PCRS
discrepancy scores.
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We used a previously validated cued recall paradigm with H215O PET to study the effects of
TBI on mnemonic retrieval activations in seven chronic-phase moderate-to-severe TBI patients
(Levine et al., 2002a). Both patients and non-injured comparison subjects (n = 11) showed
topographically similar task-related patterns of activation in response to memory retrieval
demands. The patients, however, showed relatively high activation of ventrolateral and
dorsolateral frontal and anterior cingulate regions, including recruitment of left frontal regions
previously observed in older adults using the same task. They also engaged additional posterior
regions involved in lower level perceptual processes, particularly the medial parietal region.
The non-injured comparison subjects’ pattern was more focused, possibly aided by increased
activation of subcortical nuclei. With one exception, patients were free of lesions encroaching
on the PET scanning window. One patient with a large left frontal contusion did not show the
left frontal activation, providing a mirror case to a previously published case study with a right
frontal lesion (Levine et al., 1998). Both cases, however, shared the other features of the TBI
activation pattern.
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We are currently scanning samples of patients with moderate-to-severe TBI on a series of tasks
derived from the cognitive science functional neuroimaging literature. The stop-signal task
(Logan, 1994) is among the best studied of response inhibition tasks. In a typical stop-signal
experiment, subjects respond to stimuli (“go-signals”) presented on a computer screen. On a
certain proportion of trials, the go-signal (the letter) is followed by a “stop-signal” (change in
the color of the letter) indicating that the response is to be withheld, which requires response
inhibition. This task has proven a sensitive measure of response inhibition in a number of
populations (Logan, 1994). We reported results from five TBI patients and five non-injured
comparison subjects with fMRI while performing the stop-signal task (Easdon et al., 2004);
we have since augmented this sample to eight per group (O’Connor et al., in preparation).
Patients and non-injured comparison subjects were very tightly matched for response speed
and number of correct inhibitions. As this was an event-related study, we were able to separately
examine trials involving successful and unsuccessful inhibitions. During successful
inhibitions, non-injured comparison subjects showed greater activation than TBI patients in
the left dorsolateral prefrontal cortex, previously associated with response inhibition (Liddle
et al., 2001), whereas TBI patients showed greater activation than non-injured comparison
subjects in the medial parietal region, similar to two above-described reports (Levine et al.,
2002a; Schmitz et al., 2005). During unsuccessful inhibitions, non-injured comparison subjects
showed greater right dorsolateral prefrontal activation than TBI patients, consistent with
increased response monitoring, whereas TBI patients showed greater activation than noninjured comparison subjects in left dorsal and ventral prefrontal, anterior cingulate, and parietal
regions, reflecting an alteration in error-related processing.
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The Sustained Attention to Response Test (SART) (Robertson et al., 1997) is a go/no-go task
that assesses endogenously activated attention by requiring subjects to press a key in response
to single digit numbers appearing in rapid succession, except for a single nominated digit for
which the response must be withheld. This task is sensitive to TBI and related to patients’
reports of real-life attentional slips (Robertson et al., 1997). In 10 healthy adults performing
the task in a combined event-related and blocked design fMRI study, we showed that the SART
activates a thalamic-right prefrontal-right parietal network classically associated with sustained
attention (O’Connor et al., 2004). This study also incorporated a version of the SART with
random auditory tones designed as an exogenous cue to remind the subjects to pay attention
(cf., Manly et al., 2002). Activation in the sustained attention network was diminished in the
presence of alerting tones (performance was not affected), consistent with the hypothesis that
this network is maximally engaged in situations requiring top-down control of endogenous
activation of attention.
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We are currently scanning chronic phase moderate-to-severe TBI patients on this same
paradigm, with performance matched to the non-injured comparison group. Preliminary results
(n = 5) indicate that the SART-associated thalamic and right parietal foci are preserved in TBI,
but right ventral prefrontal activation was observed instead of right dorsolateral prefrontal
activation. The anterior cingulate was additionally activated in patients with TBI (Richard et
al., in preparation). This network was not attenuated by the tone manipulation, suggesting that
TBI patients did not use the tone in the same manner as non-injured comparison subjects. This
finding leads to a specific rehabilitation target: teaching patients to use the tone or other alerting
cues to exogenously engage their impaired endogenous alerting systems. Our next study will
investigate the effects of an executive functioning and attention rehabilitation intervention
(Levine et al., 2000) on SART performance and associated activations with pre-/postrehabilitation fMRI.
Activation Functional Imaging in Mild TBI
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Functional neuroimaging studies of mild TBI differ from those addressing moderate-to-severe
TBI in several respects. Most obviously, they involve a quantitatively different
neuropathological process. In the case of moderate-to-severe TBI patients with focal lesions,
the neuropathological processes differ both quantitatively and qualitatively. In studies of
moderate-to-severe TBI, patients are scanned in the chronic phase, after acute injury effects
have resolved. Most studies of patients with mild TBI involve scanning in the acute or subacute phase, before symptoms have resolved. A major advantage of scanning patients with
mild TBI is their increased availability, allowing for larger sample sizes. Furthermore, patients
with mild TBI are neuropathologically homogeneous relative to patients with moderate-tosevere TBI. A more detailed review of functional neuroimaging studies of patients with mild
TBI can be found in this special issue (McAllister et al., 2006).
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McAllister and colleagues (1999) studied auditory n-back activations with fMRI in 12 patients
within 1 month of mild TBI and 11 control subjects. Both groups showed increased frontal and
parietal activation corresponding to increasing working memory load, however the control
groups showed increases from the 0-back to the 1-back conditions, whereas the TBI patients
showed more extensive increases from the 1-back to the 2-back conditions. Performance did
not significantly differ across groups, although the TBI group showed higher variability.
Moreover, they were drawn from a larger sample where significant group differences were
observed (McAllister et al., 2006). The findings were replicated in a follow-up study, where a
3-back condition was added (McAllister et al., 2001). Both patients’ and non-injured
comparison subjects’ performance declined in this condition, but non-injured comparison
subjects showed a stepwise increase in activation from the 2-back to the 3-back conditions,
whereas the patients showed relatively less increase across these two conditions, particularly
in the left frontal and parietal regions. Thus mild TBI appears to affect working memory brain
activity such that moderate loads are associated with an excessive increase in activation but
low and high loads fail to elicit the same increases as observed in non-injured comparison
subjects.
The classification of mild TBI includes concussions that involve a transient alteration in
consciousness (1997). Most concussions do not involve loss of consciousness or
hospitalization. Although full recovery is expected to occur spontaneously, approximately 15%
of patients develop more persistent post-concussive symptoms (Rutherford et al.,
1978;McLean et al., 1983). Due to the high prevalence of concussion, there is significant
potential for these patients to contribute to our understanding of TBI effects, with the constraint
that this potential is maximal during the relatively short time window during which these
patients are symptomatic (i.e., within 1 week in the case of grade 1 or “ding” concussions;
Lovell et al., 2004).
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Chen and colleagues (2004) studied 16 concussed athletes 1–14 months post injury, in
comparison to eight control subjects. All but one of the athletes had post-concussive symptoms
at the time of scanning with fMRI. Using very well-validated verbal and abstract design
working memory tasks, they found that the concussed athletes had reduced activation in right
mid-dorsolateral prefrontal cortex (previously shown to mediate performance on these tasks)
relative to non-injured comparison subjects, but they also had numerous additional foci of
activation in posterior frontal and non-frontal regions. Performance did not significantly differ
across patients and non-injured comparison subjects (owing to training on the task prior to
scanning), although the patients were more variable. This variability was not associated with
changes in brain activation patterns.
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Concussion is one of few neurological conditions with sufficient prevalence to allow for studies
of pre-/post-injury function in which patients serve as their own control. This has been
accomplished through screening of athletes at risk for concussion, followed by post-injury
testing. This research design has significant potential for advancing knowledge of TBI effects
by controlling confounds such as inter-individual variability, cohort effects, and repeat
scanning effects. Jantzen and colleagues (2004) scanned four football players with fMRI within
1 week following concussion; three of these had pre-season baseline scanning (baseline for the
remaining concussed participant was taken at 7 months post-injury). These were compared to
four players who did not have a concussion scanned at pre- and post-season with the same
measures. The groups were matched for performance on finger sequencing, digit span, and
serial calculation tasks. The concussed group showed larger increases in extent and amplitude
of activation in association with the sequencing task than did the non-injured comparison
subjects (in their second scanning session). The importance of controlling for repeated scanning
was illustrated by the fact that the non-injured comparison players also showed activation
increases on repeat scanning, although not to the same extent as the concussed players.
Summary—Activation functional neuroimaging, where acquisition of functional
neuroanatomical data is time-locked to behavior, offers a powerful adjunct to the lesion- or
deficit-focused approach to understanding brain-behavior relationships in TBI. Interpretation
of functional neuroimaging data, however, is not always transparent due to variability in the
selection of task paradigms, the comparison task, and degeneracy in brain-behavior
relationships. Interpretation is further confounded in studies of patients, who may be highly
variable in terms of neuropathology and performance.

NIH-PA Author Manuscript

Whereas studies of TBI patients’ brain function at rest have emphasized reductions in activation
relative to non-injured comparison subjects, activation functional neuroimaging paradigms
have revealed both hypo- and hyperactivation. These findings are likely attributable to
excitatory or inhibitory deafferentation, neuroplastic responses to injury, or other diffuse injury
effects. Although this research is at an early stage, there is converging evidence that TBI
produces a more broadly dispersed, weaker signal in the prefrontal cortex relative to noninjured comparison subjects. There is also evidence for increased medial parietal activation in
TBI patients across divergent tasks. Confirmation of these findings, however, must await
additional studies using more neuropathologically homogeneous subjects (i.e., without focal
lesions), well-validated paradigms, and event-related designs controlling for performance
differences. Studies of patients with mild TBI are potentially very illuminating as these patients
are more homogeneous and may be scanned at both pre- and post-injury. Studies of these
patients also show TBI-related changes in prefrontal and posterior function, and often increases
in the extent or dispersion of activation.
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The mechanisms governing brain damage effects—including their trajectory over the recovery
process, their rehabilitation, and their high variability across TBI patients—are not yet well
understood. In the next decade, research with novel imaging technologies is likely to
significantly improve this state of affairs. Research to date is beginning to reveal the widespread
nature of human TBI neuropathology at the systems level, not only in terms of the devastating
consequences that occur in some cases but also in relation to the potential for neuroplastic
reorganization that may support recovery. Continued research along these lines will be critical
to refining approaches to targeted rehabilitation that seek to engage these naturalistic recovery
processes.
TBI neuropathology is extraordinarily complex. Certain structural and functional
neuroimaging measures can be related to behavioral and cognitive outcomes, yet many of these
relationships lack psychological and anatomic specificity. Although this is likely a
consequence of the non-specific nature of TBI, it is also the case that interpretation of much
of the research summarized in this article is confounded by heterogeneity of imaging and
behavioral methods as well as neuropathology. Further progress in neuroimaging of TBI will
require greater attention to this heterogeneity.
Acknowledgements

NIH-PA Author Manuscript

Ann Campbell, Catherine Hynes, Sabitha Kanagasabai, Irina Nica, Colleen O’Toole, Karen Philp, Joel Ramirez, Philip
Sharkey, Jovanka Skocic, and Gary Turner are thanked for technical assistance. We gratefully thank the TBI patients
and non-injured volunteers for participating in this research. This research was supported by the Canadian Institutes
of Health Research (grant nos. MT-14744, MOP-37535, and MOP-108540) and the NIH-NICHD (grant no.
HD42385-01) to B.L.

References

NIH-PA Author Manuscript

ABDEL-DAYEM HM, ABU-JUDEH H, KUMAR M, et al. SPECT brain perfusion abnormalities in
mild or moderate traumatic brain injury. Clin Nucl Med 1998;23:309–317. [PubMed: 9596157]
ADAMS JH, DOYLE D, FORD I, GENNARELLI TA, GRAHAM DI, MCLELLAN DR. Diffuse axonal
injury in head injury: definition, diagnosis and grading. Histopathology 1989;15:49–59. [PubMed:
2767623]
ADAMS JH, GRAHAM DI, MURRAY LS, SCOTT G. Diffuse axonal injury due to nonmissile head
injury in humans: an analysis of 45 cases. Ann Neurol 1982;12:557–563. [PubMed: 7159059]
ALAVI A, MIROT A, NEWBERG A, et al. Fluorine-18-FDG evaluation of crossed cerebellar diaschisis
in head injury. J Nucl Med 1997;38:1717–1720. [PubMed: 9374339]
ANDERSON CV, BIGLER ED. The role of caudate nucleus and corpus callosum atrophy in traumainduced anterior horn dilation. Brain Inj 1994;8:565–569. [PubMed: 7987292]
ANDERSON CV, BIGLER ED. Ventricular dilation, cortical atrophy, and neuropsychological outcome
following traumatic brain injury. J Neuropsychiatry Clin Neurosci 1995;7:42–48. [PubMed: 7711490]
ARMY INDIVIDUAL TEST BATTERY. Manual of Directions and Scoring. War Department, Adjutant
General’s Office; Washington, D.C: 1944.
ARNDT S, COHEN G, ALLIGER RJ, SWAYZE VW II, ANDREASEN NC. Problems with ratio and
proportion measures of imaged cerebral structures. Psychiatry Res Neuroimaging 1991;40:79–89.
ASHBURNER J, FRISTON KJ. Voxel-based morphometry—the methods. Neuroimage 2000;11:805–
821. [PubMed: 10860804]
BACKMAN L, ANDERSSON JL, NYBERG L, WIN-BLAD B, NORDBERG A, ALMKVIST O. Brain
regions associated with episodic retrieval in normal aging and Alzheimer’s disease. Neurology
1999;52:1861–1870. [PubMed: 10371535]
BECHARA A, DAMASIO AR, DAMASIO H, ANDERSON SW. Insensitivity to future consequences
following damage to human prefrontal cortex. Cognition 1994;50:7–15. [PubMed: 8039375]

J Neurotrauma. Author manuscript; available in PMC 2007 August 10.

LEVINE et al.

Page 15

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

BERGSNEIDER M, HOVDA DA, SHALMON E, et al. Cerebral hyperglycolysis following severe
traumatic brain injury in humans: a positron emission tomography study. J Neurosurg 1997;86:241–
251. [PubMed: 9010426]
BERRYHILL P, LILLY MA, LEVIN HS, et al. Frontal lobe changes after severe diffuse closed head
injury in children: a volumetric study of magnetic resonance imaging. Neurosurgery 1995;37:392–
400. [PubMed: 7501101]
BIGLER ED, KURTH SM, BLATTER D, ABILDSKOV TJ. Degenerative changes in traumatic brain
injury: post-injury magnetic resonance identified ventricular expansion compared to pre-injury
levels. Brain Res Bull 1992;28:651–653. [PubMed: 1617451]
BLATTER DD, BIGLER ED, GALE SD, et al. MR-based brain and cerebrospinal fluid measurement
after traumatic brain injury: correlation with neuropsychological outcome. AJNR Am J Neuroradiol
1997;18:1–10. [PubMed: 9010514]
BUCKNER RL, CORBETTA M, SCHATZ J, RAICHLE ME, PETERSEN SE. Preserved speech abilities
and compensation following prefrontal damage. Proc Natl Acad Sci USA 1996;93:1249–1253.
[PubMed: 8577749]
CABEZA R, GRADY CL, NYBERG L, et al. Age-related differences in neural activity during memory
encoding and retrieval: A positron emission tomography study. J Neurosci 1997;17:391–400.
[PubMed: 8987764]
CABEZA R, NYBERG L. Imaging cognition II: An empirical review of 275 PET and fMRI studies. J
Cogn Neurosci 2000;12:1–47. [PubMed: 10769304]
CHEN JK, JOHNSTON KM, FREY S, PETRIDES M, WORSLEY K, PTITO A. Functional
abnormalities in symptomatic concussed athletes: an fMRI study. Neuroimage 2004;22:68–82.
[PubMed: 15109998]
CHRISTODOULOU C, DELUCA J, RICKER JH, et al. Functional magnetic resonance imaging of
working memory impairment after traumatic brain injury. J Neurol Neurosurg Psychiatry
2001;71:161–168. [PubMed: 11459886]
CLIFTON G, GROSSMAN R, MAKELA M, MINER ME, HANDEL S, SADHU V. Neurological course
and correlated computerized tomography findings after severe closed head injury. J Neurosurg
1980;52:611–624. [PubMed: 7373389]
COHEN JD, PERLSTEIN WM, BRAVER TS, et al. Temporal dynamics of brain activation during a
working memory task. Nature 1997;386:604–608. [PubMed: 9121583]
COURVILLE, CB. Pathology of the Central Nervous System. Part 4. Pacific Press Publishing; Mountain
View, CA: 1937.
CULLUM CM, BIGLER ED. Ventricle size, cortical atrophy, and the relationship with
neuropsychological status in closed head injury. J Clin Exp Neuropsychol 1986;8:437–452.
[PubMed: 3745416]
DADE LA, GAO FQ, KOVACEVIC N, et al. Semiautomatic brain region extraction: a method of
parcellating brain regions from structural magnetic resonance images. Neuroimage 2004;22:1492–
1502. [PubMed: 15275906]
DAVATZIKOS C. Why voxel-based morphometric analysis should be used with great caution when
characterizing group differences. Neuroimage 2004;23:17–20. [PubMed: 15325347]
DOTY RL, SHAMAN P, DANN M. Development of the University of Pennsylvania Smell Identification
Test: a standardized microencapsulated test of olfactory function. Physiol Behav 1984:489–502.
[PubMed: 6463130]
DUARA R, BARKER WW, CHANG J, YOSHII F, LOEWENSTEIN DA, PASCAL S. Viability of
neocortical function shown in behavioral activation state PET studies in Alzheimer disease. J Cereb
Blood Flow Metab 1992;12:927–934. [PubMed: 1400646]
EASDON C, LEVINE B, O’CONNOR C, TISSERAND D, HEVENOR S. Neural activity associated
with response inhibition following traumatic brain injury: an event-related fMRI investigation. Brain
Cogn 2004;54:136–138. [PubMed: 15022664]
ENGELIEN A, SLIBERSWEIG D, STERN E, et al. The functional anatomy of recovery from auditory
agnosia: a PET study of sound categorization in a neurological patient and controls. Brain
1995;118:1395–1409. [PubMed: 8595472]

J Neurotrauma. Author manuscript; available in PMC 2007 August 10.

LEVINE et al.

Page 16

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

FONTAINE A, AZOUVI P, REMY P, BUSSEL B, SAMSON Y. Functional anatomy of
neuropsychological deficits after severe traumatic brain injury. Neurology 1999;53:1963–1968.
[PubMed: 10599766]
FREEDMAN M, BLACK S, EBERT P, BINNS M. Orbitofrontal function, object alternation and
perseveration. Cereb Cortex 1998;8:18–27. [PubMed: 9510382]
FRISTON KJ, ASHBURNER J. Generative and recognition models for neuroanatomy. Neuroimage
2004;23:21–24. [PubMed: 15325348]
GALE SD, BAXTER L, ROUNDY N, JOHNSON SC. Traumatic brain injury and gray matter
concentration: a preliminary voxel based morphometry study. J Neurol Neurosurg Psychiatry
2005;76:984–988. [PubMed: 15965207]
GALE SD, BURR RB, BIGLER ED, BLATTER D. Fornix degeneration and memory in traumatic brain
injury. Brain Res Bull 1993;32:345–349. [PubMed: 8221124]
GALE SD, JOHNSON SC, BIGLER ED, BLATTER DD. Traumatic brain injury and temporal horn
enlargement: correlates with tests of intelligence and memory. Neuropsychiatry Neuropsychol Behav
Neurol 1994;7:160–165.
GALE SD, JOHNSON SC, BIGLER ED, BLATTER DD. Nonspecific white matter degeneration
following traumatic brain injury. J Int Neuropsychol Soc 1995a;1:17–28. [PubMed: 9375205]
GALE SD, JOHNSON SC, BIGLER ED, BLATTER DD. Trauma-induced degenerative changes in brain
injury: a morphometric analysis of three patients with preinjury and postinjury MR scans. J
Neurotrauma 1995b;12:151–158. [PubMed: 7629861]
GARNETT MR, CADOUX-HUDSON TA, STYLES P. How useful is magnetic resonance imaging in
predicting severity and outcome in traumatic brain injury? Curr Opin Neurol 2001;14:753–757.
[PubMed: 11723384]
GENNARELLI TA, THIBAULT LE, ADAMS JH, GRAHAM DI, THOMPSON CJ, MARCINCIN RP.
Diffuse axonal injury and traumatic coma in the primate. Ann Neurol 1982;1982:564–572. [PubMed:
7159060]
GENTRY, LR. Head trauma. In: Atlas, SW., editor. Magnetic Resonance Imaging of the Brain and Spine.
Raven Press; New York: 1990. p. 439-466.
GENTRY LR, GODERSKY JC, THOMPSON B. MR imaging of head trauma: review of the distribution
and radiopathologic features of traumatic lesions. Am J Neuroradiol 1988a;9:101–110.
GENTRY LR, GODERSKY JC, THOMPSON B, DUNN VD. Prospective comparative study of
intermediate-field MR and CT in the evaluation of closed head trauma. Am J Neuroradiol 1988b;
9:101–110.
GILBOA A, RAMIREZ J, KOHLER S, WESTMACOTT R, BLACK SE, MOSCOVITCH M. Retrieval
of autobiographical memory in Alzheimer’s disease: relation to volumes of medial temporal lobe
and other structures. Hippocampus 2005;15:535–550. [PubMed: 15884035]
GOLDENBERG G, ODER W, SPATT J, PODREKA I. Cerebral correlates of disturbed executive
function and memory in survivors of severe closed head injury: a SPECT study. J Neurol Neurosurg
Psychiatry 1992;55:362–368. [PubMed: 1602308]
GRADY CL, MAISOG LM, HORWITZ B, et al. Age-related changes in cortical blood flow activation
during visual processing of faces and location. J Neurosci 1994;14:1450–1462. [PubMed: 8126548]
GRANT DA, BERG EA. A behavioral analysis of degree of reinforcement and ease of shifting to new
responses in a Weigl-type card-sorting problem. J Exp Psychol 1948;38:404–411.
GRAY BG, ICHISE M, CHUNG DG, KIRSH JC, FRANKS W. Technetium-99m-HMPAO SPECT in
the evaluation of patients with a remote history of traumatic brain injury: a comparison with x-ray
computed tomography. J Nucl Med 1992;33:52–58. [PubMed: 1730996]
GRONWALL DM. Paced auditory serial-addition task: a measure of recovery from concussion. Percept
Mot Skills 1977;44:367–373. [PubMed: 866038]
GUSNARD DA, RAICHLE ME. Searching for a baseline: functional imaging and the resting human
brain. Nat Rev Neurosci 2001;2:685–694. [PubMed: 11584306]
HALSTEAD, WC. Brain and Intelligence: A Quantitative Study of the Frontal Lobes. University of
Chicago Press; Chicago: 1947.
ICHISE M, CHUNG D, WANG P, WORTZMAN G, GRAY BG, FRANKS W. Technetium-99mHMPAO SPECT, CT, and MRI in the evaluation of patients with chronic traumatic brain injury: a
J Neurotrauma. Author manuscript; available in PMC 2007 August 10.

LEVINE et al.

Page 17

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

correlation with neuropsychological performance. J Nucl Med 1994;35:217–226. [PubMed:
8294988]
JACOBS A, PUT E, INGELS M, PUT T, BOSSUYT A. One-year follow-up of technetium-99mHMPAO SPECT in mild head injury. J Nucl Med 1996;37:1605–1609. [PubMed: 8862291]
JANTZEN KJ, ANDERSON B, STEINBERG FL, KELSO JA. A prospective functional MR imaging
study of mild traumatic brain injury in college football players. AJNR Am J Neuroradiol
2004;25:738–745. [PubMed: 15140712]
JOHNSON SC, BIGLER ED, BURR RB, BLATTER DD. White matter atrophy, ventricular dilation,
and intellectual functioning following traumatic brain injury. Neuropsychology 1994;8:307–315.
KANT R, SMITH-SEEMILLER L, ISAAC G, DUFFY J. Tc-HMPAO SPECT in persistent postconcussion syndrome after mild head injury: comparison with MRI/CT. Brain Inj 1997;11:115–124.
[PubMed: 9012944]
KOVACEVIC N, LOBAUGH NJ, BRONSKILL MJ, LEVINE B, FEINSTEIN A, BLACK SE. A robust
method for extraction and automatic segmentation of brain images. Neuroimage 2002;17:1087–1100.
[PubMed: 12414252]
LANGFITT TW, OBRIST WD, ALAVI A, et al. Computerized tomography, magnetic resonance
imaging, and positron emission tomography in the study of brain trauma. Preliminary observations.
J Neurosurg 1986;64:760–767. [PubMed: 3486260]
LANGFITT TW, OBRIST WD, GENNARELLI TA, O’CONNOR MJ, WEEME CA. Correlation of
cerebral blood flow with outcome in head injured patients. Ann Surg 1977;186:411–414. [PubMed:
907387]
LEVIN HS, MEYERS CA, GROSSMAN RG, SAR-WAR M. Ventricular enlargement after closed head
injury. Arch Neurol 1981;38:623–629. [PubMed: 6975095]
LEVIN HS, WILLIAMS DH, VALASTRO M, EISEN-BERG HM, CROFFORD MJ, HANDEL SF.
Corpus callosal atrophy following closed head injury: detection with magnetic resonance imaging.
J Neurosurg 1990;73:77–81. [PubMed: 2352026]
LEVINE B, BLACK SE, CABEZA R, et al. Episodic memory and the self in a case of isolated retrograde
amnesia. Brain 1998;121:1951–1973. [PubMed: 9798749]
LEVINE B, BLACK SE, CHEUNG G, CAMPBELL A, O’TOOLE C, SCHWARTZ ML. Gambling task
performance in traumatic brain injury: relationships to injury severity, atrophy, lesion location, and
cognitive and psychosocial outcome. Cogn Behav Neurol 2005;18:45–54. [PubMed: 15761276]
LEVINE B, CABEZA R, MCINTOSH AR, BLACK SE, GRADY CL, STUSS DT. Functional
reorganisation of memory after traumatic brain injury: a study with H215O positron emission
tomography. J Neurol Neurosurg Psychiatry 2002a;73:173–181. [PubMed: 12122177]
LEVINE, B.; KATZ, D.; BLACK, SE.; DADE, L. New approaches to brain-behavior assessment in
traumatic brain injury. In: Stuss, DT.; Knight, R., editors. Principles of Frontal Lobe Function. Oxford
University Press; New York: 2002b. p. 448-465.
LEVINE B, ROBERTSON IH, CLARE L, et al. Rehabilitation of executive functioning: an experimentalclinical validation of goal management training. J Int Neuropsychol Soc 2000;6:299–312. [PubMed:
10824502]
LIDDLE PF, KIEHL KA, SMITH AM. Event-related fMRI study of response inhibition. Hum Brain
Mapp 2001;12:100–109. [PubMed: 11169874]
LOGAN, GD. On the ability to inhibit thought and action: a user’s guide to the stop-signal paradigm. In:
Carr, ID., editor. Inhibitory Processes in Attention, Memory, and Language. Academic Press;
Toronto: 1994. p. 189-239.
LOVELL MR, COLLINS MW, IVERSON GL, JOHNSTON KM, BRADLEY JP. Grade 1 or “ding”
concussions in high school athletes. Am J Sports Med 2004;32:47–54. [PubMed: 14754723]
MACKENZIE JD, SIDDIQI F, BABB JS, et al. Brain atrophy in mild or moderate traumatic brain injury:
a longitudinal quantitative analysis. AJNR Am J Neuroradiol 2002;23:1509–1515. [PubMed:
12372740]
MANLY T, HAWKINS K, EVANS J, WOLDT K, ROBERTSON IH. Rehabilitation of executive
function: facilitation of effective goal management on complex tasks using periodic auditory alerts.
Neuropsychologia 2002;40:271–281. [PubMed: 11684160]

J Neurotrauma. Author manuscript; available in PMC 2007 August 10.

LEVINE et al.

Page 18

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

MATTAY VS, CALLICOTT JH, BERTOLINO A, et al. Abnormal functional lateralization of the
sensorimotor cortex in patients with schizophrenia. Neuroreport 1997;8:2977–2984. [PubMed:
9376542]
MAX W, MACKENZIE EJ, RICE DP. Head injuries: costs and consequences. J Head Trauma Rehabil
1991;62:76–91.
MAXWELL WL, POVLISHOCK JT, GRAHAM DL. A mechanistic analysis of nondisruptive axonal
injury: a review. J Neurotrauma 1997;14:419–440. [PubMed: 9257661][Erratum appears in J.
Neurotrauma 1997;14:755.]
MCALLISTER TW, FLASHMAN LA, MCDONALD BC, SAYKIN AJ. Mechanisms of working
memoy dysfunction after mild and moderate TBI: evidence from functional MRI and neurogenetics.
J Neurotrauma 2006;23:1450–1467. [PubMed: 17020482]
MCALLISTER TW, SAYKIN AJ, FLASHMAN LA, et al. Brain activation during working memory 1
month after mild traumatic brain injury: a functional MRI study. Neurology 1999;53:1300–1308.
[PubMed: 10522888]
MCALLISTER TW, SPARLING MB, FLASHMAN LA, GUERIN SJ, MAMOURIAN AC, SAYKIN
AJ. Differential working memory load effects after mild traumatic brain injury. Neuroimage
2001;14:1004–1012. [PubMed: 11697932]
MCINTOSH AR, BOOKSTEIN FL, HAXBY JV, GRADY CL. Spatial pattern analysis of functional
brain images using partial least squares. Neuroimage 1996;3:143–157. [PubMed: 9345485]
MCINTOSH AR, CHAU WK, PROTZNER AB. Spatiotemporal analysis of event-related fMRI data
using partial least squares. Neuroimage 2004;23:764–775. [PubMed: 15488426]
MCLEAN A JR, TEMKIN NR, DIKMEN S, WYLER AR. The behavioral sequelae of head injury. J
Clin Neuropsychol 1983;5:361–376. [PubMed: 6643690]
NEDD K, SFAKIANAKIS G, GANZ W, et al. 99mTc-HMPAO SPECT of the brain in mild to moderate
traumatic brain injury patients: compared with CT—a prospective study. Brain Inj 1993;7:469–479.
[PubMed: 8260951]
NEWTON MR, GREENWOOD RJ, BRITTON KE, et al. A study comparing SPECT with CT and MRI
after closed head injury. J Neurol Neurosurg Psychiatry 1992:92–94. [PubMed: 1538233]
OBRIST WD, GENNARELLI TA, SEGAWA H, DOLINSKAS CA, LANGFITT TW. Relation of
cerebral blood flow to neurological status and outcome in head-injured patients. J Neurosurg
1979;51:292–300. [PubMed: 469577]
O’CONNOR C, MANLY T, ROBERTSON IH, HEVENOR SJ, LEVINE B. An fMRI of sustained
attention with endogenous and exogenous engagement. Brain Cogn 2004;54:133–135. [PubMed:
15022658]
OGAWA T, SEKINO H, UZURA M, et al. Comparative study of magnetic resonance and CT scan
imaging in cases of severe head injury. Acta Neurochir Suppl 1992;55:8–10.
OMMAYA AK, GENNARELLI TA. Cerebral concussion and traumatic unconsciousness. Correlation
of experimental and clinical observations of blunt head injuries. Brain 1974;97:633–654. [PubMed:
4215541]
OVERGAARD J, TWEED WA. Cerebral circulation after head injury. 1. Cerebral blood flow and its
regulation after closed head injury with emphasis on clinical correlations. J Neurosurg 1974;41:531–
541. [PubMed: 4418221]
PERLSTEIN WM, COLE MA, DEMERY JA, et al. Parametric manipulation of working memory load
in traumatic brain injury: behavioral and neural correlates. J Int Neuropsychol Soc 2004;10:724–741.
[PubMed: 15327720]
POVLISHOCK JT. Pathobiology of traumatically induced axonal injury in animals and man. Ann Emerg
Med 1993;22:980–986. [PubMed: 8503536]
POVLISHOCK JT, CHRISTMAN CW. The pathobiology of traumatically induced axonal injury in
animals and humans: a review of current thoughts. J Neurotrauma 1995;12:555–564. [PubMed:
8683606]
PRICE CJ, FRISTON KJ. Degeneracy and cognitive anatomy. Trends Cogn Sci 2002;6:416–421.
[PubMed: 12413574]

J Neurotrauma. Author manuscript; available in PMC 2007 August 10.

LEVINE et al.

Page 19

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

PRICE CJ, WARBURTON EA, MOORE CJ, FRACKOWIAK RS, FRISTON KJ. Dynamic diaschisis:
anatomically remote and context-sensitive human brain lesions. J Cogn Neurosci 2001;13:419–429.
[PubMed: 11388916]
PRIGATANO, GP. Neuropsychological Rehabilitation after Brain Injury. Johns Hopkins University
Press; Baltimore: 1986.
PRIGATANO GP, JOHNSON SC, GALE SD. Neuroimaging correlates of the Halstead Finger Tapping
Test several years post-traumatic brain injury. Brain Inj 2004;18:661–669. [PubMed: 15204327]
QUALITY STANDARDS SUBCOMMITTEE. Practice parameter: the management of concussion in
sports (summary statement). Neurology 1997;48:581–585. [PubMed: 9065530]Report of the Quality
Standards Subcommittee
RAO N, TURSKI PA, POLCYN RE, NICKELS RJ, MATTHEWS CG, FLYNN MM. 18F positron
emission computed tomography in closed head injury. Arch Phys Med Rehabil 1984;65:780–785.
[PubMed: 6334506]
RAZ N, LINDENBERGER U, RODRIGUE KM, et al. Regional brain changes in aging healthy adults:
general trends, individual differences and modifiers. Cereb Cortex 2005;15:1676–1689. [PubMed:
15703252]
RICKER JH, ZAFONTE RD. Functional neuroimaging and quantitative electroencephalography in adult
traumatic head injury: clinical applications and interpretive cautions. J Head Trauma Rehabil
2000;15:859–868. [PubMed: 10739971]
ROBERTSON IH, MANLY T, ANDRADE J, BADDELEY BT, YIEND J. “Oops!”: performance
correlates of everyday attentional failures in traumatic brain injured and normal subjects.
Neuropsychologia 1997;35:747–758. [PubMed: 9204482]
RUFF RM, CROUCH JA, TROSTER AI, et al. Selected cases of poor outcome following a minor brain
trauma: comparing neuropsychological and positron emission tomography assessment. Brain Inj
1994;8:297–308. [PubMed: 8081345]
RUTHERFORD WH, MERRETT JD, MCDONALD JR. Symptoms at one year following concussion
from minor head injuries. Injury 1978;10:225–230. [PubMed: 759371]
SAKAS DE, BULLOCK MR, PATTERSON J, HADLEY D, WYPER DJ, TEASDALE GM. Focal
cerebral hyperemia after focal head injury in humans: a benign phenomenon? J Neurosurg
1995;83:277–284. [PubMed: 7616274]
SCHEID R, PREUL C, GRUBER O, WIGGINS C, VON CRAMON DY. Diffuse axonal injury
associated with chronic traumatic brain injury: evidence from T2*-weighted gradient-echo imaging
at 3 T . AJNR Am J Neuroradiol 2003;24:1049–1056. [PubMed: 12812926]
SCHMITZ TW, ROWLEY HA, KAWAHARA TN, JOHNSON SC. Neural correlates of self-evaluative
accuracy after traumatic brain injury. Neuropsychologia 2006;44:762–773. [PubMed: 16154166]
SERRA-GRABULOSA JM, JUNQUE C, VERGER K, SALGADO-PINEDA P, MANERU C,
MERCADER JM. Cerebral correlates of declarative memory dysfunctions in early traumatic brain
injury. J Neurol Neurosurg Psychiatry 2005;76:129–131. [PubMed: 15608014]
SMITH, A. Symbol Digit Modalities Test. Western Psychological Services; Los Angeles: 1978.
SOEDA A, NAKASHIMA T, OKUMURA A, KUWATA K, SHINODA J, IWAMA T. Cognitive
impairment after traumatic brain injury: a functional magnetic resonance imaging study using the
Stroop task. Neuroradiology 2005;47:501–506. [PubMed: 15973537]
SPENCE SA, LIDDLE PF, STEFAN MD, et al. Functional anatomy of verbal fluency in people with
schizophrenia and those at genetic risk. Focal dysfunction and distributed disconnectivity
reappraised. Br J Psychiatry 2000;176:52–60. [PubMed: 10789327]
STUSS DT, GOW CA. “Frontal dysfunction” after traumatic brain injury. Neuropsychiatry
Neuropsychol Behav Neurol 1992;5:272–282.
TENJIN H, UEDA S, MIZUKAWA N, et al. Positron emission tomographic studies on cerebral
hemodynamics in patients with cerebral contusion. Neurosurgery 1990;26:971–979. [PubMed:
2114010]
THATCHER RW, CAMACHO M, SALAZAR A, LINDEN C, BIVER C, CLARKE L. Quantitative
MRI of the gray-white matter distribution in traumatic brain injury. J Neurotrauma 1997;14:1–14.
[PubMed: 9048306]

J Neurotrauma. Author manuscript; available in PMC 2007 August 10.

LEVINE et al.

Page 20

NIH-PA Author Manuscript
NIH-PA Author Manuscript

TISSERAND DJ, PRUESSNER JC, SANZ ARIGITA EJ, et al. Regional frontal cortical volumes
decrease differentially in aging: an MRI study to compare volumetric approaches and voxel-based
morphometry. Neuroimage 2002;17:657–669. [PubMed: 12377141]
TOMAIUOLO F, CARLESIMO GA, DI PAOLA M, et al. Gross morphology and morphometric sequelae
in the hippocampus, fornix, and corpus callosum of patients with severe non-missile traumatic brain
injury without macroscopically detectable lesions: a T1-weighted MRI study. J Neurol Neurosurg
Psychiatry 2004;75:1314–1322. [PubMed: 15314123]
TOMAIUOLO F, WORSLEY KJ, LERCH J, et al. Changes in white matter in long-term survivors of
severe non-missile traumatic brain injury: a computational analysis of magnetic resonance images.
J Neurotrauma 2005;22:76–82. [PubMed: 15665603]
VARNEY NR, MENEFEE L. Psychosocial and executive deficits following closed head injury:
Implications for the orbital frontal cortex. J Head Trauma Rehabil 1993;8:32–44.
VERGER K, JUNQUE C, LEVIN HS, et al. Correlation of atrophy measures on MRI with
neuropsychological sequelae in children and adolescents with traumatic brain injury. Brain Inj
2001;15:211–221. [PubMed: 11260770]
WEILLER C, ISENSEE C, RIJNTJES M, et al. Recovery from Wernicke’s aphasia: a positron emission
tomographic study. Ann Neurol 1995;37:723–732. [PubMed: 7778845]
WILDE EA, HUNTER JV, NEWSOME MR, et al. Frontal and temporal morphometric findings on MRI
in children after moderate to severe traumatic brain injury. J Neurotrauma 2005;22:333–344.
[PubMed: 15785229]
WILSON JT, WIEDMANN KD, HADLEY DM, CONDON B, TEASDALE G, BROOKS DN. Early
and late magnetic resonance imaging and neuropsychological outcome after head injury. J Neurol
Neurosurg Psychiatry 1988;51:391–396. [PubMed: 3361330]
WOODARD JL, GRAFTON ST, VOTAW JR, GREEN RC, DOBRASKI ME, HOFFMAN JM.
Compensatory recruitment of neural resources during overt rehearsal of word lists in Alzheimer’s
disease. Neuropsychology 1998;12:491–504. [PubMed: 9805319]
YAMAKI T, IMAHORI Y, OHMORI Y, et al. Cerebral hemodynamics and metabolism of severe diffuse
brain injury measured by PET. J Nucl Med 1996;37:1166–1170. [PubMed: 8965189]
YOUNT R, RASCHKE KA, BIRU M, et al. Traumatic brain injury and atrophy of the cingulate gyrus.
J Neuropsychiatry Clin Neurosci 2002;14:416–423. [PubMed: 12426409]
ZARAHN E, AGUIRRE GK, D’ESPOSITO M. Temporal isolation of the neural correlates of spatial
mnemonic processing with fMRI. Brain Res Cogn Brain Res 1999;7:255–268. [PubMed: 9838152]

NIH-PA Author Manuscript
J Neurotrauma. Author manuscript; available in PMC 2007 August 10.

LEVINE et al.

Page 21

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

FIG 1.

(A) T1-weighted image. (B) T1-weighted image with skull removed and tissue classified as
gray, white, ventricular cerebrospinal fluid (CSF), or sulcal CSF. (C) Regional mask applied
to averaged reference image. (D) Regional mask fit to registered to an individual subject’s
image
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