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Abstract

Background—=Given that traumatic brain injury (TBI) results in chronic alteration of baseline
cerebral perfusion, a perfusion functional MRI (fMRI) method that dissociates resting- and task-
related cerebral blood flow (CBF) changes can be useful in noninvasively investigating the neural
correlates of cognitive dysfunction and recovery in TBI.

Objective—The authors used continuous arterial spin-labeled (ASL) perfusion fMRI to
characterize CBF at rest and during sustained-attention and working-memory tasks.

Methods—A total of 18 to 21 individuals with moderate to severe TBI and 14 to 18
demographically matched healthy controls completed 3 continuous 6-minute perfusion fMRI
scans (resting, visual sustained attention, and 2-back working memory).

Results—For both tasks, TBI participants showed worse behavioral performance than controls.
Voxelwise neuroimaging analysis of the 2-back task found that group differences in task-induced
CBF changes were localized to bilateral superior occipital cortices and the left superior temporal
cortex. Whereas controls deactivated these areas during task performance, TBI participants tended
to activate these same areas. These regions were among those found to be disproportionately
hypoperfused at rest after TBI. For both tasks, the control and TBI groups showed different
patterns of correlation between performance and task-related CBF changes.

Conclusions—ASL perfusion fMRI demonstrated differences between individuals with TBI and
healthy controls in resting perfusion and in task-evoked CBF changes as well as different patterns
of performance-activation correlation. These results are consistent with the notion that sensory/
attentional modulation deficits contribute to higher cognitive dysfunction in TBI.
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Introduction

Traumatic brain injury (TBI) affects 1.5 million people each year in the United States alone
and frequently results in debilitating and persistent cognitive impairment. Functional
neuroimaging may provide insight into the nature of the initial dysfunction of neural
networks subserving specific cognitive functions, the adaptive neurocognitive processes
associated with behavioral recovery, and, ultimately, mechanistically distinct patient
subgroups who may benefit from different treatment interventions.2:3

Functional neuroimaging research has been conducted to understand the neural mechanisms
underlying cognitive and motor dysfunction and recovery in TB1.4~7 The most frequent
finding is that individuals show altered activation patterns while performing higher cognition
tasks, particularly in the prefrontal areas.8-14 Because of the complex neuropathological
consequences of TBI, however, researchers have experienced difficulties in accurately
measuring and interpreting brain activity in this population. One such challenge comes from
the fact that TBI results in chronic alterations of baseline cerebrovascular parameters.15-18
For example, subtraction-based hemodynamic contrasts are not always clear regarding
whether group differences or condition differences are caused by differences in baseline
activity and the magnitude of task-evoked activation. In fact, neuroimaging researchers have
increasingly emphasized the importance of measuring an absolute baseline to better interpret
task-related activation of blood oxygenation level-dependent (BOLD) functional MRI
(fMR|).19’20

Arterial spin-labeled (ASL) fMRI21:22 quantifies cerebral blood flow (CBF), allowing one to
explicitly incorporate a resting baseline in the experimental design. In the chronic stage of
TBI, measures of CBF can serve as indirect indicators of neuronal integrity and function.16
Despite its potential usefulness, ASL fMRI has not been used to study higher cognitive
dysfunction in TBI. Limited spatial resolution, relative difficulty in implementation, and the
frequent presence of ferromagnetic implants in TBI patients may have prevented this method
from being used more widely. In the current study, we aimed to use ASL perfusion fMRI
methods to study the neural correlates of impaired performance in chronic survivors of
moderate to severe TBI. Based on the results from previous studies, we initially
hypothesized that the neural correlates of cognitive dysfunction in TBI may involve more
extensive brain activity in the prefrontal regions associated with task performance. In
addition, we hypothesized that the hypoperfused areas during the resting state may also
show alterations in task-evoked CBF changes, potentially reflecting decreased neuronal
reactivity caused by deafferentation.23.24
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Methods

Participants

The data were collected as part of a larger study investigating the neural correlates of
attention deficits and treatment responses to various psychoactive drugs after TBI (principal
investigator: JW). In all, 30 participants with TBI were recruited from clinical databases of
current and former patients at MossRehab25 as well as through community advertisement.
To be included, participants had to be between the ages of 16 and 60 years and had to have a
history of nonpenetrating TBI of at least moderate severity at least 3 months prior to
enrollment. Severity level was defined by significant and well-documented loss or alteration
of consciousness following injury (ie, lowest Glasgow Coma Scale score of less than 12 or
prospectively documented posttraumatic amnesia of greater than 1 day) or focal abnormality
on a neuroimaging study that was attributable to traumatic injury. Self- or clinician-reported
attention complaints were also required. Potential participants were excluded if they had a
history of premorbid neurological disease, psychosis, major affective disorder,
developmental disability, or attention deficit hyperactivity disorder or if they were currently
abusing alcohol or recreational drugs. Persons who were taking psychoactive medications
other than anticonvulsants were also excluded. Individuals who had extensive focal lesions
in the brain areas known to be involved in either sustained-attention or working-memory
task were also excluded. Participants and/or their involved caregivers (depending on the
participant’s cognitive capacity) provided informed consent. The study protocol was
approved by the Albert Einstein Healthcare Network and the University of Pennsylvania
institutional review boards.

Cognitive Tasks

Visual sustained-attention task (VSAT)—A simple go/no-go visual reaction time (RT)
task was used to examine the neural network involved in maintaining visual sustained
attention.26:27 Stimuli consisted of pairs of vertical lines presented for a brief period in the
center of the screen. They were also explicitly told that only 20% of the stimuli were targets.
A total of 60 stimuli were presented during an uninterrupted 6-minute task block with an
average interstimulus interval of 6 s (range, 4 to 8 s).

Two-back task—A letter version of the 2-back task?8:29 was used to examine the neural
network involved in continuous performance of a working-memory task. In this task,
participants were presented with a series of letters in the center of the screen. A total of 180
letters was presented with an exposure duration of 1 s and an interstimulus interval of 2 s.
The target rate for this task was 12%.

Data Acquisition

All participants were trained on the study tasks outside the scanner prior to data collection to
ensure comprehension of the instructions, ensure adequate performance, and, in the case of
the VSAT task, select a participant-specific stimulus duration that resulted in approximately
75% accuracy. Details of the calibration procedure are available elsewhere.2” The order of
task blocks was always resting first, the sustained-attention task second, and the 2-back task
last. Each task block was approximately 6 minutes in duration, and the intervals between

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 4

task blocks were approximately 30 s. During the resting condition, which was used as the
baseline control, participants was instructed to close their eyes but stay awake. For both
tasks, responses and RTs were recorded for further analysis.

Imaging was conducted on a Siemens 3.0-T Trio whole-body scanner (Siemens AG,
Erlangen, Germany) using a standard transmit/receive head coil. An amplitude-modulated
CASL (continuous arterial spin-labeled) technique was used for perfusion fMRI scans.3°
Interleaved images with and without labeling were acquired using a gradient echo, echo-
planar imaging sequence with the following acquisition parameters: Field of view (FOV) =
22 cm, matrix = 64 x 64, repetition time (TR) = 4 s, echo time (TE) = 17 ms, flip angle =
90°. A total of 14 slices (6-mm thickness with 1.5-mm gap) were acquired from inferior to
superior in a sequential order to cover the whole brain supratentorially. A delay time of 1 s
was inserted between the end of labeling pulses and image acquisition to reduce transit-
related effects. Each participant performed 3 CASL scans each with 92 acquisitions
(approximately 6 minutes). Before the functional scans, high-resolution T1-weighted
anatomical images were obtained using 3D MPRAGE: TR = 1620 ms, TI =950 ms, TE = 3
ms, flip angle = 15°, 160 contiguous slices of 1.0-mm thickness, FOV = 192 x 256 mm?,
matrix = 192 x 256, INEX with a scan time of 6 minutes.

Data Analysis

Behavioral data—The performance of the participants was characterized with respect to 2
dimensions: discrimination and speed. Discrimination was measured as @ . Speed was
operationalized as median RT on hits (correct button presses to targets). To ensure that the
scanning results reflected performance of the cognitive tasks as instructed, accuracy
thresholds were set for inclusion in the final analysis. For both tasks, we required that
accuracy was significantly above chance as measured by the binomial test. Behavioral
performance between the 2 groups was compared with the Mann-Whitney U Test for each
task. Statistical analyses were performed using PASW Statistics software version 18 (SPSS
Inc, Chicago, Illinois).

Imaging data—The location and extent of focal lesions was quantified by a trained
observer under supervision of a neurologist (HBC) with extensive experience in lesion
assessment. Focal lesions included any cystic cavities and other focal regions of abnormal
signal in the white or gray matter. For more technical details, see our previous study.3!

Functional image preprocessing and individual-level analysis were carried out using VoxBo
software (Center for Functional Neuroimaging, Philadelphia, Pennsylvania, http://
www.voxho.org). The group-level analysis was performed with Statistical Parametric
Mapping software (SPM5, Wellcome Department of Cognitive Neurology, London, UK,
http://www.fil.ion.ucl.ac.uk/spm). For each participant, functional images were realigned to
correct the head motion using a 6-parameter rigid-body least-squares realignment routine. If
the average of maximal translational displacements along 3 axes (x, ¥, and 2) during a
session exceeded the average of voxel dimensions along 3 axes, it was regarded as excessive
motion. Perfusion-weighted image series were generated by pairwise subtraction of the label
and control images, followed by conversion to absolute CBF image series based on a single-
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compartment CASL perfusion model.30 The resulting CBF data sets contained 46 images for
each 6-minute task block with an effective TR of 8 s. The CBF images were then normalized
to a custom template using symmetric normalization32-33 as implemented in the Advanced
Normalization Tools (ANTS; http://sourceforge.net/projects/advants). Normalized images
were resampled to 3-mm isotropic cubic voxels. For detailed procedures for template
building and spatial normalization, see our previous studies,16:31

For each cognitive task, the following statistical analyses were conducted. First, for each
participant, voxelwise individual GLMs (general linear model) were built to quantify CBF
values for each task condition. The global signal covariate was included in the GLM to
reduce spatially coherent noise in the data.3* Perfusion MRI data are known to be free from
any substantial temporal autocorrelation.35:38 Therefore, no filtering, autocorrelation
modeling, or smoothing was done for the time series. The resulting parameter estimates
were then fed into a random-effects model to allow population-level inferences.3” A gray-
matter mask was applied to each image before the group analysis. For multiple comparison
correction for our voxelwise analysis, we first applied a peak height threshold of uncorrected
P <.005 for the voxel level and then only reported voxel clusters satisfying a family-wise
error corrected cluster-level threshold of £< .05. A cluster size threshold of 15 voxels or
greater was also used. The peak coordinates were mapped to MNI space by registering the
custom template to the Colin brain38 using ANTS. The anatomical labels of the peaks were
manually obtained using the Anatomical Automatic Labeling (AAL) atlas39 and an atlas by
Mai and colleagues.40

All group analyses were conducted using SPM5. For the resting baseline difference, an
independent 2-sample ftest was run for each task separately using the resting CBF images.
For the task effects, the resting condition map was first subtracted from the task condition
for each participant. Then, a 1-sample #test was run using these subtraction images. These
images were then compared across the 2 groups using an independent 2-sample ftest to
obtain the Group (control, TBI) x Task Condition (task, rest) interaction. Simple regression
analyses were performed to estimate the correlations between performance (¢ and RT) and
task-evoked CBF changes for each task.

The mean CBF for functional regions of interest were calculated to correlate them with
performance. In doing so, the CBF time series for each voxel from each participant was
averaged across all the voxels in each significant voxel cluster and then averaged across
participants.

Participant Characteristics

Originally, 23 control participants and 30 individuals with TBI were enrolled in this study.
Data from 1 control and 2 TBI participants were excluded because of data corruption. Also,
2 TBI participants were excluded because of brain coverage issues after spatial
normalization. One participant had extensive focal lesions in the frontal and parietal cortices,
the areas known to be involved in the tasks to be performed. Motion during 1 or more task
sessions resulted in the exclusion of 2 controls and 2 TBI participants from the VSAT task
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and 2 control and 4 TBI participants from the 2-back task. In addition, 6 control and 5 TBI
participants were excluded from the analysis of the VSAT task because their behavioral
performance did not meet the necessary cutoff (see the Data Analysis section). Two controls
were excluded from the 2-back task because of chance-level performance. Because the
participants with accuracy or motion exclusions differed between the 2 tasks, we chose to
analyze slightly different participant samples for the 2 tasks. Consequently, the final analysis
was conducted on 14 controls and 18 participants with TBI for the VSAT task and 18
controls and 21 TBI participants for the 2-back task. Table 1 summarizes selected
demographic and clinical characteristics of the participants who enter into either or both
analyses. The resting state data from these participants have been published in one of our
previous reports. The reader is advised to refer to Table 2 of the study8 for more detailed
clinical characteristics. The IDs of the 23 TBI participants who were included in the current
studyare 1, 3,5, 7, 8,9, 10, 11, 12, 14, 15, 17, 18, 19, 21, 22, 23, 24, 26, 28, 29, 31, and 34.
Measures of the functional status of each participant at the time of testing were not obtained
prospectively. However, patients were retrospectively assigned Glasgow Outcome Scores*!
based on review of referral records and observation of the participant at testing. Because we
lacked information about current employment status in some cases, these ratings remain
somewhat imprecise, indicating the lowest possible level of function compatible with the
available data at the time of testing. Out of 23 patients, 9 were rated as level 3 (severely
disabled) or better; 9 were rated as level 4 or better (moderate disability), and 5 were rated as
level 5 (good recovery).

Group Differences in Task Performance

For the VSAT, the stimulus duration selected during pretesting to ensure adequate accuracy
of performance was slightly but significantly longer for participants with TBI, replicating the
robust finding of slowing of cognitive processing following TBI (see Table 2). The trend was
toward lower accuracy and longer RT among participants with TBI as compared with control
participants, although this did not reach statistical significance. For the 2-back task,
individuals with TBI showed significantly lower accuracy (@) and response speed (RT)
compared with controls (see Table 2).

Group Differences in CBF

Lesion distribution—Figure 1A shows a lesion frequency map of the 4 TBI participants
with focal lesions who were included in the analysis of the sustained-attention task. Figure
2A illustrates a lesion frequency map of the 2-back task consisting of focal lesions from 9
TBI participants. As expected, the lesion extent was largely confined to the frontotemporal
cortices, a typical pattern in moderate to severe TBI.

Resting CBF—For the VSAT subgroup, TBI participants showed hypoperfusion compared
with controls in the thalamus and many areas of the cortex (see Figure 1B and Table 3). A
similar pattern of hypoperfusion was seen for the 2-back subgroup (see Figure 2B and Table
4).

Task-induced CBF changes—Figures 1C, 1D, 2C, and 2D illustrate task-induced CBF
changes in the 2 groups. The loci of activation and deactivation for each task are generally in
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agreement with previous studies using similar tasks involving sustained attention and 2-back
tasks in healthy controls.42-46

During the VSAT task, even though the 2 groups activated and deactivated similar areas,
visual inspection indicated a slightly different pattern between the 2 groups. That is, TBI
participants showed a trend toward a more bilateral activation pattern for the middle frontal
and supplementary motor cortices. In contrast, controls activated the right inferior temporal
cortex, an area known to be involved in visual shape processing.4’ However, this trend
identified by visual inspection did not yield statistically significant results in a direct
quantitative comparison of the 2 groups’ task-induced CBF changes: no voxel clusters
survived in a voxelwise whole brain search for a Group x Task Condition interaction ([Task-
rest in control] — [Task-rest in patient]).

For the 2-back task, although TBI participants activated all areas where controls showed
CBF increases, their activations tended to be more bilateral and extensive compared with
controls. TBI participants also activated the bilateral anterior insula areas. In contrast,
deactivated regions appeared to be less extensive than for controls. Only the right superior
temporal and the right posterior cingulate cortices were deactivated. However, most of these
qualitative observations did not result in statistically significant voxel clusters in a voxelwise
search for a Group x Task Condition interaction. The only 2 areas with a significant Group x
Task Condition interaction were the bilateral superior occipital (BA 18) and the left superior
temporal (BA 22) cortices (see Table 4). Comparison of Figures 2C and 2D reveals that the 2
groups showed different directions of CBF changes in these areas. That is, whereas these
areas were deactivated during the task performance in controls, the same areas tended to be
activated in TBI. We extracted the CBF values from these regions and correlated them with
performance measures within each group. However, neither & nor RT was significantly
correlated with the magnitude of task-evoked CBF values (Spearman’s p < 0.2 and P> .4 for
all comparisons).

Performance—activation relationship—Simple regression analyses using the accuracy
score (') and median RT as regressors were conducted for each group to examine the
correlation between task performance and task-induced CBF changes. For the VSAT, the
control group showed significant correlations between RT and task activation in the left
inferior parietal (BA 40) and the right middle frontal/superior frontal/anterior cingulate (BA
47/10) cortices (Figure 1E and Table 3). No clusters with a significant relationship between
d and activation were identified. In contrast, TBI participants showed no clusters with
significant correlation between RT and activation. However, a significant relationship was
found between @ and task activation in the left lateral cerebellar, the right inferior frontal
(BA 44), and the right anterior cingulate (BA 24) cortices (Figure 1F and Table 3). For the 2-
back task, the activity in the left parietal area (BA 7/39) was correlated with o in controls
(Table 4). No voxel showed such a relationship in individuals with TBI.

Discussion

Numerous animal and human studies have indicated that TBI significantly alters baseline
cerebrovascular parameters, including CBF and cerebral rate of oxygen consumption.19:48
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Thus, obtaining a baseline is important when researchers compare task-induced activation
across different groups or occasions. Although ASL perfusion fMRI can quantify CBF
noninvasively and reliably, this method has rarely been used to investigate the neural
correlates of impaired cognitive performance in TBI. Our study used this method to
investigate the neural correlates of chronic TBI participants’ impaired performance during
sustained attention and working memory.

Participants with TBI showed worse behavioral performance than controls in both tasks, but
the group difference was more prominent in working-memory task compared with the
sustained-attention task. Mirroring the small behavioral difference, no significant Group x
Task Condition interaction was found for the sustained-attention task in the voxelwise
analysis of CBF data. For the 2-back task, the results suggested a trend toward more
extensive task-evoked frontoparietal activity in TBI compared with controls, which is in line
with the majority of previous studies and our initial hypothesis. However, this trend was not
confirmed in the subsequent statistical parametric mapping analysis, possibly because of our
small sample size. Instead, we found a significant Group x Task Condition in several sensory
areas—that is, the bilateral superior occipital (BA 18) and the left superior temporal (BA 22)
cortices. This interaction effect was driven by the opposite direction of task-evoked CBF
changes between the 2 groups; whereas controls deactivated these areas during the task, TBI
participants activated the same areas. We speculate that this pattern might underlie TBI
participants’ decreased capacity to inhibit irrelevant sensory information.49-50

In line with our initial hypothesis that resting hypoperfusion in an area may be associated
with task-evoked CBF alterations in the same region, the sensory areas with altered task-
induced CBF changes during the 2-back task were found to be hypoperfused even during the
resting state. This fact strongly suggests that the observed group differences in task-evoked
CBF changes do not simply reflect impaired behavior or altered behavioral strategies in TBI.
An interesting fact is that not all areas that were hypoperfused during resting showed altered
task-induced activation. For example, the supplementary motor and the posterior cingulate
areas did not show significant task-related CBF alterations in TBI. This indicates that the
most severe alterations might be within the sensory cortices listed above. Considering the
fact that visual and auditory sensory cortices are modulated by attention in healthy
individuals,51-53 we speculate that attentional modulation deficits, detectable even during
the resting state, may contribute to higher cognitive dysfunction in TBI. In fact, several
studies reported resting-state glucose hypometabolism or hypoperfusion in visual and
auditory cortices in chronic TBI participants.23:54:55 Nakashima and colleagues?3
hypothesized that these alterations to decreased neuronal activity may be a result of
deafferentation and related them to deficits in visual function in TBI patients. Our previous
study6 partially supports this interpretation by demonstrating that structural atrophy did not
completely account for reduced CBF in the thalamus, an area that provides input to these
sensory cortices. A future study investigating the structural and functional connectivity
between the thalamus and sensory cortices may further support this interpretation.

We found altered performance-activation correlations in TBI, even though the specific
pattern of disruption was different from previous studies.11:13 For the working-memory task,
our controls showed a significant relationship between performance accuracy (¢) and
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activation in the left parietal cortices, an area known to support the task performance. TBI
participants did not show this relationship, which may indicate that there was more
individual variation in the neural networks supporting task performance among TBI
participants than in controls. For the VSAT, the 2 groups showed common locations of
performance-activation correlation in the right prefrontal and anterior cingulate cortices.
However, whereas controls had an additional area with a significant performance correlation
in the left parietal cortex, TBI participants showed such a correlation with the left lateral
cerebellum instead. Given relatively similar accuracy and speed between groups in the
VSAT, the group difference in performance—activation correlation is not likely to be a result
of performance confound.

Several limitations of the present study should be noted. First, a large number of participants
were excluded from the analysis for various reasons, which may reduce the
representativeness of the sample. Second, we provided only 1 additional measure (ie,
reconstructed Glasgow Outcome Score) of cognitive and functional status of our patient
sample. Third, the group analysis approach we took might have overlooked individual
differences in patterns of brain reorganization after injury. Fourth, the order of task blocks
was not counterbalanced. The sustained-attention task was always administered before the 2-
back task, making it difficult to rule out task order effects. Thus, the results from the 2 tasks
should not be directly compared. The fifth limitation of the study is the relatively noisy
nature of ASL time series. Despite using rather lenient thresholding for examining perfusion
fMRI results, a low signal-to-noise ratio (SNR) could have prevented identification of
additional brain regions with group differences. In addition, a relatively small sample size
could have further reduced the statistical power to detect the effects of interest, consequently
limiting generalizability of the conclusions. Sixth, one should be reminded that the present
study used a blocked design with a very long task period, so that brain activation likely
reflected primarily enduring aspects of “task set” rather than transient neural events
associated with signal processing. Thus, the effects of TBI on these more transient cognitive
processes may have been missed.

Despite these limitations, we believe that efforts to reveal the mechanisms of impaired
cognitive processing in TBI may eventually allow us to locate the critical areas needed for
performance, to distinguish various forms of neuroplasticity (eg, restorative vs
compensatory) manifested in this population, and help us adopt a more targeted approach to
treatment. In the future, a study implementing both BOLD and perfusion fMRI is warranted
to investigate both tonic and transient components of higher cognition. To address the issue
of a low SNR, we plan to use a pseudocontinuous ASL sequence with an improved SNR6
in our next study. Using a study sample with multiple cognitive and functional measures
would facilitate comparisons with other studies, increasing the generalizability of the results.
Cognitive tests with a parametric design would yield additional methods of identifying
group differences in task-modulated CBF changes.

Acknowledgments

The authors wish to thank Jiongjiong Wang, PhD, Kathy Z. Tang, BA, Geoffrey K. Aguirre, MD, PhD, Daniel
Kimberg, PhD, John Pluta, BS, and Allen Osman, PhD, for their help with participant recruitment, data analysis,

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 10

and manuscript review. The assistance of MRI technicians Doris Cain, Patricia O’Donnell, and Norman Butler is

o gratefully acknowledged.
nding

e author(s) disclosed receipt of the following financial support for the research, authorship, and/or publication of

this article: This study is supported by the National Institutes of Health (grant numbers R24HD39621 [to JW],

Kim et al.
als
Fu
Th
R2
References

1.

10

11.

12.

13.

4HD050836 [to JW; www.ncrrn.org], and P30NS045839 [to JAD]).

Rutland-Brown W, Langlois JA, Thomas KE, Xi YL. Incidence of traumatic brain injury in the
United States, 2003. J Head Trauma Rehabil. 2006; 21:544-548. [PubMed: 17122685]

. Munoz-Cespedes JM, Rios-Lago M, Paul N, Maestu F. Functional neuroimaging studies of

cognitive recovery after acquired brain damage in adults. Neuropsychol Rev. 2005; 15:169-183.
[PubMed: 16395622]

. Strangman G, O’Neil-Pirozzi TM, Burke D, et al. Functional neuroimaging and cognitive

rehabilitation for people with traumatic brain injury. Am J Phys Med Rehabil. 2005; 84:62-75.
[PubMed: 15632490]

. Van Boven RW, Harrington GS, Hackney DB, et al. Advances in neuroimaging of traumatic brain

injury and posttraumatic stress disorder. J Rehabil Res Dev. 2009; 46:717-757. [PubMed:
20104401]

. McAllister TW, Flashman LA, Sparling MB, Saykin AJ. Working memory deficits after traumatic

brain injury: catecholaminergic mechanisms and prospects for treatment: a review. Brain Inj. 2004;
18:331-350. [PubMed: 14742148]

. Caeyenberghs K, Leemans A, Geurts M, et al. Correlations between white matter integrity and

motor function in traumatic brain injury patients. Neurorehabil Neural Repair. 2011; 25:492-502.
[PubMed: 21427274]

. Hillary FG. Neuroimaging of working memory dysfunction and the dilemma with brain

reorganization hypotheses. J Int Neuropsychol Soc. 2008; 14:526-534. [PubMed: 18577281]

. Christodoulou C, DeLuca J, Ricker JH, et al. Functional magnetic resonance imaging of working

memory impairment after traumatic brain injury. J Neurol Neurosurg Psychiatry. 2001; 71:161-168.
[PubMed: 11459886]

. Levine B, Cabeza R, Mcintosh AR, Black SE, Grady CL, Stuss DT. Functional reorganisation of

memory after traumatic brain injury: a study with H(2)(15)0 positron emission tomography. J

Neurol Neurosurg Psychiatry. 2002; 73:173-181. [PubMed: 12122177]

. Perlstein WM, Cole MA, Demery JA, et al. Parametric manipulation of working memory load in
traumatic brain injury: behavioral and neural correlates. J Int Neuropsychol Soc. 2004; 10:724—
741. [PubMed: 15327720]

Sanchez-Carrion R, Gomez PV, Junque C, et al. Frontal hypoactivation on functional magnetic
resonance imaging in working memory after severe diffuse traumatic brain injury. J Neurotrauma.
2008; 25:479-494. [PubMed: 18363509]

Soeda A, Nakashima T, Okumura A, Kuwata K, Shinoda J, lwama T. Cognitive impairment after
traumatic brain injury: a functional magnetic resonance imaging study using the Stroop task.
Neuroradiology. 2005; 47:501-506. [PubMed: 15973537]

Scheibel RS, Newsome MR, Steinberg JL, et al. Altered brain activation during cognitive control in
patients with moderate to severe traumatic brain injury. Neurorehabil Neural Repair. 2007; 21:36—
45. [PubMed: 17172552]

14. Turner GR, Levine B. Augmented neural activity during executive control processing following

15.

diffuse axonal injury. Neurology. 2008; 71:812-818. [PubMed: 18779509]

Bouma GJ, Muizelaar JP, Choi SC, Newlon PG, Young HF. Cerebral circulation and metabolism
after severe traumatic brain injury: the elusive role of ischemia. J Neurosurg. 1991; 75:685-693.
[PubMed: 1919689]

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 11

Kim J, Whyte J, Patel S, et al. Resting cerebral blood flow alterations in chronic traumatic brain
injury: an arterial spin labeling perfusion fMRI study. J Neurotrauma. 2010; 27:1399-1411.
[PubMed: 20528163]

Kochanek PM, Hendrich KS, Dixon CE, Schiding JK, Williams DS, Ho C. Cerebral blood flow at
one year after controlled cortical impact in rats: assessment by magnetic resonance imaging. J
Neurotrauma. 2002; 19:1029-1037. [PubMed: 12482116]

Schroder ML, Muizelaar JP, Kuta AJ, Choi SC. Thresholds for cerebral ischemia after severe head
injury: relationship with late CT findings and outcome. J Neurotrauma. 1996; 13:17-23. [PubMed:
8714859]

Hillary FG, Biswal B. The influence of neuropathology on the FMRI signal: a measurement of
brain or vein? Clin Neuropsychol. 2007; 21:58-72. [PubMed: 17366278]

Gusnard DA, Raichle ME. Searching for a baseline: functional imaging and the resting human
brain. Nat Rev Neurosci. 2001; 2:685-694. [PubMed: 11584306]

Detre JA, Wang J, Wang Z, Rao H. Arterial spin-labeled perfusion MRI in basic and clinical
neuroscience. Curr Opin Neurol. 2009; 22:348-355. [PubMed: 19491678]

Williams DS, Detre JA, Leigh JS, Koretsky AP. Magnetic resonance imaging of perfusion using
spin inversion of arterial water. Proc Natl Acad Sci U S A. 1992; 89:212-216. [PubMed: 1729691]

Nakashima T, Nakayama N, Miwa K, Okumura A, Soeda A, Iwama T. Focal brain glucose
hypometabolism in patients with neuropsychologic deficits after diffuse axonal injury. AJINR Am J
Neuroradiol. 2007; 28:236-242. [PubMed: 17296986]

Povlishock JT, Katz DI. Update of neuropathology and neurological recovery after traumatic brain
injury. J Head Trauma Rehabil. 2005; 20:76-94. [PubMed: 15668572]

Schwartz MF, Brecher AR, Whyte J, Klein MG. A patient registry for cognitive rehabilitation
research: a strategy for balancing patients’ privacy rights with researchers’ need for access. Arch
Phys Med Rehabil. 2005; 86:1807-1814. [PubMed: 16181947]

Whyte J, Hart T, Vaccaro M, et al. Effects of methylphenidate on attention deficits after traumatic
brain injury: a multidimensional, randomized, controlled trial. Am J Phys Med Rehabil. 2004;
83:401-420. [PubMed: 15166683]

Whyte J, Polansky M, Fleming M, Coslett HB, Cavallucci C. Sustained arousal and attention after
traumatic brain injury. Neuropsychologia. 1995; 33:797-813. [PubMed: 7477808]

Awnh E, Jonides J, Smith EE, Schumacher EH, Koeppe RA, Katz S. Dissociation of storage and
rehearsal in verbal working memory: Evidence from positron emission tomography. Psychol Sci.
1996; 7:25-31.

Cohen JD, Perlstein WM, Braver TS, et al. Temporal dynamics of brain activation during a
working memory task. Nature. 1997; 386:604—608. [PubMed: 9121583]

Wang J, Zhang Y, Wolf RL, Roc AC, Alsop DC, Detre JA. Amplitude-modulated continuous
arterial spin-labeling 3.0-T perfusion MR imaging with a single coil: feasibility study. Radiology.
2005; 235:218-228. [PubMed: 15716390]

Kim J, Avants B, Patel S, et al. Structural consequences of diffuse traumatic brain injury: a large
deformation tensor-based morphometry study. Neuroimage. 2008; 39:1014-1026. [PubMed:
17999940]

Avants B, Schoenemann PT, Gee JC. Lagrangian frame diffeomorphic image registration:
morphometric comparison of human and chimpanzee cortex. Med Image Anal. 2006; 10:397-412.
[PubMed: 15948659]

Avants B, Epstein CL, Grossman M, Gee JC. Symmetric diffeomorphic image registration with
cross-correlation: evaluating automated labeling of elderly and neurodegenerative brain. Med
Image Anal. 2008; 12:26-41. [PubMed: 17659998]

Aguirre GK, Zarahn E, D’Esposito M. The inferential impact of global signal covariates in
functional neuroimaging analyses. Neuroimage. 1998; 8:302—-306. [PubMed: 9758743]

Wang J, Aguirre GK, Kimberg DY, Detre JA. Empirical analyses of null-hypothesis perfusion
FMRI data at 1.5 and 4 T. Neuroimage. 2003; 19:1449-1462. [PubMed: 12948702]

Aguirre GK, Detre JA, Zarahn E, Alsop DC. Experimental design and the relative sensitivity of
BOLD and perfusion fMRI. Neuroimage. 2002; 15:488-500. [PubMed: 11848692]

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 12

Holmes A, Friston KJ. Generalizability, random effects, and population inference. Neuroimage.
1998; 7:S754.

Van Essen DC, Lewis JW, Drury HA, et al. Mapping visual cortex in monkeys and humans using
surface-based atlases. Vision Res. 2001; 41:1359-1378. [PubMed: 11322980]

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, et al. Automated anatomical labeling of
activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage. 2002; 15:273-289. [PubMed: 11771995]

Mai, JK., Assheuer, JK., Paxinos, G. Atlas of the Human Brain. 2nd. San Diego, CA: Academic
Press; 2004.

Jennett B, Snoek J, Bond MR, Brooks N. Disability after severe head injury: observations on the
use of the Glasgow Outcome Scale. J Neurol Neurosurg Psychiatry. 1981; 44:285-293. [PubMed:
6453957]

Coull JT, Frackowiak RS, Frith CD. Monitoring for target objects: activation of right frontal and
parietal cortices with increasing time on task. Neuropsychologia. 1998; 36:1325-1334. [PubMed:
9863686]

Kim J, Whyte J, Wang J, Rao H, Tang KZ, Detre JA. Continuous ASL perfusion fMRI
investigation of higher cognition: quantification of tonic CBF changes during sustained attention
and working memory tasks. Neuroimage. 2006; 31:376-385. [PubMed: 16427324]

Lawrence NS, Ross TJ, Hoffmann R, Garavan H, Stein EA. Multiple neuronal networks mediate
sustained attention. J Cogn Neurosci. 2003; 15:1028-1038. [PubMed: 14614813]

Owen AM, McMillan KM, Laird AR, Bullmore E. N-back working memory paradigm: a meta-
analysis of normative functional neuroimaging studies. Hum Brain Mapp. 2005; 25:46-59.
[PubMed: 15846822]

Pardo JV, Fox PT, Raichle ME. Localization of a human system for sustained attention by positron
emission tomography. Nature. 1991; 349:61-64. [PubMed: 1985266]

Denys K, Vanduffel W, Fize D, et al. The processing of visual shape in the cerebral cortex of
human and nonhuman primates: a functional magnetic resonance imaging study. J Neurosci. 2004;
24:2551-2565. [PubMed: 15014131]

Golding EM. Sequelae following traumatic brain injury: the cerebrovascular perspective. Brain Res
Brain Res Rev. 2002; 38:377-388. [PubMed: 11890983]

Kim J, Whyte J, Hart T, Vaccaro M, Polansky M, Coslett HB. Executive function as a predictor of
inattentive behavior after traumatic brain injury. J Int Neuropsychol Soc. 2005; 11:434-445.
[PubMed: 16209424]

Whyte J, Schuster K, Polansky M, Adams J, Coslett HB. Frequency and duration of inattentive
behavior after traumatic brain injury: effects of distraction, task, and practice. J Int Neuropsychol
Soc. 2000; 6:1-11. [PubMed: 10761362]

Slotnick SD, Schwarzbach J, Yantis S. Attentional inhibition of visual processing in human striate
and extrastriate cortex. Neuroimage. 2003; 19:1602-1611. [PubMed: 12948715]

Poghosyan V, loannides AA. Attention modulates earliest responses in the primary auditory and
visual cortices. Neuron. 2008; 58:802-813. [PubMed: 18549790]

Jancke L, Mirzazade S, Shah NJ. Attention modulates activity in the primary and the secondary
auditory cortex: a functional magnetic resonance imaging study in human subjects. Neurosci Lett.
1999; 266:125-128. [PubMed: 10353343]

Kato T, Nakayama N, Yasokawa Y, Okumura A, Shinoda J, Iwama T. Statistical image analysis of
cerebral glucose metabolism in patients with cognitive impairment following diffuse traumatic
brain injury. J Neurotrauma. 2007; 24:919-926. [PubMed: 17600509]

Stamatakis EA, Wilson JT, Hadley DM, Wyper DJ. SPECT imaging in head injury interpreted with
statistical parametric mapping. J Nucl Med. 2002; 43:476-483. [PubMed: 11937590]

Wu WC, Fernandez-Seara M, Detre JA, Wehrli FW, Wang J. A theoretical and experimental
investigation of the tagging efficiency of pseudocontinuous arterial spin labeling. Magn Reson
Med. 2007; 58:1020-1027. [PubMed: 17969096]

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al. Page 13

w 00000800 ¢
it e U A ;)’f e\ Sk ; B\ R ; \ AR\ /A
mmM@@@@@@U@ﬁh

~

= 200080000 ®

mw.@@@@@@@@ﬁ‘

Geé808

\

Figure 1.
Lesion frequency and statistical parametric maps for the VSAT task. A. Lesion frequency

map of 4 TBI participants with focal lesions. B. Significant group difference in resting-state
CBF. C. Areas associated with the VSAT task in controls. D. Areas associated with the
VSAT task in TBI. E. Simple regression of RT on task-evoked CBF change in controls. F.
Simple regression of RT on task-evoked CBF change in TBI. Abbreviations: VSAT, visual
sustained-attention task; TBI, traumatic brain injury; CBF, cerebral blood flow; RT, reaction
time.

Note: A color version of this figure is available online at nnr.sagepub.com.
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Figure 2.
Lesion frequency and statistical parametric maps for the 2-back task. A. Lesion frequency

map of 9 TBI participants with focal lesions. B. Significant group difference in resting-state
CBF. C. Areas associated with the 2-back task in controls. D. Areas associated with the 2-
back task in TBI. E. An interaction effect of Group (control, TBI) x Task Condition (2-back,
rest). F. Relationship between the magnitude of the task-evoked CBF change and
performance accuracy (¢). Abbreviations: TBI, traumatic brain injury; CBF, cerebral blood
flow.

Note: A color version of this figure is available online at nnr.sagepub.com.
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