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A

Background: Magnetic resonance imaging (MRI) studies have shown diffuse cerebral atrophy following
traumatic brain injury. In the past, quantitative volumetric analysis of these changes was carried out by
manually tracing specific regions of interest. In contrast, voxel based morphometry (VBM) is a fully
automated technique that allows examination of the whole brain on a voxel by voxel basis.
Objective: To use VBM to evaluate changes in grey matter concentration following traumatic brain injury.
Methods: Nine patients with a history of traumatic brain injury (ranging from mild to severe) about one
year previously were compared with nine age and sex matched healthy volunteers. T1 weighted three
dimensional MRI images were acquired and then analysed with statistical parametric mapping software
(SPM2). The patients with traumatic brain injury also completed cognitive testing to determine whether
regional grey matter concentration correlated with a measure of attention and initial injury severity.
Results: Compared with controls, the brain injured patients had decreased grey matter concentration in
multiple brain regions including frontal and temporal cortices, cingulate gyrus, subcortical grey matter,
and the cerebellum. Decreased grey matter concentration correlated with lower scores on tests of attention
and lower Glasgow coma scale scores.
Conclusions: Using VBM, regions of decreased grey matter concentration were observed in subjects with
traumatic brain injury compared with well matched controls. In the brain injured patients, there was a
relation between grey matter concentration and attentional ability.

pproximately one million persons suffer a traumatic
brain injury in the USA each year, with an estimated
prevalence of 2.5 to 6.5 million.1 The mechanisms of
neural injury2 as well as other factors associated with
recovery of function have been well described.3 One of the
most frequent complaints following traumatic brain injury is
poor attention.1 4
Quantitative neuroimaging techniques, initially using
computed tomography (CT) and then later using various
magnetic resonance imaging (MRI) protocols, have produced
evidence of both diffuse and focal changes in traumatic brain
injury.5 Furthermore, markers of compromised cerebral
integrity have been linked to neuropsychological and functional outcome.6–11 These quantitative techniques typically
involved tracing regions of interest (ROI) identified by visual
inspection. Thus, readily identifiable neuroanatomical structures such as the corpus callosum and hippocampus regions
were defined a priori and then measured for change over
time.11–15 However, regions that were less amenable to this
technique received less consideration.
Voxel based morphometry (VBM) is an automated
procedure carried out on MRI data acquired at high
resolution in a three dimensional (whole brain) format,
typically T1 spoiled gradient echo (SPGR). VBM is done using
statistical parametric mapping (SPM) and has been described
in great detail elsewhere.16 Briefly, the images are normalised
to stereotactic space, segmented into tissue type (grey matter,
white matter, or cerebrospinal fluid) based on voxel intensity,
and then smoothed. Statistical analyses can then be done to
determine regional differences in grey matter concentration
between groups. These analyses are based on the probability
that any given voxel represents grey matter. Statistical
parametric maps are then created using the general linear
model (see also Good et al17). VBM has been used in previous
studies in a variety of populations including healthy
participants, patients with various forms of dementia, and
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schizophrenic patients to identify regions of cerebral
abnormality as well as to determine how these regions
correlate with neuropsychological function.18–25
Our aim in this study was to identify regional differences in
grey matter concentration between patients with a history of
traumatic brain injury and controls. In addition, measures of
attention and injury severity were correlated with grey matter
concentration in brain injured patients to characterise the
relation between cognitive function and regional grey matter
concentration.

METHODS
Subjects
All subjects gave written informed consent in accordance
with St Joseph’s Hospital institutional review board.
Nine right handed patients with a history of traumatic
brain injury (eight male, one female; mean (SD) age, 29.1
(7.8) years) were recruited as inpatients at St Joseph’s
Hospital and Medical Center in Phoenix, Arizona, as part of a
larger study on recovery from brain injury. Exclusion criteria
included a history of penetrating head injury or open skull
fracture, previous neurosurgery, significant neurological
disease unassociated with the injury, mental retardation,
less than 10 years of formal education, severe psychiatric
disease, and a history of alcohol or substance abuse within
last six months. A medical history was collected, which
including the post-resuscitation Glasgow coma scale (GCS)
score at the time of admission to the hospital. GCS scores
ranged from 5 to 15 (mean (SD), 9.1 (3.4); median 8.0). The
patients returned approximately one year after their injury
(mean 10.6 (2.4) months; median 11.0 months) for
neurological,
neuropsychological,
and
neuroimaging
Abbreviations: CPT-II, Conners continuous performance test, second
edition; GCS, Glasgow coma scale; MNI, Montreal Neurological
Institute; ROI, region of interest; SPGR, spoiled gradient echo; SPM,
statistical parametric mapping; VBM, voxel based morphometry
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Age
(years)

GCS

Initial CT findings

19
41
38
23
22
26
36
31
26

12
8
15
7
9
7
6
5
13

Right temporal haemorrhagic contusion
Bilateral tentorial SDH, left.right
Left temporal epidural haematoma
Right frontal hemorrhagic contusion
Left frontal SAH, right tentorial SDH
Bilateral temporal and right frontal contusions
Right SAH, uncal herniation
Epidural haematoma over right frontal lobe
Left frontal SDH, bilateral frontal cortical contusion

CT, computed tomography; GCS, Glasgow coma scale; SAH,
subarachnoid haematoma; SDH, subdural haematoma.

examinations. Demographic variables of the traumatic brain
injury patients including initial CT findings are presented in
table 1.
Nine healthy right handed normal subjects were selected to
create a control group with demographics closely matching
the brain injured group. The controls were recruited from
another study at our institution and consisted of eight men
and one woman with a mean (SD) age of 28.8 (8.4) years.
The controls were scanned on the same scanner with the
same MRI protocols as the brain injured patients but did not
undergo neuropsychological examination.
MRI method
Images were obtained on a 1.5 T GE Signa scanner
(Milwaukee, Wisconsin, USA). High resolution T1 weighted
images were acquired in the coronal plane with an SPGR
gradient echo pulse sequence. Imaging parameters were: TR
(time of repetition) = 24; TE (time of echo) = 6; flip

angle = 40; NEX (number of excitations) = 1; slice thickness = 1.5 mm; 0 gap between slices; field of view = 24 cm;
in plane resolution = 0.9375 mm2 voxels.
Image analysis
The optimised VBM procedure was carried out according to
the protocol of Good et al.17 Acquired images were processed
and analysed with the statistical parametric mapping software SPM2 (Wellcome Department of Cognitive Neurology,
London, UK). Segmented grey matter images were spatially
smoothed with a 12 mm full width at half maximum
isotropic Gaussian kernel. The smoothed grey matter images
were normalised to a global mean pixel value of 100.
Statistical analysis
SPM results comparing group differences in grey matter
concentration were thresholded to a probability of p = 0.005
(uncorrected) with the extent threshold set at 250 voxels
(0.25 cm3) and local maxima more than 8.0 mm apart. SPM
results correlating grey matter concentration with cognitive
performance and injury severity were thresholded to p(0.01
(uncorrected) because of the exploratory nature of this study
and the small sample size. Only clusters of at least 250 voxels
were included in the analysis. Local maxima more than
8.0 mm apart are reported, including cluster size and T value
for each cluster. Locations for statistical findings are reported
in the standard coordinate space (X,Y,Z) developed by the
International Consortium for Brain Mapping, commonly
referred to as the MNI (Montreal Neurological Institute)
atlas. The correlation between GCS and grey matter
concentration was determined using the Spearman rank
correlation coefficient (rs).
Neuropsychological measures
The second edition of Conners’ continuous performance test
(CPT-II)26 was used to measure attention. This task requires
the subject to respond, by button pressing, to all stimuli (that
is, letters) except a specified target item (the letter ‘‘x’’). The
variable of interest was d prime (d9), a measure of
attentiveness based on the ability to discriminate target from
non-target items.26 Results from the CPT-II are reported as T
scores which have a mean of 50 and standard deviation of 10.
On the CPT-II, higher T scores represent greater impairment.
However, because T scores in clinical neuropsychology are
usually reported with lower scores representing greater
cognitive impairment, the T scores from the CPT-II were
linearly transformed to conform to this practice. The CPT-II
was administered on the day the MRI was obtained.
This study used a general measure of injury severity, the
Glasgow coma scale (GCS),27 obtained at the time of initial
hospital admission. While this measure has been shown to be
affected by a variety of factors, it has been associated with
functional outcome,28 quantitative volumetric analyses,6 and
cognitive performance11 following traumatic brain injury.

RESULTS

Figure 1 Regions of decreased grey matter concentration (p,0.005) in
the traumatic brain injury group compared with the normal controls
superimposed on a normal brain template. Images are in neurological
orientation (right on right). Panel A shows a large cluster of contiguous
voxels in the right mesial temporal region including the
parahippocampal gyrus and extending into the right cerebral peduncle.
Panel B demonstrates how this cluster extends upwards into the right and
left thalamus and caudate.

Group comparison
Group comparisons between the brain injured and control
subjects showed diffuse regional decreases in grey matter
concentration in the brain injury group. Specifically, decreased
grey matter concentration was found in bilateral frontal,
temporal, and parietal lobes as well as in the cerebellum.
Decreased grey matter concentration was generally more
predominant in the right hemisphere. A large cluster of
decreased grey matter concentration encompassing the right
mesial temporal region including the parahippocampal gyrus
and extending into the right cerebral peduncle is depicted in
panel A of fig 1. The cluster extends upwards into the right and
left thalamus and caudate nucleus (panel B). A listing of
anatomical regions, MNI atlas coordinates (X,Y,Z), cluster sizes,
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Table 1 Summary of demographic characteristics of the
subject groups
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Anatomical region

X, Y, Z*

Cluster

T

Right frontal
Right temporal
Right temporal/parahippocampal/hippocampus/
cerebral peduncle/thalamus/caudate
Right cerebellum
Right cingulate
Right posterior cingulate/left parietal precuneus
Left frontal
Right frontal
Left cerebellum
Left frontal
Right anterior cingulate
Right insula
Right temporal
Right parietal
Left cerebellum
Right cerebellum

30, 25, 64
57, 219, 222

634
1051

5.08
4.97

14, 28, 215
18, 290, 223
7, 2, 40
0, 250, 24
248, 9, 26
39, 19, 41
214, 242, 211
230, 17, 215
4, 14, 27
43, 0, 5
56, 29, 9
1, 239, 59
21, 276, 243
51, 251, 227

9324
1509
8106
5443
359
396
1753
873
2097
2015
325
539
617
316

4.86
4.65
4.50
4.32
4.26
4.26
4.24
4.15
4.12
4.03
3.88
3.87
3.87
3.35

*Coordinates at the peak voxel in each cluster based on the Montreal Neurological Institute atlas.
p(0.001.

and T values is provided in table 2. SPM2 results showing areas
of decreased grey matter concentration in the brain injured
group compared with the normal controls are superimposed on
a normal brain template in fig 1.
Neuropsychological measures and grey matter
concentration in brain injured patients
We undertook an analysis of the relation between grey matter
concentration and attention among the brain injured
patients. Performance on the CPT-II was positively correlated

with grey matter concentration. Specifically, decreased
performance was associated with decreased grey matter
concentration in several right hemisphere regions—mainly
frontal, temporal, and parietal—as shown in fig 2, panel A. In
addition, poorer performance on the CPT-II also correlated
with decreased grey matter concentration in the left cingulate
and frontal lobe (panel B). The results are summarised in
more detail in table 3. The clusters of contiguous voxels are
reported in order of decreasing statistical significance.
Glasgow coma scale score correlated with multiple regions
and a particularly large cluster had the most significant
maxima in the left insular cortex (MNI coordinates 237, 3, 7)
but also included bilateral caudate, putamen, and thalamus.
In addition, right parietal and occipital and left frontal,
temporal, and occipital regions of decreased grey matter
concentration were found and are reported in table 3. Results
from simple regression analyses between grey matter concentration and GCS superimposed on a normal brain
template are presented in fig 3. Figure 4 shows the relation
between grey matter concentration from the cluster with a
peak value at MNI coordinates 237, 3, 7 and the score on the
GCS on hospital admission in the brain injured patients. The
Spearman rank-correlation coefficient (rs) depicted in this
figure is 0.803 (p = 0.009).

DISCUSSION

Figure 2 Simple regression (positive) of CPT-II d9 and grey matter
concentration in patients with traumatic brain injury superimposed on a
normal brain template. Images are in neurological orientation (right on
right). Panel A shows several right hemisphere regions, mainly frontal
and parietal. Panel B illustrates an association between performance on
the CPT-II and grey matter concentration in the left cingulate and frontal
lobe.
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This study showed that diffuse changes in cerebral grey matter
can be observed following traumatic brain injury. These changes
were found postacutely, approximately one year after the injury.
The significant decrease in grey matter concentration in the
brain injured patients compared with age and sex matched
controls was consistent with previous quantitative neuroimaging studies demonstrating postinjury changes. Both the
current study and others show that changes in cerebral integrity
related to traumatic brain injury occur in a variety of neuroanatomical regions including the frontal and temporal lobes,
the limbic system, and the subcortical regions.5 Furthermore,
this study emphasises that common areas of residual injury
across individual patients can be observed despite differences in
injury severity and acute neuroimaging findings.
Previous studies have suggested that white matter structures are more likely to be affected following traumatic brain
injury than grey matter structures.5 11 29 30 However, diffuse
cerebral atrophy is also a common finding after traumatic
brain injury in the postacute phase, suggesting that grey and
white matter changes are not mutually exclusive.5 6 11 For
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Table 2 Regions of significant atrophy in nine patients with traumatic brain injury
compared with nine healthy controls

Voxel based morphometry in traumatic brain injury

987

Neuropsychological test

Anatomical structure

X, Y, Z*

Cluster

T

CPT-II d9

Right frontal
Left anterior cingulate
Right parietal
Left frontal
Right frontal
Right frontal
Right temporal
Right temporal
Right parietal
Left frontal
Right frontal
Right frontal
Right parietal
Left temporal
Left insula, bilateral caudate,
putamen, thalamus
Left frontal
Right occipital
Left frontal
Right occipital/temporal/
left occipital
Left frontal
Right insula
Left posterior cingulate

17, 37, 25
213, 31, 19
48, 248, 41
232, 16, 46
7, 218, 70
51, 26, 21
51, 16, 212
47, 261, 13
16, 250, 35
239, 26, 25
14, 50, 0
49, 1, 43
1, 254, 54
262, 212, 0
237, 3, 7

393
771
1038
366
10797
486
3013
872
329
261
449
766
1763
1073
13676

22.57
10.01
9.11
8.26
7.59
6.63
6.57
6.40
5.88
5.66
5.25
5.17
9.01
8.07
7.02

242, 21, 53
8, 299, 14
239, 34, 3

2521
4882
297

6.97
6.51
5.71

16482
502
711
434

5.54
5.27
5.09
5.04

GCS

42, 268, 6
221, 19, 61
39, 1, 21
210, 222, 45

*Coordinates at the peak voxel in each cluster based on the Montreal Neurological Institute atlas.
p(0.001.
CPT-II, continuous performance test, second edition; GCS, Glasgow coma scale.

whole brain analysis. Furthermore, it has been suggested that
longitudinal investigations of cerebral changes are time
dependent.5 6 Thus changes specific to either grey or white
matter may also be time related, requiring a longitudinal
analysis of brain changes. Whole brain analyses including
both grey and white matter over time are currently under
way in our laboratory.
It has been suggested that loss of consciousness and coma
may represent a disconnection between cortical centres as
well as between cortical and subcortical regions.31 Deep
lesions (for example, in the thalamus and midbrain) have
been associated with lower GCS scores32 as well as worse
functional outcomes.33 34 Consistent with those studies, we
found decreased grey matter concentration in various
subcortical regions including the caudate, putamen, thalamus, and even the cerebellum. Similarly, decreased grey
matter concentration in cortical regions functionally connected to these subcortical regions was also shown. Figure 4
illustrates the relation between grey matter concentration
from a large cluster with a peak value at MNI coordinates
237, 3, 7 and the score on the Glasgow coma scale on
hospital admission in the patients with traumatic brain
injury. The strong correlation depicted in this figure suggests

Grey matter concentration
cluster at - 37, 3, 7

example, Anderson and Bigler29 analysed day of injury and
postacute neuroimaging in a group of patients with traumatic
brain injury and found that dilatation of the anterior horns of
the lateral ventricles was associated with a decrease in the
corpus callosum, although the volume of the caudate nucleus
remained unchanged. However, the analysis was restricted to
the region of the caudate and nearby structures, so these
findings may not generalise to other regions. That study also
used measurements based on a single axial slice rather than a

Figure 3 Simple regression (positive) of admission Glasgow coma
scale score and grey matter concentration in patients with traumatic
brain injury superimposed on a normal brain template. Images are in
neurological orientation (right on right). This large cluster of subcortical
voxels includes the left insular cortex and bilateral caudate, putamen,
and thalamus.

165
160
155
150
145
140
135
130
125
120

rs = 0.803, p = 0.009
3

5

7

9

11

13

15

Glasgow coma score
Figure 4 Spearman rank correlation between admission Glasgow
coma scale score and grey matter concentration voxel cluster at
Montreal Neurological Institute coordinates 237, 3, 7 (see fig 3).
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Table 3 Regions of grey matter concentration correlated (positive regression) with
attention and initial injury severity in traumatic brain injury patients
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that greater injury severity was associated with a greater
decrease in grey matter concentration. However, this finding
must be interpreted with caution as it is possible that it could
be an artefact of the small sample size.
A strong correlation between grey matter concentration
and attention (CPT-II) was also observed in the frontal and
temporal regions in the brain injured patients. Impairment of
attention following traumatic brain injury has repeatedly
been demonstrated (for a review, see Cossa and Fabiani35).
Previous studies using the CPT have reported impairment in
sustained attention among patients with right frontal
lesions,36 reduced metabolism in medial and inferior frontal
cortex on PET scans in patients with schizophrenia,37 and
correlations between the CPT and decreased grey matter
concentration in the thalamus, temporal lobe, and frontal
lobe in patients with schizophrenia.19 McAllister et al38 studied
patients with mild traumatic brain injury at one month after
their injury by functional magnetic resonance imaging
(fMRI), using a working memory task, and found that when
the attentional demand was low the brain injured patients
activated in a similar pattern to that of the controls in the
bilateral posterior parietal and dorsolateral prefrontal cortex.
However, when the working memory load increased, the
brain injured patients showed greater activation in the right
dorsolateral prefrontal cortex and posterior parietal regions
than the controls. This pattern is consistent with the theory
that the right hemisphere may play a preferential role in
attentional processes.39 In our study, decreased attention was
also correlated preferentially with decreased grey matter
concentration in the right hemisphere, providing further
support for the view that the integrity of the right hemisphere
is critical in attentional control.
Owing to the exploratory and descriptive nature of this study,
our statistical analysis was not stringent; nevertheless, our
findings were generally consistent with findings from previous
neuroimaging and neuropsychological studies in patients with
traumatic brain injury.5 6 11 32 34 35 Our study shows that within a
small sample of patients with traumatic brain injury it is
possible to detect common regions that are vulnerable to
trauma. However, this preliminary investigation is limited in its
generalisability because of the small sample size. Further
studies with larger numbers and collaborating ROI analyses
are needed to clarify the course of grey matter changes after
traumatic brain injury. To this end, VBM may be a promising
tool in assessing the cerebral changes that influence recovery, as
well as in generating hypotheses for future outcomes research,
because it allows whole brain, voxel by voxel, analysis of grey
matter concentration in a non-biased fashion.
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