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Abstract
Alterations in cerebrovascular function are evident acutely in moderate to severe traumatic brain
injury (TBI), although less is known about their chronic effects. Adolescent and adult patients
with moderate to severe TBI have been reported to demonstrate diffuse activation throughout the
brain during functional magnetic resonance imaging (fMRI). Because fMRI is a measure related to
blood flow, it is possible that any deficits in blood flow may alter activation. An arterial spin
labeling (ASL) perfusion sequence was performed on seven adolescents with chronic moderate to
severe TBI and seven typically developing (TD) adolescents during the same session in which
they had performed a social cognition task during fMRI. In the TD group, prefrontal CBF was
positively related to prefrontal activation and negatively related to non-prefrontal, posterior, brain
activation. This relationship was not seen in the TBI group, who demonstrated a greater
relationship between prefrontal CBF and non-prefrontal activation than the TD group. An analysis
of CBF data independent of fMRI showed reduced CBF in the right non-prefrontal region (p<.
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055) in the TBI group. To understand any role reduced CBF may play in diffuse, extra-activation,
we then related the right non-prefrontal CBF to activation. CBF in the right non-prefrontal region
in the TD group was positively associated with prefrontal activation, suggesting an interactive role
of non-prefrontal and prefrontal blood flow throughout the right hemisphere in healthy brains.
However, the TBI group demonstrated a positive association with activation constrained to the
right non-prefrontal region. These data suggest a relationship between impaired non-prefrontal
CBF and the presence of non-prefrontal extra-activation, where the region with more limited blood
flow is associated with activation limited to that region. In a secondary analysis, pathology
associated with hyperintensities on T2-weighted FLAIR imaging over the whole brain was related
to whole brain activation, revealing a negative relationship between lesion volume and frontal
activation, and a positive relationship between lesion volume and posterior activation. These
preliminary data, albeit collected with small sample sizes, suggest that reduced non-prefrontal
CBF, and possibly pathological tissue associated with T2-hyperintensities, may provide
contributions to the diffuse, primarily posterior extra-activation observed in adolescents following
moderate to severe TBI.
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1. INTRODUCTION
In addition to gray and white matter damage, acute moderate to severe traumatic brain injury
(TBI) impairs cerebrovascular function (Maxwell et al., 1988; Rodriguez-Baeza et al.,
2003). In children, increase in cerebral blood flow (CBF), i.e., hyperemia, has long been
thought to occur acutely (Bruce et al., 1981), although more recently fewer cases with
hyperemia and more cases with hypoperfusion have been observed when using comparison
groups similar in age and gender (Adelson et al., 1997; Vavilala et al., 2004; Zwienenberg &
Muizelaar, 1999). Other cerebrovascular changes that have been found acutely after
moderate to severe pediatric TBI include impaired cerebral autoregulation, i.e., impaired
ability to maintain constant CBF despite alteration in blood pressure, and hypotension,
which can affect outcome (Chaiwat et al., 2009 ; Vavilala et al., 2004; Vavilala et al., 2006).
However, little is known about how alterations in CBF after TBI may present chronically or
whether they have implications for other brain functions during development (Giza et al.,
2007; Udomphorn et al., 2008). In a study of 8 to 12-year old children three years following
severe TBI, Chiu Wong et al. (2006) reported hypoperfusion in the cerebellum and, contrary
to expectation, hyperperfusion in several cortical and subcortical areas, including the frontal
lobes, suggested to be potentially the result of increased recruitment of uninjured regions,
disrupted inhibitory mechanisms, or developmental delay.

In blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI),
an increase in local CBF, blood volume, and oxygen extraction, i.e., hemodynamic response
(HDR), is measured to infer neural activity during the performance of a task (Ogawa et al.,
1992). This neurovascular coupling may be altered after TBI as a result of increased
astrocytic growth, i.e., gliosis (D’Esposito et al., 2003), as astrocytes mediate neuronal firing
and blood flow (D’Esposito et al., 2003; Schummers et al., 2008). Adolescents and adults
with moderate to severe TBI often exhibit increased HDR in more regions of the brain
compared to control subjects during fMRI (Christodoulou et al., 2001; Newsome et al.,
2010; Scheibel et al., 2007; Turner & Levine, 2008). Because HDR during the performance
of a task is associated with local CBF, it is possible that alterations in fMRI may be related
to different patterns of CBF in TBI and control groups. However, results in adult TBI
patients are unclear, and to the authors’ knowledge, there is no information on the relation of
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CBF to activation in the developing brain. Although reduced CBF has been reported in three
adults with severe TBI (Hillary & Biswal, 2007), Palmer et al. (2010) reported intact HDR
and extra-activation in primary visual cortex in adult patients with severe TBI despite the
presence of impaired white matter integrity. Thus, CBF at rest in adolescents with chronic
moderate to severe TBI may provide useful information regarding the nature of the
increased activation often observed during cognitive and other fMRI tasks.

Many forms of cognition are altered after moderate to severe TBI in children, adolescents,
and adults, including those required for social interaction. Following TBI, disrupted
cognitive processes can include executive function, memory, and attention, which have been
linked to injury severity (Anderson et al., 2005; Anderson, et al. 1998; Yeates et al., 2005).
Each of these processes contribute to social cognition (Beer & Ochsner, 2006), the encoding
and decoding of information about the self and others, with Muscara et al. (2008) and Yeates
et al. (2004) specifically linking executive function deficits to impaired social problem-
solving in children with chronic TBI. Impaired social information processing or social
problem-solving skills are common sequelae (Levin & Eisenberg, 1991; Turkstra et al.,
1996; Turkstra et al., 2001) and have been linked to reduced social competence, including
heightened aggression, and diminished abilities to generate alternate solutions to problems
in social situations and to incorporate age-appropriate resolutions (Ganesalingam et al.,
2007; Janusz et al., 2002; Walz, et al. 2009; Warschausky et al. 1997). Patients with TBI can
have diminished self awareness (Henry et al., 2006) and experience difficulty understanding
the intentions and taking the perspectives of others (Dennis & Barnes, 1990; Milders et al.,
2008; Muller et al., 2010; Yeates et al., 2007). Effects of TBI on social cognition are long-
lasting; Janusz et al. (2002) reported diminished social reasoning an average of four years
after TBI in children. Bibby & McDonald (2005) reported impairments in inferring mental
the mental states of others in adult severe TBI patients an average of seven years after
injury.

In an fMRI study that manipulated self-awareness and perspective-taking to investigate the
ability to evaluate characteristics of one’s self from another person’s perspective,
adolescents with moderate to severe TBI, who had lower scores in measures of subtle
cognitive-communication (Functional Assessment of Verbal Reasoning and Executive
Strategies (FAVRES); MacDonald & Johnson, 2005) and social dilemma-solving (Virtual
Reality Social Problem-Solving Task (VR-SPS; Hanten et al., 2011) relative to typically
developing (TD) control adolescents, had greater activation in posterior brain regions
(posterior cingulate, lingual gyrus, parahippocampal gyrus, cuneus, and thalamus), primarily
within the left hemisphere, than the TD adolescents (Newsome et al., 2010). In healthy
adults the task has produced activation in medial prefrontal cortex (MPFC) (D’Argembeau
et al., 2007), while bilateral and right-sided posterior brain regions such as the posterior
cingulate and precuneus are also implicated in thinking about others and perspective taking
in healthy children and adults (D’Argembeau et al., 2007; Pfeifer et al. 2007). Thus, the
extra-activation occurred in posterior brain regions known to be involved in social cognition
and in other regions of the brain not previously reported to be involved in social cognition.

To investigate the potential causes of this increased brain activation during a social
cognition task, we measured CBF at rest during the same scanner session and related it to
the task activation. In this preliminary study, CBF was measured in right and left prefrontal
and remaining (non-prefrontal) regions of the brain to investigate 1) whether adolescents
had CBF decrements several years after a moderate to severe TBI, and 2) whether CBF at
rest related to activation during the fMRI task. Because of the high proportion of children
and adults with frontal lesions after moderate to severe TBI (Graham et al. 2002; Levin et
al., 1997), we studied the relation of prefrontal CBF to brain activation. As a secondary goal,
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to investigate extra-activation in relation to brain lesions, the volume of lesions containing
gliosis with or without associated pathology was regressed onto brain activation.

2. METHODS
2.1 Participants

Resting CBF data were available from seven TBI (4 females; mean age = 16.3 years, SD =
2.5; range 12.8 – 19.1) and seven TD adolescents (4 females; mean age = 16.7 years, SD =
2.0; range 13.9 – 19.3) from the Newsome et al. (2010) study (Table 1). The TBI subjects
had sustained moderate to severe TBI as defined by a post-resuscitation score of 3–12 on the
Glasgow Coma Scale (GCS) (Teasdale & Jennett, 1974), or a higher score associated with
brain pathology on computed tomography. Additionally, all TBI subjects evidenced focal
pathology in the frontal lobes on imaging, with temporal pathology in five of the seven
subjects as detailed in Table 1. The TBI group was 2.4 years post-injury and did not differ
from the TD subjects in age, gender, ethnicity, or mother’s education (all p’s > .20). All
subjects were right-handed (Oldfield, 1971). The TBI group scored lower than the TD group
on a measure of subtle cognitive communication, the Functional Assessment of Verbal
Reasoning and Executive Strategies (FAVRES, MacDonald & Johnson, 2005), Z=2.19, p<.
03), and on a measure of social problem-solving (the Virtual Reality Problem-Solving Task
(VR-SPS, Hanten et al., 2011), Z=2.27, p<.03). Wechsler Abbreviated Scale of Intelligence
(WASI; Wechsler, 1999) verbal knowledge (i.e., vocabulary subtest) was also lower in the
TBI, group, Z= −2.36, p < .02, but not visuospatial knowledge (i.e., block design subtest), p
> .28.

2.2 fMRI Task
The fMRI paradigm is described in Newsome et al., (2010) and was a 2×2 (Perspective x
Target) design that manipulated whether subjects took their own perspective or that of a
well-known other (self vs. other) to evaluate a personality trait in either themselves or the
other person (self vs. other) (D’Argembeau et al., 2007). Four conditions (self-self, self-
other, other-self, and other-other) were presented. Prior to scan, subjects were asked to
provide the name of a person whom they knew well and who knew them well, and that
person’s name was incorporated into the stimuli. Across the top of a computer screen, the
participant viewed one of four incomplete statements from one of the conditions,
respectively: “You think you are…”, “You think (Veronica) is…”, “(Veronica) thinks you
are…”, and “(Veronica) thinks she is…” After 3 s, adjectives, e.g., “happy”, “interesting”,
“lazy” were presented below each statement for 4.5 s, during which time the participant
pressed a right response button if the adjective described the target some or all of the time,
or a left response button if the adjective did not describe the target or did so to a limited
degree. Each block presented 5 trials in 22.5 s, and was followed by an interblock interval in
which a fixation cross was presented for 9 to 15 s. After all 4 block conditions were
presented, they were repeated during each run for a total of 8 blocks, or 40 trials, per run.
The duration of each run was 5 minutes and 3 seconds. There were 4 runs with 1 minute of
rest between runs. Order of conditions was counterbalanced between runs and between
subjects. Forty adjectives were selected from age of acquisition and familiarity normative
data (Wilson, 1988) to be on a third to fourth grade reading level and to be high in
familiarity, with a mean familiarity rating of 552 (normative data mean = 488, range 100–
700). E-Prime (www.pstnet.com/eprime) was used to present stimuli and collect responses.
Participants were familiarized with the adjectives and task requirements immediately prior
to the scan.
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2.3 Image Data Acquisition
Imaging data were acquired with 3.0 T Philips Achieva scanners with multi-channel SENSE
headcoils using the same parameters and software releases at Texas Children’s Hospital in
Houston, Texas and the Advanced Imaging Center at University of Texas, Southwestern, in
Dallas, Texas. Similar ranges of values for Weisskoff stability measurements (Weisskoff,
1996) (minimum 1/SNR index, peak-to-peak and RMS stability) taken on the day of scan
indicated stability of both scanners over time. Additionally, we examined whether there
appeared to be any systematic site differences in either the TBI or TD groups, and none were
detected.

Arterial spin tag labeling (ASL) with the Transfer Insensitive Labeling Technique (TILT;
Golay et al,. 1999) was used with a single-shot echoplanar imaging (EPI) sequence to
acquire 13 axial slices starting at the most inferior boundary of the thalamus and continuing
superiorly (thickness = 5.0 mm thick, 1.0 mm gap; FOV = 220 mm × 220 mm; acquisition
matrix = 64 × 64; reconstruction matrix = 256 × 256; TR = 3000 ms; TE = 8.49 ms; flip
angle 90 degrees; SENSE factor 2.0; TD (label delay time) = 1500 ms; label thickness = 120
mm; label offset = −117 mm; 50 pairs of control and label images; 5.25 minutes duration).
The TILT sequence is a pulsed ASL technique and minimizes artifacts from venous inflow
and magnetization transfer (Golay et al., 1999).

Blood oxygen level dependent (BOLD) T2* weighted single-shot gradient-echo echoplanar
images (EPI) were acquired in 32 axial slices (thickness = 3.75 mm, 1.0 mm gap; FOV =
240 mm × 240 mm; matrix = 64 × 64; TR = 1700 ms; TE = 30 ms; flip angle 73 degrees;
SENSE factor 2.0), which were followed by high- resolution T1-weighted 3D-Turbo Field
Echo (TFE) anatomical images (132 axial slices of 1.0 mm thickness (no gap); FOV = 240
mm × 240 mm; matrix = 256 × 256; TR = 9.9 ms; TE = 4.6 ms; 8.0 degree flip angle, and
SENSE factor 1.2).

Additional sequences were acquired to review pathology (T2-weighted gradient echo
imaging, T2- weighted FLAIR, and T2-weighted GRASE), with the T2-weighted FLAIR
primarily used for detection of gliosis, which was defined as a persistent hyperintensity on
T2 FLAIR in the absence of blooming, i.e., evidence of hemorrhage, on T2-weighted
gradient echo imaging. Lesion volume and nature of the pathology on imaging was
determined by a boardcertified neuroradiologist (JVH).

2.4 ASL Image Processing and Analysis
ASL images were processed with in-house scripts written in Interactive Data Language
(IDL, ITT Visual Information Solutions, Boulder, CO). The raw images were realigned
using Statistical Parameter Mapping (SPM, University College London, UK). The control
and labeled images were averaged across the 50 time points, respectively, to improve the
signal-to-noise ratio. Image subtraction was performed for the mean control and labeled
images. The quantification of CBF value (in milliliters of blood per 100 grams tissue per
minute) from the ASL difference signal was based on a kinetic model (Buxton, et al. 1998;
Donahue, et al. 2006):

(1)

Where
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 and .

M0 is the equilibrium magnetization of the tissue and was measured from the control signal
in thalamus after accounting for saturation recovery during the delay time. The other
parameter values in the model were based on imaging parameters and literature reports at
the field of 3T: TI <τd ; λ = 0.9(ml blood)/(g tissue) (Donahue et al., 2006); τa = 0.45 s
(Hendrikse et al., 2003) TI = 1.5 s; T1a = 1.627 s (Lu et al., 2004); T1 = 1.122s (Lu et al.,
2005). A perfusion value represents mean CBF of each individual region (left and right
prefrontal, left and right non-prefrontal).

Boundaries between the prefrontal and non-prefrontal regions were drawn on each slice for
each subject. On each slice, four regions were drawn: in the axial plane, the posterior
boundary of the right and left prefrontal region was placed just anterior to the genu of the
corpus callosum; parenchyma posterior to that boundary was designated as non-prefrontal.
The prefrontal and non-prefrontal regions were also divided into right and left sides, using
the interhemispheric fissure as the boundary. Regions included both gray and white matter.
Consistency in the placement of the boundary between pre-frontal and non-frontal
boundaries from slice to slice was verified through comparison with other slices when the
genu of the corpus callosum was not visible. Thirteen axial slices starting at the most
inferior boundary of the thalamus and continuing superiorly were used. As image
realignment tends to result in partial slice coverage in the top and bottom slices, those slices
were omitted from analyses.

2.5 fMRI Image Processing and Analysis
Preprocessing of the fMRI data was performed in Statistical Parametric Mapping software
(Friston et al., 1995; SPM2, Wellcome Department of Cognitive Neurology, London, UK)
with the MarsBaR toolbox (Brett et al., 2002) implemented in Matlab (Mathworks Inc.
Sherborn MA, USA). Spikes greater than 2.5 standard deviations above the mean voxel
intensity across time series were replaced with the median voxel intensity for that time series
using Analysis of Functional Neuroimages software (AFNI) (Cox, 1996). Thereafter all
processing were completed in SPM2. After slice-timing correction, the fMRI time series was
realigned and corrected for head motion and susceptibility-by-movement interactions. Series
with head motion component on any axis greater than 2.0 mm translational or 2.0 degrees
rotational were eliminated from analysis. The high-resolution anatomical scan was co-
registered to the fMRI images and was transformed to the stereotactic coordinates of the
Montreal Neurologic Institute using the SPM2 Normalise procedure. The same
transformation was applied to the functional images, which were then resliced to 2 mm
isotropic voxels, and spatially smoothed with a 6 mm isotropic full width at half maximum
Gaussian filter. SPM8 random effects regression analyses were used to relate resting CBF
values to activation during the task, and to compare the strength of the relation of CBF to
activation in the two groups. In all analyses, perfusion values were regressed onto activation
produced during the condition when participants were asked to indicate whether or not the
person they knew well would think they had particular traits. The total volume of T2
hyperintensities that were coded by the neuroradiologist as containing gliosis for each
subject was entered in the regression of lesion volume with activation. All reported clusters
were statistically significant (p<0.05) at the Family-Wise-Error (FWE) corrected cluster
level of inference, corrected for multiple comparisons over the whole brain volume. To
facilitate the comparison of the anatomical regions associated with activation in the original
paper to those in the present investigation, methods from the original paper were adopted;
significant coordinates were converted to the coordinates of the Talairach Atlas (Talairach &
Tournoux, 1988) using the mni2tal script (Brett, 1999), and the Talairach Daemon
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(Lancaster et al., 2000) and the Talairach Atlas were then used to determine the anatomical
locations and approximate Brodmann’s Areas (BA) of the Talairach coordinates. Betas of
the regressions with group are reported at 90%, rather than 95%, confidence rather intervals
due to the features of MarsBar.

3. RESULTS
3.1 ASL Results

Please see Tables 2a and 2b. To investigate potential differences in CBF asymmetry
between the right and the left hemispheres within the groups, we calculated a difference
score (right hemisphere minus left hemisphere) for both prefrontal and non-prefrontal
regions and used the Signed Rank Test to examine laterality within the groups. Differences
in perfusion measures (milliliters of blood per 100 grams tissue per minute) of right versus
left prefrontal regions, and in right versus left non-prefrontal regions, did not differ within
groups and had small effect sizes (all p’s > 0.30; all Cohen’s d’s ≤ 0.18).

Wilcoxon rank sum two sample tests were then performed to investigate any group
difference in asymmetry. The results indicated that the groups did not significantly differ in
the degree or direction of asymmetry (Prefrontal: z=1.15, p=0.25; Non-prefrontal: z= 0.89,
p=0.37, although effect sizes were moderate (Prefrontal: Cohen’s d = 0.54; Non-prefrontal:
Cohen’s d=0.62), with the TBI group tending to have higher CBF in the left hemisphere in
both regions and the TD group tending to have a higher CBF on the right side.

When investigating group differences by region, a Wilcoxon rank sum two sample test
revealed no group differences in the right prefrontal, left prefrontal, and left non-prefrontal
regions (all p’s > 0.20) with small to moderate effect sizes, while group differences in the
right non-prefrontal region approached significance with a large effect size, (TBI M = 24.94
ml/100g/min, SD = 2.78 vs. TD M = 28.62 ml/100g/min, SD = 6.39), z=−1.92, p =0.055,
Cohen’s d = 0.75.

3.2 Relating Cerebral Blood Flow to fMRI Activation
3.2.1 Prefrontal regions—Please see Figure 1 and Table 3. Because there were no
significant differences and small effect sizes in the right versus left prefrontal regions in
each group, perfusion values for both prefrontal regions were combined to examine their
relation with activation.

3.2.1.1 TD Group: TD adolescents had a significant positive correlation between prefrontal
CBF and activation in one cluster within the prefrontal cortex. This cluster included areas of
prefrontal cortex previously reported to be involved in social cognition e.g., (D’Argembeau
et al., 2007), including bilateral anterior cingulate (L BA 32, R BA 24), left medial frontal
gyrus (BA10, 11), right middle frontal gyrus (BA 10), and superior frontal gyrus (BA 10). A
significant negative correlation was found within posterior areas that included bilateral
thalamus, middle temporal gyrus (BA 22), left insula (BA 13), and superior temporal gyrus
(BA 22).

3.2.1.2 TBI Group: Positive and negative regressions were nonsignificant in the TBI group.

3.2.1.3 TBI vs. TD: Relative to the TD group, the TBI patients demonstrated a stronger
regression between prefrontal CBF and activation in two posterior clusters. The first cluster
included left posterior cingulate gyrus (BA 23, 30), middle temporal gyrus (BA 39), superior
temporal gyrus (BA 39) hippocampus, precuneus, (BA 18), and cuneus (BA 7, 18) (group
difference in mean beta = 0.24, 90% CI = 0.03 – 0.44). The second cluster included right
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superior parietal lobule (BA7), precuneus (BA39), middle temporal gyrus (BA 39),
hippocampus, fusiform gyrus (BA 37) (group difference in mean beta = 0.29, 90% CI = 0.12
– 0.47). There were no brain areas where the TD group exhibited a stronger regression
between prefrontal CBF and fMRI activation than the TBI group.

The group difference in regression may indicate a greater positive relationship between
prefrontal CBF and activation in the TBI group than in the TD group, or simply reflect the
greater negative relation found in the TD group. In order to investigate the voxels unique to
the TBI > TD regression analysis, the clusters from both analyses (TD negative regression
and TBI > TD regression strength comparison) were examined to determine their overlap
(i.e., the voxels in common to both analyses). However, the significant cluster from the TD
regression was very large (number of voxels = 17,929) and may exaggerate any overlap
between the two analyses. As a result, we used a more conservative cluster-defining (height)
threshold for the TD negative regression (p<.01, number of voxels in cluster = 2148) to
examine more carefully any overlap with each of the two clusters that were significant in the
TBI>TD regression analysis. After eliminating overlapping voxels, areas unique to the
TBI>TD regression comparison within the first cluster included right middle temporal gyrus
(BA 39), posterior cingulate gyrus (BA 23, 30), parahippocampal gyrus, hippocampus,
cuneus (BA 18), and lingual gyrus, with the voxel closest to the center of mass (Talairach
coordinates: [29, 59, 17] mm) in sub-gyral temporal white matter. Within the second cluster,
areas unique to the TBI>TD regression comparison included left superior parietal lobule
(BA 7), precuneus (BA 19), posterior cingulate gyrus (BA 30), middle temporal gyrus white
matter, parahippocampal gyrus (BA 28, 36), hippocampus, amygdala, and cerebellum, with
the voxel closest to the center of mass (−32, 48, −8) in sub-gyral occipital white matter.

3.2.2 Right non-prefrontal region—Please see Table 4. Right non-prefrontal perfusion
was related to activation to investigate the implications of the significant group difference
for right non-prefrontal perfusion values.

3.2.2.1 TD Group: TD adolescents had a significant positive correlation between right non-
prefrontal CBF and activation in one cluster within the prefrontal cortex, similar to that
found in the regression with prefrontal CBF in the TD group. The activation included
bilateral anterior cingulate gyrus (L BA 32, R BA 24), left medial frontal gyrus (BA 10, 11),
right middle frontal gyrus (BA 10), and right superior frontal gyrus (BA 10). Negative
regression for the TD group was nonsignificant.

3.2.2.2 TBI Group: The TBI group had a significant positive correlation between right non-
prefrontal CBF and activation in two right hemisphere non-prefrontal clusters which
included right precuneus (BA 7, BA 19), inferior and superior parietal lobules (BA 40, BA
7, respectively) and subcortical, midbrain, and cerebellar structures. Negative regression for
the TBI group was nonsignificant.

3.2.2.3 TBI vs. TD: Compared to the TD group, the TBI group demonstrated a stronger
relation between right non-prefrontal CBF and activation in one cluster in the right non-
prefrontal region, including superior parietal lobule (BA 7) and precuneus (BA 19) (group
difference in mean beta = 0.28, 90% CI = −0.05 – 0.63). There were no brain areas where
the TD group exhibited a stronger relation between right non-prefrontal CBF and fMRI
activation than the TBI group.

3.3 Relating Gliotic Lesions to fMRI Activation
Please see Figure 2 and Table 5. Complete lesion information was available for six of the
TBI patients; therefore, data from these patients were used in the following regression
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analyses. Partial data (T1-weighted imaging) was available for one patient; however,
because gliosis is difficult to detect on T1-weighted imaging, this patient was not included in
these analyses. A positive regression of activation on volume of gliotic lesions was
significant in one cluster that included bilateral superior temporal gyrus (left BA 41), right
superior frontal gyrus (BA 8), precentral gyrus, and left middle occipital gyrus. A negative
regression of activation on volume of gliotic lesions was significant in one cluster that
included bilateral anterior cingulate (BA 32), right medial frontal gyrus (BA 32), superior
frontal gyrus (BA 6), precentral gyrus (BA 6), inferior parietal lobule (BA 40)1.

4. DISCUSSION
To investigate factors contributing to alterations in activation following moderate to severe
traumatic brain injury (TBI) in adolescents, we sought to relate cerebral blood flow (CBF) to
brain activation during an fMRI task in which adolescents were asked to take the perspective
of another person to think of themselves. Because MPFC has been implicated in this task
(D’Argembeau et al., 2007) and because frontal lobes are the most affected after TBI
(Graham et al., 2002; Levin et al., 1997), we focused on the relationship of frontal CBF to
task activation. In the typically developing (TD) adolescents, CBF in the prefrontal regions
was positively related to activation in prefrontal regions, including bilateral MPFC. In
addition, CBF of the prefrontal regions was negatively related to activation in regions
posterior to the prefrontal area. This pattern demonstrates that relating resting CBF to
activation provides reasonable results and may be a reasonable method to further investigate
effects of CBF on activation in TBI patients. The pattern was disrupted in adolescents who
had sustained moderate to severe TBI, who demonstrated no significant relationships
between prefrontal CBF and activation. TBI results in heterogeneous damage to the brain,
and the lack of an effect may in part be due to increased variability in the regions recruited.
In a group comparison, a positive relation of prefrontal CBF and whole brain activation was
stronger in bilateral non-prefrontal regions in the TBI group, suggesting that prefrontal CBF
may be associated with the re-routing of neural resources available to complete the task,
including but not limited to recruitment of task-appropriate non-prefrontal region, and may
contribute to extra-activation seen in posterior alternate regions.

Regions where the TBI group had a stronger relationship between prefrontal CBF and
activation than the healthy adolescents included posterior cingulate and parahippocampal
gyri, which have been found to be more activated during this social cognition task in the TBI
group (Newsome et al., 2010). Potentially, prefrontal CBF may have played a role in the
greater HDR originally observed in non-prefrontal regions. The relationship between task
activation and prefrontal CBF in the TBI group was also stronger in precuneus, amygdala,
which have been implicated in social cognition (Pfeifer et al., 2007; Schultz et al., 2003).
Bilateral hippocampi were also activated, potentially suggesting a role between prefrontal
CBF and the access of long-term representations of when traits had been evident to the
person whose perspective was adopted, and have been linked to the amygdala, which has
been implicated in processing social information in episodic autobiographical memory
(Markowitsch & Staniloiu, 2011).

TBI appeared to disrupt the relation between prefrontal perfusion and neural activation since
the relation of prefrontal CBF and activation was stronger in non-prefrontal regions in the
TBI group compared with the TD group. When considered independently of the fMRI data,
CBF in the TBI group tended to be lower in the right prefrontal region, although this trend
was nonsignificant, suggesting that extra-activation in posterior brain regions may result

1As a test of the specificity of patterns found with the regressions with gliotic volumes, we also regressed age onto activation. Positive
and negative regressions of age and activation were nonsignificant with all corrected cluster thresholds p=0.99.
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from sources in addition to or other than altered CBF in the frontal lobes, e.g., lesions and
diffuse axonal injury to frontal brain areas. Research consistent with this interpretation exists
in adults with chronic moderate to severe TBI, where an association between diffuse injury
and reduced CBF in posterior cingulate cortices was observed (Kim et al., 2010). Further,
we conducted a secondary investigation to relate the volume of gliotic lesions in the TBI
patients to activation with the hypothesis that lesions associated with gliosis would be
associated with non-prefrontal activation. Widespread non-prefrontal activation, including
temporal, occipital, and parietal regions, was positively related to gliotic lesion volume,
while anterior cingulate and medial prefrontal cortex activation (regions associated with
social cognition) were negatively related to gliotic lesion volume. Given the variability in
age range, we also performed regressions with age to investigate the specificity of the
pattern, and the results were nonsignificant with rather high p-levels (p=0.99). While the
sample size is small, and other mediating factors are not ruled out, it may be that overall
lesion volume associated with gliosis and possibly abnormalities in astrocytes may play a
role in extra-activation. If confirmed in future studies, this finding may be consistent with
the linkage between neuronal response, astrocytes, and blood flow that can be disturbed after
TBI (D’Esposito et al., 2003; Schummers et al., 2008). Indeed, Golding (2002) had
suggested that after TBI astrocytes may play a role in constricting artioles and thereby
decreasing blood flow (Golding, 2002). Although the hyperintensities on the T2-FLAIR
were coded by the neuroradiologist as being or containing gliosis, presence of T2
hyperintensities on MRI may indicate pathology other than astrocytosis, and the analysis
with gliotic lesions should be interpreted with caution.

In a region where the TBI group did have significantly lower CBF relative to the TD group,
the right non-prefrontal region, relation of CBF to activation was suggestive. In TD
adolescents, CBF in the right non-prefrontal region was significantly related to activation in
the right prefrontal region, suggesting an interactive role of non-prefrontal and prefrontal
blood flow throughout the right hemisphere in activating MPFC to perform the task. In the
group comparison, however, the TBI group demonstrated a stronger association between
right non-prefrontal CBF and activation in the right non-prefrontal region, relative to the TD
adolescents, suggesting a disruption to the continuity of right prefrontal and non-prefrontal
CBF.

Do the non-prefrontal CBF findings have any implications for the greater left-sided
activation seen during the social cognition task in the original study? It may simply be that
the CBF in the left non-prefrontal region was sufficient to provide the resources needed for
the extra-activation to occur. Under this interpretation, neurons in the underperfused right
non-prefrontal area may not have fired efficiently because of decreased oxygen and glucose
delivery caused by the diminished blood supply or needed as much blood flow, and the
neurons in the left non-prefrontal region compensated by firing more.

The TD group did not demonstrate any relationships between CBF and activation that were
stronger than in the TBI group, which may be due to subthreshold activation in the TBI
group observed in the medial and right lateral prefrontal cortex, similar areas to those
observed in the TD group.

Chiu Wong et al. (2006) reported mainly hyperperfusion in their chronic pediatric TBI
sample. However, the children in their sample were much younger (approximate mean 10.3
years vs. 16.3 years) and had their injuries at younger ages (approximate mean 7 years vs
13.9 years). These two factors may contribute to the difference in our findings. Palmer et al.,
(2010) reported extra-activation and normal HDR in primary visual cortex in adults with
moderate to severe TBI. The present study did not examine the HDR curve per se, only the
relation of its amplitude to CBF in general regions. Since altered blood flow can affect
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HDR, larger follow-up studies fully examining HDR parameters in relation to multiple
regions of interest may further elucidate the role of HDR in activation after TBI.

It is not clear why CBF was lower in the right hemisphere, particularly in posterior portions.
Effects of CBF laterality have been found nine days after admission to ICU and suggested to
be due to ipsilateral lesions (Vavilala et al., 2008). Many of the adolescents with TBI in the
current study had bilateral lesions, and so focal lesion alone may not account for the
laterality in CBF seen in the more chronic sample here. Two of the TBI adolescents had an
intracranial pressure monitor inserted in the right frontal region at the time of treatment,
potentially contributing to the trend in the lower value seen there, and possibly to the right
non-prefrontal region, as well, because a connection between right prefrontal activation and
right non-prefrontal CBF was observed in the TD adolescents. Barclay et al., (1985) found
greater decreases in ipsilateral CBF in patients with focal injury, relative to patients with
diffuse injury 13 months after injury, and global decreases in patients regardless of focal or
diffuse injury. Differences in other regions may not have been detected in the current sample
due to small sample size, and future studies with larger sample sizes and more specific brain
regions would be helpful in identifying the degree of contribution of multiple bilateral focal
lesions to CBF. In addition, resting CBF may have important implications for understanding
alterations in resting state functional connectivity after TBI (Mayer et al., 2011).

There are several limitations of this study, including a small sample size with a range of
severity (mild with complications to severe), and we were unable to control for injury
severity. The reduction in CBF may result mainly from the more severely injured patients,
and may not be universal to all moderate-to-severe TBI cases. However, a range in values
permitted regression analyses that revealed associations with activation patterns, and in that
sense a range of values may be considered informative in this preliminary investigation.
Given the moderate effect size in the group comparison for the right prefrontal CBF, it is
possible that with more subjects, diminished perfusion might be found in that prefrontal
region. As is common in moderate-to-severe TBI samples, ours evidenced significant
heterogeneity in the specific location, nature and degree of focal pathology, and this likely
contributed to the pattern of findings in this study. However, the pattern of significant
pathology in frontal and temporal areas characteristic of many TBI cohorts (Graham et al.,
2002; Levin et al., 1997) was reflected in our sample, rendering it fairly representative
despite the small sample size. While the TILT ASL sequence limited acquisition to 13
slices, which excluded signal in any non-prefrontal region inferior to the thalamus, its
complete coverage of the frontal lobes and increased signal to noise ratio relative to other
sequences measuring CBF (Golay et al., 1999) provided sensitivity in detecting differences
between groups.

Individual-level analyses were completed with a general linear model, although some
reports suggest that nonlinear, or linear in combination with nonlinear models may be more
accurate (Magri et al. 2011; Sheth et al., 2004) and it is possible that the relationship
between hemodynamic and neural responses becomes even more complex after TBI.
Furthermore, problematic aspects of fMRI that have been suggested in uninjured
populations, e.g., imprecise neural transmission (volume transmission) (Agnati et al., 2010;
Logothetis, 2008), may have a greater influence after moderate to severe TBI. Impairments
in cerebrovascular function following TBI (Golding, 2002; Maxwell et al., 1988, Rodriguez-
Baeza et al., 2003) may alter fMRI signal. Rodriguez-Baeza et al., 2003 found alterations in
microvessels including arterioles, a source of fMRI signal, that were related to changes in
the endothelium, i.e., the lining of blood vessels, which has been implicated in affecting
CBF associated with neural activity (Peppiatt et al., 2006). Oxygenation changes in the
capillary bed may also alter the spatial specificity of the BOLD signal (Logothetis 2008
Supplementary Information), and damage to the capillary bed or other vasculature in a
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particular brain region may be associated with a reduced BOLD fMRI response there, even
though the regional neuronal activity has not changed or possibly even increased. Thus, it is
possible that the frontal pathology in these patients contributed to the reduced frontal
activation. A large-scale study that finely details and relates coordinates of lesion location to
the absence or presence of activation in regions near the lesion and in regions structurally
and functionally connected would shed more light on this possibility. Finally, further
investigation of the many vascular and supportive mechanisms, e.g., oxygen metabolism,
blood oxygenation, endothelium morphology, cerebrovascular smooth muscle and glial
functioning, and presence of drugs such as COX-2 inhibitors, will facilitate better
understanding of the complex underpinnings of decreased blood flow in relation to neural
activity (Golding, 2002; Lindauer et al., 2010)
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Highlights

• Cerebral blood flow (CBF) may be altered in chronic traumatic brain injury
(TBI) in adolescents.

• Adolescents with chronic TBI often demonstrate extra-activation in fMRI tasks.

• CBF may be implicated in the extra-activation.

• Typically developing adolescents served as a comparison group.

• Adolescents with TBI showed reduced CBF in right nonfrontal regions and
altered relationships between CBF and activation.

• Activation in TBI adolescents was also related to their volume of gliotic lesions.

• Reduced nonfrontal CBF and gliotic lesion volume may contribute to the
diffuse, primarily nonfrontal, extra-activation
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Figure 1.
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Figure 2.
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Figure 3.
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