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Abstract Previous work suggests that the ability to selec-
tively attend to and resolve conflicting information may be
the most enduring cognitive deficit following mild traumatic
brain injury (mTBI). The current study used fMRI to eval-
uate potential differences in hemodynamic activation in 22
mTBI patients and 22 carefully matched healthy controls
(HC) during a multimodal selective attention task (numeric
Stroop). Behavioral data indicated faster reaction times for
congruent versus incongruent trials and for stimuli presented
at 0.66 compared to 0.33 Hz across both groups, with
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minimal differences in behavioral performance across the
groups. Similarly, there were no group-wise differences in
functional activation within lateral and medial prefrontal
cortex during the execution of cognitive control (incongru-
ent versus congruent trials). In contrast, within-group com-
parisons indicated robust patterns of attention-related
modulations (ARM) within the bilateral dorsolateral pre-
frontal cortex and bilateral visual streams for HC but not
mTBI patients. In addition, mTBI patients failed to exhibit
task-induced deactivation within the default-mode network
(DMN) under conditions of higher attentional load. In sum-
mary, in spite of near normal behavioral performance, cur-
rent results suggest within-group abnormalities during both
the top-down allocation of visual attention and in regulating
the DMN during the semi-acute stage of mTBI.

Keywords Traumatic brain injury - Attention - fMRI -
Multimodal

Introduction

With more than one million new cases each year, mild
traumatic brain injury (mTBI) is a major health concern
(Bigler 2008). Mild TBI is defined as any transient neuro-
logic dysfunction resulting from a biomechanical force
(Giza and Hovda 2001). It is associated with subtle cogni-
tive deficits within the first few weeks of injury that typi-
cally resolve spontaneously within 3 to 6 months (Belanger
et al. 2007; Bigler 2008; Iverson 2005). In addition to
cognitive deficits, other symptoms include an inability to
concentrate, dizziness, fatigue, headache, irritability, visual
disturbances, and light sensitivity (Bryant and Harvey
1998). Despite these prominent cognitive and clinical symp-
toms during the semi-acute phase, standard neuroimaging
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modalities such as computed tomography (CT) and magnet-
ic resonance imaging (MRI) are usually negative (Bigler
2001; Hofman et al. 2001), prompting interest in functional
neuroimaging as a means to further evaluate this condition.

The ability to selectively attend to and resolve conflicting
information (i.e., cognitive control) has been reported to be
an enduring cognitive deficit in mTBI (Halterman et al.
2006). Top-down cognitive control is critical for effective
day-to-day functioning, as humans are constantly bom-
barded by congruent and incongruent information from
multiple sensory modalities (e.g., visual and auditory).
When multisensory information is spatially and/or tempo-
rally congruent, performance efficiency may be enhanced
(Dhamala et al. 2007; Eimer et al. 2002; Spence et al. 2004).
However, cognitive performance may be hampered if one
sensory modality contains task-relevant but conflicting in-
formation (Johnson and Zatorre 2005; Mayer et al. 2009).
Prior neuroimaging studies have indicated that the dorsal
medial frontal cortex (AMFC), dorsolateral prefrontal cortex
(DLPFC), anterior insula/ventrolateral prefrontal cortex
(VLPFC), and inferior parietal lobes are all commonly acti-
vated during cognitive control experiments (Banich et al.
2000; Hester et al. 2004; Braver et al. 2003; Ridderinkhof et
al. 2004; Roberts and Hall 2008; van Veen et al. 2001). In
addition, the differential allocation of attentional resources
directly affects neuronal responses for multisensory events,
otherwise known as attention-related modulations (ARM).
Specifically, the most widely reported ARM involves an
enhanced neuronal response (i.e., increase in response am-
plitude) for identical stimuli within sensory and heteromodal
cortices dependent on the allocation of attention (Johnson
and Zatorre 2005; Liu et al. 2003; Mayer et al. 2009; Talsma
et al. 2006; Woodruff et al. 1996).

To date, only a handful of studies have examined semi-
acutely injured (less than 1 month post-injury) mTBI
patients using functional magnetic resonance imaging
(fMRI) (Lovell et al. 2007; Mayer et al. 2009; McAllister
et al. 1999; McAllister et al. 2001; Slobounov et al. 2010;
Smits et al. 2009). The distinction between sub-acute and
chronic phases of mTBI is critical given that clinical
symptoms are expected to resolve for the majority of
mTBI patients (Belanger et al. 2007), and hence, samples
comprised of chronically symptomatic patients likely rep-
resent a special population. McAllister and colleagues
were the first to report differential activity in the right
DLPFC and lateral parietal regions for mTBI patients
compared to controls, dependent on processing loads
during a working memory task (McAllister et al. 1999;
McAllister et al. 2001). Although it was notable that task
performance between the groups was equivalent, results
from both of these studies suggest that processing resour-
ces may be limited in mTBI patients as tasks increase in
difficulty.

@ Springer

Other work demonstrates that increased hemodynamic
activation during a working memory task is associated with
recovery time in semi-acutely injured patients (Lovell et al.
2007). Similarly, a more recent study reported a correlation
between self-report measures of symptom severity and in-
creased activation within the working memory network (e.
g., dorsolateral and ventrolateral PFC), as well as a correla-
tion between self-reported symptomatology and hyperacti-
vation outside of the traditional network (Smits et al. 2009).
Semi-acutely injured athletes also exhibit hyperactivation in
the fronto-parietal network and right hippocampus during a
spatial navigation task (Slobounov et al. 2010). In contrast,
we recently reported hypoactivation within the fronto-
parietal reorienting network and sub-cortical structures dur-
ing an auditory attention task (Mayer et al. 2009), as well as
abnormalities in functional connectivity between and within
the default-mode network (DMN) and task-related network
(Mayer et al. 2011a). These findings suggested that neuro-
psychiatric deficits may arise in part from abnormalities
between neuronal networks mediating attention to external
(frontoparietal networks) versus internal (DMN) events.

Therefore, the current study used fMRI to evaluate neuro-
nal activation following mTBI during a multimodal Stroop
task, using both auditory and visual stimuli as well as task-
induced deactivations. We hypothesized that mTBI patients
would exhibit normal performance on our multimodal cogni-
tive control task, but would be characterized by hyperactiva-
tion within the cognitive control network (dAMFC, DLPFC
and inferior parietal lobules) during more demanding task
conditions (i.e., incongruent stimuli at higher frequencies).
In addition, we predicted that mTBI subjects would not
exhibit ARM, suggesting a neuronal deficiency in the ability
to allocate top-down attentional control (Mayer et al. 2009).

Methods
Participants

Twenty-four patients with mTBI and twenty-four gender,
age and education matched controls were recruited as part
of an ongoing longitudinal study. One male patient was
identified as an outlier on head motion parameters (greater
than 3 standard deviations over two parameters) and one
male patient performed poorly on the fMRI task (below
chance performance on two or more conditions) and both
were excluded (along with their matched controls) from
further analyses. There were no significant differences be-
tween the final groups (p>0.10) on any of these major
demographic variables or for hand preference as assessed
by the Edinburgh Handedness Inventory (Oldfield 1971).
All mTBI patients suffered a closed head injury with a self-
reported alteration in mental status. Additional inclusion
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criteria, based on the American Congress of Rehabilitory
Medicine, included a Glasgow Coma Score of 13-15 upon
initial presentation in the emergency room, loss of conscious-
ness (if experienced) restricted to 30 minutes in duration and
post-traumatic amnesia limited to a 24 h period. Sixteen of
twenty-two mTBI patients had a CT scan at the time of their
emergency room visit (determined by treating physician), and
2 of the CT scans were deemed to contain trauma-related
pathology (two small subdural bleeds and one punctate sub-
arachnoid hemorrhage) by a non-blinded neuroradiologist.
Mild TBI participants and controls were not enrolled in the
study if there was a history of neurological disease, alcohol or
other drug abuse, psychiatric disorder, prior closed head inju-
ries with more than 5 min loss of consciousness, learning
disorder, or Attention Deficit Hyperactivity Disorder.
Patients and healthy controls underwent the same task
procedures. Patients were assessed with neuropsychological
(mean day post-injury=11.48 +/- 4.64) and neuroimaging
(mean day post-injury=11.90 +/- 5.42) measures within
21 days of injury (Table 1). One mTBI patient did not
complete the full neuropsychological battery within 21 days
of injury (neuropsychological data missing). At the time of
assessment, five of the mTBI participants were being pre-
scribed medications for pain and other conditions associated
with injury (e.g., Vicodin, Oxycontin, Percocet and Fiori-
cet). Informed consent was obtained per institutional

guidelines of the University of New Mexico. In addition to
the multimodal Stroop task, all participants completed an
auditory orienting task (Mayer et al. 2009) as well as a
resting state scan during fMRI acquisition (Mayer et al.
2010a).

Neuropsychological assessment

Composite indices were calculated for attention, memory,
working memory, processing speed, and executive function.
Emotional status and somatic and cognitive complaints were
also assessed (see Mayer et al. 2009 for details). The Wechsler
Test of Adult Reading (WTAR) was used to provide an
estimate of overall pre-morbid intellectual functioning and
the Test of Memory and Malingering (TOMM) was adminis-
tered to assess effort. Univariate tests were conducted to
compare estimates of effort and pre-morbid intelligence,
whereas multivariate tests were used to compare composite
indices given the known correlation amongst neuropsycho-
logical tests.

Task

Participants rested supine in the scanner with their head
secured by a forehead strap, with additional foam padding
to limit head motion within the head coil. Presentation

Table 1 Mild traumatic brain

injury patients’ injury Age  Gender  Mechanism of Injury ~ AAN Rating  Days post-injury MRI  Days post-injury NP
information
19 male Fall 3 9 10
20 female MVA 3 11 11
21 female Fall 3 16 15
21 female MVA 3 14 16
22 female Fall 3 6 7
23 female Assault 1 5 9
23 female Assault 2 11 11
23 male Fall 3 17 -
23 male Fall 1 11 7
24 female Assault 1 7 5
24 male Fall 3 13 13
24 male Fall 3 10 10
MYVA motor vehicle accident, 24 female  MVA 3 20 20
AAN American Academy of 25 female ~ MVA 3 20 20
Neurology (Grade I = no loss of 27 female Assault 2 8 8
consciousness (LOC) & mental
status alteration<15 min; Grade 27 female MVA 2 18 13
II = no LOC & mental status 28 female Assault 1 11 9
alteration>15 min; Grade III = 30 male MVA 3 9 9
LOC); and NP = neuropsycho- 3 e Assault 3 16 16
logical testing. The assault cate-
gory also includes injuries 32 male Assault 3 3 5
sustained from falling objects 33 male Fall 3 20 19
or during collisions (e.g., 37 female Fall 3 3 8

sports-related)
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software (Neurobehavioral Systems) was used for stimulus
presentation, synchronization of stimulus events with the
MRI scanner and recording of response times and accuracy
data. A non-ferrous key-press device was positioned directly
under the subject’s right hand to record responses. During
the selective attention task (numeric Stroop), multimodal
(visual and auditory) congruent or incongruent numeric
stimuli (targets) were simultaneously presented at either a
low (0.33 Hz) or a high (0.66 Hz) frequency over a ten-
second block (Fig. 1). For each block, the stream of target
numbers (one, two, or three; exemplary visual angle=9.73°)
was preceded by a cue word (exemplary visual angle=
7.69°) “HEAR”, “LOOK” or “NONE.” If the cue word
was “HEAR,” participants were instructed to respond (via
button press) to the target stimuli presented aurally and
ignore the number that was simultaneously presented visu-
ally on the screen in that block. If the cue was “LOOK,”
visually presented stimuli were the targets (ignore auditory).
An additional passive condition (cue word NONE) was
included, in which participants were instructed not to re-
spond to the targets. There was a 1325 ms delay between the
presentation of the cue and the presentation of the first set of
target numbers to maximize attentional focus.

Within each block, three or six trials of the same condi-
tion were presented for the low and high frequency, respec-
tively. Cues (175 ms duration) and targets (200 ms
durtation) were always presented below the fixation cross.
The inter-block interval was varied between 8, 10 and 12 s
to decrease temporal expectations and permit modeling of
the baseline response (visual fixation plus baseline gradient
noise). There were a total of 432 trials presented across six
separate imaging runs.

As response time data has a tendency towards positive
skew, the median reaction time was selected as a more
representative measure of central tendency for each subject

Fig. 1 This figure presents a diagrammatic representation of the task,
exemplified by the auditory incongruent condition. Participants were
asked to respond via button press (R) to a target number (one, two, or
three) in one modality while ignoring congruent or incongruent stimuli
in the opposite modality. Multimodal cue words (175 ms duration)
indicated the modality for focused attention (e.g., “HEAR”) and were
presented prior to targets (200 ms duration). The inter-block interval
(IBI) varied randomly and the inter-trial interval (ITI) within each
block was determined by the rate of stimulation (0.33 Hz or 0.66 Hz)

@ Springer

and each trial-type. Two 2x2x2 [Group (mTBI vs. HC) x
Condition (Congruent vs. Incongruent) x Frequency
(0.33 Hz vs. 0.66 Hz)] mixed-measures ANOVAs were
conducted on auditory and visual selective attention condi-
tions to assess behavioral performance under conditions of
auditory compared to visual selective attention.

MR imaging

A high resolution 5-echo multi-echo MPRAGE T1 sequence
[TR (repetition time)=2.53 s, 7° flip angle, number of
excitations (NEX)=1, slice thickness=1 mm, FOV (field
of view)=256 mm, resolution=256x256] and T2 [echo
time=77.0 ms, TR=1.55 s, flip angle 152°, NEX=1, slice
thickness=1.5 mm, FOV=220 mm, matrix=192x192,
voxel size=1.15x1.15x1.5 mm®] anatomic images were
collected on a 3 Tesla Siemens Trio scanner. Echo-planar
images (EPI) were collected using a single-shot, gradient-
echo echoplanar pulse sequence [TR=2000 ms; TE=29 m:s;
flip angle=75°; FOV=240 mm; matrix size=64x64]. A
total of six different fMRI runs were required to collect all
relevant task data. The first image of each run was eliminat-
ed to account for T1 equilibrium effects, resulting in a total
of 966 images for the final analyses. Thirty-three contiguous
sagittal 3.5-mm thick slices with a gap factor of 1.05 mm
were selected to provide whole-brain coverage (voxel size:
3.75%3.75x4.55 mm).

Image processing and statistical analyses

Functional images were generated using Analysis of Func-
tional Neurolmages (AFNI) software package (Cox 1996).
Time series images were spatially registered in two- and
three-dimensional space to the second EPI image of the first
run to reduce the effects of head motion, and were tempo-
rally interpolated to the first slice to account for differences
in slice acquisition. Two MANOVAs were conducted to
examine group differences in motion parameters. A voxel-
wise deconvolution analysis was then performed to generate
a single hemodynamic response function (HRF) for each
trial-type, which was derived relative to the baseline state
(visual fixation plus baseline gradient noise) and based on
the first 22 s post-stimulus onset. Error trials were also
modelled separately for each trial-type with additional
regressors based on individual participant performance
(Mayer et al. 2011b). An estimation of percent signal change
for correct trials was then calculated for each condition by
summing the beta coefficients for the images occurring 6—
14 s post-cue onset (peak of the hemodynamic response
function) and dividing by the average model intercept ([3¢)
across the individual runs. The percent signal change maps
were then converted to a 1 mm® standard stereotaxic coor-
dinate space (Talairach and Tournoux 1988) and spatially



Brain Imaging and Behavior (2012) 6:343-354

347

blurred using a 6 mm Gaussian full-width half-maximum
filter.

Two voxel-wise, 2x2x2 [Group (mTBI vs. HC) x Con-
dition (Congruent vs. Incongruent) x Frequency (0.33 Hz vs.
0.66 Hz)] mixed-measures ANOVAs were then performed
on the spatially normalized percent signal change measure
for the auditory and visual modality separately based on our
a priori predictions. In addition, 2*2x2 [Modality (Auditory
vs. Visual) x Condition (Congruent vs. Incongruent) x Fre-
quency (0.33 Hz vs. 0.66 Hz)] repeated-measures ANOVAs
were also performed to examine the effects of ARMs within
each of the subject groups. All voxel-wise results were
corrected for false positives at p<0.05 (z>2.6) using Gauss-
ian Random Fields theory as implemented in FSL (http://
www.fmrib.ox.ac.uk/fsl/feat5/programs.html).

Results
Neuropsychological and clinical measures

Results of all major neuropsychological and clinical indices
are presented in Table 2. Independent samples t-tests were
initially conducted to determine group differences in effort
(TOMM) and estimates of premorbid levels of intelligence
(WTAR). There were no significant differences in levels of
effort or in estimated premorbid intellectual functioning (p>
0.10). A MANOVA was performed to investigate group differ-
ences in emotional functioning and extent of somatic and
cognitive complaints. The multivariate effect of group was

significant for the MANOVA (F;39=9.24, p<0.001). The
univariate test results indicated that mTBI patients reported
more cognitive (Fy4;. = 8.73; p<0.01) and somatic (F; 4=
23.51; p<0.001) complaints than controls. Significant differ-
ences were also found for the emotionality index (F 4=
12.01, p<0.002; mTBI>HC), with controls exhibiting de-
creased levels of depression and anxiety relative to patients.

A MANOVA was performed to investigate group differ-
ences in composite neuropsychological scores. The multi-
variate effect of group was not significant for the MANOVA
(»>0.10), although moderate effect sizes were observed
across several cognitive domains (Table 2).

Complex selective attention task: behavioral data

Behavioral accuracy for both groups was very high
and approached ceiling (mTBI: 96.50 %=+3.71 %;
HC: 96.60 %+3.48 %), suggesting that participants had little
difficulty in understanding the task. Given this low variability
across participants, accuracy data was not subjected to further
analyses.

Individual participants’ median reaction time (RT) for correct
trials was used for all behavioral analysis. For the auditory
modality (Fig. 2a), results from the ANOVA indicated signifi-
cant main effects of both condition (F; 4,=51.93, p<0.001) and
frequency (F 4> =120.16, p<0.001), with participants respond-
ing more quickly to congruent (mean=>561.44 +/- 77.53) com-
pared to incongruent (mean=637.01 +/- 92.69) trials, as well as
to higher (0.66 Hz; mean=559.81 +/- 67.69) relative to lower
(0.33 Hz; mean=638.64 +/- 93.49) frequency trials.

Table 2 Demographic charac-

teristics, neuropsychological test mTBI HC p value Cohen’s d
scores and symptom severity
between mild traumatic brain Mean SD (+/-) Mean SD (+/-)
injury (mTBI) and healthy con-
trol (HC) participants Demographic
Age 25.45 4.59 2532 4.47 p>.10 -0.03
Education 13.5 1.97 14.32 2.32 p>.10 0.38
HQ 77.46 37.85 84.41 35.34 p>.10 0.19
Sx Severity
Emotional* 52.05 9.21 43.55 6.75 p=.001 -1.05
NBSI-Som* 9.14 6.70 1.91 2.00 p=.000 -1.46
NBSI-Cog* 4.67 3.29 2.00 2.60 p=.005 -0.90
HO handed ) g Neuropsych
andedness quotient, Sx . _
symptom, NBSI Neurobehavio- Attention 50.10 5.31 53.05 5.90 p=.09 0.53
ral Symptom Inventory, Som Memory 48.62 8.67 52.45 6.63 p>.10 0.50
Somatic, Cog Cognitive, WM WM 48.90 7.27 50.68 7.23 p>.10 0.25
working memory, PS processing  pg 45.62 7.42 49.41 737 p>.10 0.51
speed, EF executive function,
WTAR Wechsler Test of Adult EF 45.48 6.38 48.59 6.16 p>.10 0.50
Reading, TOMM Test of Memo- WTAR 49.62 7.72 53.09 8.67 p>.10 0.42
ry Malingering. An asterisk (¥) TOMM 53.43 7.50 51.91 13.64 p>.10 0.14

denotes significant results
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The condition x frequency x group interaction term was
also significant (F;4,=4.80, p<0.05). To determine the
significance of this three-way interaction, two 2x2 (condi-
tion x group) repeated-measures ANOVAs were conducted
separately for each of the two primary frequencies. Similar
to the omnibus model, the main effects of condition were
present at both 0.33 and 0.66 Hz (»p<0.05). However, a
significant condition X group interaction was also present
in the more demanding 0.66 Hz condition (F; 4,=5.04, p<
0.05), with simple effect testing indicating that patients’
(618.75 +/- 88.62) reaction times were marginally slower
than HC (573.28 +/- 72.64) for the incongruent stimuli
(t; 42=1.86, p=0.07), with no differential effects for congru-
ent trials (p>0.10).

Within the visual modality (Fig. 2b), the main effects of
condition (F, 4,=45.71, p<0.001) and frequency (F; 4,=83.84,
p<0.001) were also significant, with participants responding
more quickly to congruent (mean=530.93+77.76) compared
to incongruent (mean=577.52+77.73) trials, as well as to high
(0.66 Hz; mean=524.29+68.28) compared to low (0.33 Hz;
mean=584.16+85.60) frequency trials. The condition by fre-
quency interaction was also significant (F; 4,=.4.36, p<0.05),
with simple effect tests indicating that the difference between
incongruent and congruent trials was significantly greater for
the low frequency (t; 43=-2.11, p<0.05) compared to high
frequency (0.33 Hz mean=57.50 +/- 66.91; 0.66 Hz mean=
35.68 +/- 44.25) trials. No other main effects or interaction
effects approached significance (p>0.10).

MRI structural imaging data
T1- and T2-weighted MRI images were reviewed by a

neuroradiologist blinded to patient diagnosis. Only one pa-
tient (negative CT scan) was found to have a lesion (right

A) Auditory
800 -
*

6004 - |
w
E 400
&

200 -

0.33 Hz 0.66 Hz

[CJHC_Con 0 HC_Inc
Fig. 2 Graphs A and B depict reaction time (RT) in milliseconds (ms)
for the auditory (Panel a) and visual (Panel b) attention conditions.
Frequency of stimulation is presented on the X-axis (0.33 Hz or
0.66 Hz) and bars represent mild traumatic brain injury (mTBI; dark
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centrum semiovale) that may have been secondary to trau-
ma. Therefore, there were a total of 3/22 (two CT and one
MRI) patients with visible lesions using conventional neuro-
imaging techniques.

Motion parameter analyses

Two MANOVAs were performed to examine potential
group differences in head motion across all 6 motion param-
eters (3 translational and 3 rotational) derived from the rigid
body correction. Although the group effect was not signif-
icant for the translational or rotational MANOVAs (p>
0.10), univariate measures suggested marginally increased
motion for the mTBI group (roll: F; 4,=4.59; p<0.05; yaw:
F 4,=2.90; p=0.096; displacement in right-left axis: F 4,=
2.96 p=0.093; displacement in the superior-inferior axis:
F1.42=2.88 p=0.097).

Between-group analyses

Similar to our behavioral results, two 2x2x2 [Group (mTBI
vs. HC) x Condition (Congruent vs. Incongruent) x Fre-
quency (0.33 Hz vs. 0.66 Hz)] mixed-measures ANOVAs
were conducted to assess differences in functional activation
to the auditory and visual selective attention conditions.
Results for the auditory selective attention condition indicated
that neither the main effect of group, the Group x Condition
interaction nor the Group x Frequency interaction were sig-
nificant. The main effects of frequency and condition are
discussed in the within-subjects analyses section below.

For the visual selective attention condition, results indi-
cated that the main effect of group was not significant.
However, a significant group x condition x frequency inter-
action was observed within the bilateral thalamus. This

B) Visual
1 —
0.33 Hz 0.66 Hz
H mTBl_ Con [ mTBlLInc

grey and black bars) and healthy controls (HC; light grey bars) data for
both the congruent (Con) and incongruent (Inc) conditions. Asterisks
indicate trend differences between groups. Error bars correspond to the
standard error of mean
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three-way interaction was followed up with two 2 x2 mixed
design ANOVAs, with results indicating that the group x
condition interaction effect was only significant at low fre-
quency (F; 4,=14.71; p<0.001) but not at high frequency
(»p>0.10) trials. To follow up the significant two-way inter-
action effect, simple t-tests indicated that activation was
significantly greater (t; »;=-2.99, p<0.01) for the HCs in
the incongruent (mean=0.38+0.33) relative to the congru-
ent trials (mean=0.25+0.35). In contrast, the mTBI patients
showed the opposite pattern (t; »;=2.54, p<0.05; incongru-
ent: 0.2440.29; congruent: 0.38+0.40).

A significant group x frequency interaction was also
observed within the left primary and secondary visual cortex
(Brodmann areas (BAs) 18, 19, 37), including the cuneus,
lingual gyrus and middle occipital gyrus, extending into the
parahippocampal and fusiform gyri (Fig. 3). Simple effects
testing for this left visual cortex ROI indicated that whereas
the HC did not exhibit any differences in activation between
the 0.33 Hz and 0.66 Hz conditions (p>0.10), activation
was significantly greater (t;2;=5.74, p<0.001) for mTBI
patients in the 0.66 Hz (mean=0.12+0.26) relative to the
0.33 Hz trials (mean=-0.03+0.29). In addition, the Group x
Condition interaction was also significant within a region
that included the caudate, periventricular white matter and
other tissues that are highly susceptible to partial voluming
effects. Given the lack of physiological basis for the blood-
oxygen level dependent (BOLD) signal in this region, this

HC [J0.33 Hz [J0.66 Hz
mTB! [ 0.33 Hz [l 0.66 Hz

Fig. 3 This figure presents the region of the left visual cortex (L Vis)
that exhibited a significant Group x Frequency interaction when the
visual modality was the focus of attention. The magnitudes of z-scores
are represented by either red or yellow coloring. Locations of the
sagittal (X) and axial (Z) slices are given according to the Talairach
atlas. Percent signal change (PSC) values for the region are presented
for both healthy controls (HC; light grey bars) and mild traumatic brain
injury patients (mTBI; dark grey and black bars) at 0.33 Hz and
0.66 Hz. Error bars correspond to the standard error of mean

cluster was deemed to be an artifact (false positive) and was
not subjected to further analyses.

Within-group analyses

Two 2x2x2 ANOVAs were conducted to examine the main
effects of condition, frequency, and modality within each of
the mTBI and HC samples. Both groups demonstrated sim-
ilar areas of increased activation during the incongruent
trials relative to the congruent trials (main effect of condi-
tion), primarily localized to the left hemisphere (Online
Resource 1). Common areas of increased activation for
incongruent trials across both HC and mTBI patients includ-
ed the left pre-supplementary motor area (pre-SMA; BA 6),
DLPFC (BA 9), bilateral medial frontal gyrus (BA 32), left
anterior insula/VLPFC (BAs 13/44/45/46), left posterior
superior temporal sulcus (BAs 22/21) and left inferior pari-
etal lobe (BA 39). In addition, HC also showed greater
activation for incongruent trials within the right anterior
insula (BA 13), bilateral striatum, bilateral thalamus and
bilateral cerebellum.

Both groups also exhibited a similar pattern of hemody-
namic activity as a result of increasing stimulus frequency
(Fig. 4). Specifically, increased activation was observed in
the bilateral primary and secondary auditory cortex (BAs
13/41/22/21), bilateral pre-motor cortex (BAs 6/9), left sen-
sorimotor cortex (BAs 4/2/3), bilateral supplementary motor
area (BA 6) extending into the anterior cingulate gyrus (BA
24), left inferior (BA 40) and superior (BA 7) parietal
lobules, left striatum, left pulvinar nucleus of the thalamus,
and bilateral cerebellum when the stimuli were presented at
0.66 Hz compared to 0.33 Hz. In the primary and secondary
visual cortex (BAs 17, 18, 19, 37), mTBI patients exhibited
bilateral activation whereas activation was more left-
lateralized for the HC group. In contrast, there were marked
differences across the two groups in terms of task-induced
deactivations. Specifically, whereas HC exhibited a robust
pattern of task-induced deactivation for the greater stimulus
frequency within the anterior midline (BAs 9/32), posterior
midline (BAs 5/7/18/31), right postcentral gyrus (BAs 3/4)
and left medial temporal lobes, mTBI patients showed a
much smaller area of deactivation within the right postcen-
tral gyrus (BAs 3/4).

Finally, there were large differences between the two
groups in terms of attention-related modulations (ARM;
Fig. 5), assessed through the main effect of modality. Similar
to our previous study (Mayer et al. 2009), HC exhibited
increased activation when attending to the visual stimuli and
ignoring auditory stimuli within the bilateral “what” (temporal
lateral occipital areas; BAs 18/19/37) and “where” (superior
parietal lobule, precuneus and cuneus; bilateral BAs 19/7 and
right BA 39) pathways of the visual cortex, bilateral DLPFC
(BAs 8/9/46/45), bilateral pre-SMA (BA 6), left VLPFC (BAs
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A) HC
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Fig. 4 This figure presents regions showing differential activation
between low (0.33 Hz) and high (0.66 Hz) frequency trials for healthy
controls (HC: Panel a) and mild traumatic brain injury patients (mTBI:
Panel b) during within-group comparisons. Results indicated increased
activation during high frequency (blue/cyan coloring) trials for both
groups within the bilateral primary and secondary auditory cortex
(AUD), visual cortex (VIS), bilateral supplemental motor area
(SMA), and bilateral sensorimotor cortex (S-MOT). In contrast, only
HC demonstrated significantly greater deactivation for high compared
to low frequency (red/yellow coloring) trials within the left medial
temporal lobes (L MTL), bilateral medial frontal lobes (MFC), and

45/47), and bilateral cerebellum. In contrast, mTBI patients
did not exhibit any evidence of ARM within the visual con-
dition, providing preliminary evidence of a lack of top-down
attentional control in neuronal systems. For both groups, there
were no areas of increased activation for attending to the
auditory stimuli while ignoring visual distractors.

Discussion

Selectively attending to information from one sensory modal-
ity while ignoring another is critical for everyday functioning,
and impairments in selective attention are proposed to be one
of the more enduring behavioral deficits following mTBI
(Halterman et al. 2006). The current study explicitly examined
this selective attention hypothesis in a sample of predominant-
ly non-complicated mTBI patients using neuropsychological,
behavioral and neuroimaging parameters. Although mTBI
patients exhibited a trend for increased reaction times during
more rapidly presented incongruent auditory stimuli, few
differences emerged in terms of between-group differences

@ Springer
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bilateral posterior cingulate gyrus (PCC). The magnitudes of z-scores
are color-coded and the locations of sagittal (X) and axial (Z) slices are
given according to the Talairach atlas. Percent signal change (PSC)
values for selected areas are presented in Panel ¢ for both the mild
traumatic brain injury (mTBI; dark grey and black bars) and healthy
controls (HC; light grey bars) at both frequencies of stimulation
(0.33 Hz and 0.66 Hz). Importantly, PSC for regions of interest were
determined solely based on the unique areas of deactivation from the
healthy control statistical parametric maps (Panel a red/yellow colored
regions). Error bars correspond to the standard error of mean

in neuronal activation. The longer delay in assessment (i.e.,
weeks versus days) for the current versus previous studies
(Halterman et al. 2006) may potentially explain the differ-
ences in findings on measures of selective attention. However,
within-group comparisons indicated that mTBI failed to both
deactivate the DMN during conditions of higher attentional
load and failed to exhibit attention-related modulations
(ARM) during top-down visual attention.

As expected, semi-acutely injured mTBI patients self-
reported significantly increased subjective cognitive, somat-
ic and emotional symptoms on several measures relative to a
carefully matched cohort of healthy controls. Consistent
with previous meta-analyses (Belanger and Vanderploeg
2005; Belanger et al. 2005; Schretlen and Shapiro 2003),
current results indicated subtle deficits (i.e., moderate effect
sizes) across several domains of cognitive functioning ob-
jectively measured with traditional neuropsychological test-
ing. However, objective neuropsychological deficits did not
reach conventional levels of significance, perhaps as a result
of our relatively small sample size and longer delay in terms
of assessment time during the sub-acute stage (McCrea et al.
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Fig. 5 This figure presents regions exhibiting greater activation for the
attend visual (Vis; blue/cyan coloring) compared to attend auditory
(Aud) conditions during the within-group comparisons for healthy
controls (HC: Panel a) and mild traumatic brain injury patients (mTBI:
Panel b). Areas of increased activation for HC during the attend visual
condition included the bilateral prefrontal cortex (PFC), “what” (lateral
temporal-occipital cortex; LTO) and “where” (precuneus/cuneus;
PrCu) pathways, which were absent for mTBI. The magnitudes of
significant z-scores are color-coded and the locations of sagittal (X)
and axial (Z) slices are given according to the Talairach atlas. Percent
signal change (PSC) values for selected areas are presented in Panel ¢
for both mTBI (dark grey and black bars) and HC (light grey bars)
based on selected regions from Panel a (HC group only). Error bars
correspond to the standard error of mean

2003). Similarly, only subtle cognitive deficits (i.e., a
trend) were observed during a multimodal selective at-
tention task, and only for the “attend” auditory condition
during the more rapid presentation of incongruent stimuli.
Collectively, current findings provide evidence of both
subjective and subtle objective (trend and moderate effect
sizes) neurobehavioral deficits (trend and moderate effect
sizes) during the first few weeks of mTBI (Belanger et
al. 2007; Bigler 2008; Iverson 2005).

The primary objective of the current study was to inves-
tigate putative neurophysiological differences between
patients and controls given that traditional neuroimaging
measures (CT, T1 and T2 scans) were only sensitive to
pathology in a handful of patients. As noted in the introduc-
tion, previous neuroimaging studies have reported a mixed
pattern of both hypo- and hyperactivation in mTBI across a
variety of different tasks in mTBI patients (Lovell et al.
2007; Mayer et al. 2009; McAllister et al. 1999; McAllister
et al. 2001; Slobounov et al. 2010; Smits et al. 2009).

Similarly, findings of both hyperactivation (Scheibel et
al. 2007) and hypoactivation (Soeda et al. 2005) have
been reported in more severely injured TBI patients
within the lateral and medial prefrontal cortex during
cognitive control tasks. In contrast, there were minimal
between-group differences during the direct comparisons
of hemodynamic activity for incongruent compared to
congruent trials following mTBI in the current study.
Moreover, within-group comparisons suggested similar
activation of both the dMFC and lateral prefrontal cor-
tex during incongruent relative to congruent trials,
regions previously implicated in studies of cognitive
control (Carter and van Veen 2007; Kerns et al. 2004).

In contrast, within-group comparisons indicated that
healthy controls exhibited increased activation within the
pulvinar nucleus of the thalamus and cerebellum during
incongruent trials compared to congruent trials whereas this
activity was absent in mTBI patients. A failure to activate
the thalamus and cerebellum is similar to our previous
studies of auditory orienting, in which both pediatric (Yang
et al. 2012) and adult (Mayer et al. 2009) mTBI showed a
similar pattern of hypoactivation within similar structures.
In addition, within-group comparisons also indicated large
differences in attention-related modulations (ARM) during
the semi-acute stages of mTBI. Specifically, in contrast to
HC, mTBI failed to exhibit ARM within the bilateral
DLPFC, the “what” visual pathway and the “where” visual
pathways when attention was allocated to the visual modal-
ity (i.e., ignore auditory). Previous studies of multimodal
selective attention in healthy controls have also demonstrat-
ed that ARM are more robust during the allocation of
multisensory visual (ignore auditory) relative to auditory
(ignore visual) attention (Degerman et al. 2007; Johnson et
al., 2005; Mayer et al. 2009). Although the exact role of
ARM are unclear, enhancing the neural response for
attended stimuli and suppressing the response for ignored
stimuli may minimize the contribution of cross-modal dis-
tracters (Baier et al. 2006; Weissman et al. 2004). Therefore,
the lack of an enhanced neural response for mTBI subjects
may indicate a neurophysiological basis for the attentional
problems that are so frequently reported during the semi-
acute stage of the disorder.

The physiological basis for the blood-oxygen level de-
pendent signal is the change in blood flow, blood volume
and ratio of deoxyhemoglobin to oxyhemoglobin during
activation relative to baseline states (Raichle and Mintun
2000), the latter of which is typically defined as uncon-
strained passive mental activity and spontaneous neuronal
firings (Fox and Raichle 2007). In the current study, mTBI
patients demonstrated a relative lack of deactivation within
the bilateral anterior medial frontal cortex, bilateral posterior
cingulate gyrus and left medial temporal lobe during states
of increased cognitive demands (higher stimulation
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frequencies). In early neuroimaging studies, a similar network
of task-induced deactivations was consistently (i.e., regardless
of the nature of the task) observed using both PET (Shulman
et al. 1997) and fMRI studies (Binder et al. 1999), which was
later formalized as the default-mode network (DMN; Raichle,
et al. 2001). Previous work has also indicated a close spatial
relationship between the central hubs of the DMN during
more formal network analyses (independent component anal-
yses and seed-based techniques) relative to task-induced deac-
tivations (Mannell et al. 2010).

The DMN has been related to introspection, self-referential
thought, and mind wandering (Kelley et al. 2002; Mason et al.
2007; Raichle et al. 2001) and is disrupted in a number of
different neuropsychiatric disorders (Broyd et al. 2009;
Mannell et al. 2010). The magnitude of task-induced deactiva-
tions has been shown to vary as a function of task difficulty
(Greicius and Menon 2004; McKiernan, et al. 2003), suggest-
ing the lack of DMN deactivation in the mTBI group may be
indicative of a failure to disengage from internal states. This in
turn may result in a state of increased cognitive distractibility, as
DMN activity has been shown to predict errors during cogni-
tive control tasks (Eichele et al. 2008). The lack of task-induced
deactivation within the DMN is also consistent with previous
work by our group and others using more formal network
analyses (Johnson et al. 2012; Mayer et al. 2011a), suggesting
that the putative balance between the DMN and cortical atten-
tional networks is partially disrupted following mTBI.

The lack of expected attention-related modulations (acti-
vations) and task-induced deactivation observed in the
mTBI patients may therefore be the result of cognitive
deficits or may directly result from impaired neuronal func-
tion, impaired neural control of microvessels, direct damage
to the vascular system, metabolic disruptions, or a combi-
nation of all of the above following mTBI (Barkhoudarian et
al. 2011). For example, increased Virchow-Robin spaces
and hemosiderin depositions are frequently observed fol-
lowing mTBI (Inglese et al. 2005; Bigler 2004), and animal
models indicate reduction in capillary number and diameter
at different levels of injury severity (Park et al. 2009). At
present, it would be overly speculative to determine the
relative contributions of these different physiological mech-
anisms as they pertain to our finding. Moreover, the current
study design is unable to distinguish whether differences in
activation contribute to the subtle cognitive difficulties that
are frequently observed during the semi-acute stage of mTBI
or are secondary to these same impairments. Finally, other
non-specific factors such as differences in head motion, pain
or fatigue also contribute to differences in hemodynamic
activation. Nonetheless, if current findings can be replicated,
it would suggest that newer neuroimaging techniques may
provide important information regarding underlying patho-
physiology that is not available with conventional imaging
techniques (Belanger et al. 2007; Bigler 2008).

@ Springer

There are several limitations to the current study.
First, our anatomical imaging battery did not include
more advanced scans such as susceptibility weighted
imaging, which may have been more sensitive for
detecting small hemorrhagic lesions. Second, there are
multiple medical (e.g., pain, fatigue, and headache) and
medication (pain relievers) related issues that are asso-
ciated with studying mTBI patients during the semi-
acute injury phase. These non-specific conditions have
been shown to affect neurobehavioral functioning
(Hutchison et al. 2011) and medications may directly
alter the properties of the hemodynamic response. This
introduces a potential confound, as it would not be
feasible to eliminate patients with secondary injuries
and pain from any unselected study and derive a repre-
sentative sample. Thus, future studies should consider
including orthopedic injuries as a potential mechanism
for controlling for non-specific effects. Finally, we did
not have adequate power to examine the effects of
lesions on hemodynamic activity. Patients with positive
structural scans (complicated mTBI) may experience
increased symptoms and worse prognoses relative to
patients without lesions (Iverson 2006; Lange et al.
2009), but the effects of focal lesions on more diffuse
injuries are only beginning to be evaluated.

In conclusion, current results demonstrate minimal (i.
e., a trend) behavioral deficits in multi-modal selective
attention during the semi-acute phase of mTBI. Within-
group comparisons of hemodynamic activity indicated
that mTBI patients failed to both exhibit expected
ARM in visual and heteromodal cortical areas, as well
as failed to show expected task-induced deactivation of
the default-mode network during higher attentional loads
(i.e., high frequency conditions) in the absence of sig-
nificant group differences. Future fMRI studies should
determine whether these behavioral and functional defi-
cits normalize in conjunction with recovery, which is
expected to spontancously occur in the majority of
mTBI patients (Belanger et al. 2007; Bigler 2008; Iver-
son 2005). For example, activation within the frontal
and parietal lobes has been shown to normalize as a
function of recovery in more severely injured popula-
tions (Kim et al. 2009; Sanchez-Carrion et al. 2008).
Observations of recovery within ARM or task-induced
deactivations would provide additional evidence that
these disruptions may serve as biomarkers of mTBI,
although current findings indicate that they may not be
sensitive enough for robust classification.
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