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Abstract

There is no accepted clinical imaging modality for concussion, and current imaging modalities
including fMRI, DTI, and PET are expensive and inaccessible to most clinics/ patients. Functional
near-infrared spectroscopy (fNIRS) is a non-invasive, portable, and low-cost imaging modality that
can measure brain activity. The purpose of this study was to compare brain activity as measured by
fNIRS in concussed and age-matched controls during the performance of cognitive tasks from a
computerized neurocognitive test battery. Participants included nine currently symptomatic
patients aged 18-45 years with a recent (15-45 days) sport-related concussion and five age-
matched healthy controls. The participants completed a computerized neurocognitive test battery
while wearing the fNIRS unit. Our results demonstrated reduced brain activation in the concussed
subject group during word memory, (spatial) design memory, digit-symbol substitution (symbol
match), and working memory (X’s and O’s) tasks. Behavioral performance (percent-correct and
reaction time respectively) was lower for concussed participants on the word memory, design
memory, and symbol match tasks than controls. The results of this preliminary study suggest that
fNIRS could be a useful, portable assessment tool to assess reduced brain activation and augment
current approaches to assessment and management of patients following concussion.

Keywords
Concussion; Mild Traumatic Brain Injury; Neurocognitive Testing; Near Infrared Spectroscopy

Introduction

Sport-related concussions affect approximately 1.6 to 3.8 million people each year in the
United States (Langlois et al. 2006). A concussion (or mild traumatic brain injury) is a
complex pathophysiological process affecting the brain, induced by traumatic biomechanical
forces secondary to direct or indirect forces to the head (McCrory et al. 2013). Alteration of
mental status is related to neurometabolic dysfunction rather than structural brain injury per
se; which may or may not involve a loss of consciousness (McCrory et al. 2013).
Concussions differ from other traumatic brain injuries in their initial milder presentation
(e.g., Glasgow Coma Scale score =13) and do not typically include structural alterations
detectable using standard clinical imaging techniques (i.e., CT, MRI). In sports, concussions
typically result from head-to-head, head-to-body part (i.e., shoulder or knee), or head-to-
ground contact. These injuries can result in myriad physical, psychiatric, and sleep-related
symptoms as well as cognitive, vestibular, and other deficits that can impair one’s ability to
function in sport and in everyday life (Alsalaheen et al. 2010; McCrory et al. 2009; McGrath
2010). Previously, researchers have hypothesized that there is decreased cerebral blood flow
during a period of vulnerability in the days immediately following concussion (Giza and
Hovda 2001). This decrease in cerebral blood flow (CBF) may in part explain the
performance deficits on cognitive tasks that have been documented following concussion.
Assessment of changes in CBF during cognitive performance following concussion may
help clinicians to better assess and manage this injury. Surprisingly, only a handful of studies
have examined hemodynamic changes during performance of cognitive tasks in patients
following concussion (Len et al. 2011; Maugans et al. 2012). Current methods of
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quantifying CBF include transcranial Doppler ultrasonography (TCD), positron emission
tomography (PET), single photon emission computed tomography (SPECT), and functional
magnetic resonance imaging (fMRI). Although effective in detecting cerebral blood flow
changes, these methods are limited in their portability, cost, and utility in the confines of
clinical space. A novel portable brain imaging technology called functional near-infrared
spectroscopy (fNIRS) is well suited to assessing cerebral blood oxygenation during the
performance of cognitive tasks, and may provide information that enhances current
concussion assessment and management. Researchers have yet to employ fNIRS to measure
evoked changes in cerebral blood flow during cognitive and attentional tasks in patients
following concussion.

Computerized neurocognitive test batteries are commonly used to assess and manage
cognitive impairment following concussion (Lovell and Fazio 2008; Van Kampen et al.
2006). These tests typically include varying combinations of memory, learning, processing
speed, and reaction time tasks. Consensus statements on concussion in sports have
advocated for the use of such tests as one tool in a comprehensive concussion assessment
and management approach that includes on-field, balance, and other assessments (McCrory
et al. 2013). The premise of computerized neurocognitive testing is that performance on
these tests is reflective of functional impairment in the brain following concussion. Initial
research by Lovell and colleagues (2007) comparing concussed athletes to age-matched
controls using fMRI during the N-back working memory task supported the premise for
neurocognitive testing following concussion. Specifically, these researchers reported that
concussed patients with hyper-activation were more likely to have a longer recovery than
those without. Similarly, Jantzen et al. (2004) reported increased brain activation using fMRI
from baseline to post-concussion in spite of a concurrent return to normal cognitive
performance. More recently, Slobounov and colleagues (Slobounov et al. 2011) reported that
brain activation increased as measured by fMRI. They also reported that concussed and
control participants differed in brain activation in the acute phase (i.e., 10 days post injury)
of concussion in the absence of symptom and neuropsychological test findings.

There is also evidence to suggest that even at rest, the injured brain behaves differently.
Researchers investigating functional connectivity of the quiescent brain have demonstrated
acute post-injury changes in the strength but not the number of connections (e.g., Nakamura
et al. 2009, Slobounov et al. 2011) and overall reduced inter-hemispheric connectivity (e.g.,
Johnson et al. 2012). Researchers who examined the default mode network reported a
similar reduction in connection strength as well as number, and a moderating effect of the
number of injuries sustained (Johnson et al. 2012). Together this evidence suggests that brain
function may be altered both during cognition and at rest.

Together these findings suggest that brain activation patterns and recovery may not mirror
those of neurocognitive testing following concussion. However, it is important to note that
the preceding studies either did not use and/or did not report concurrent neurocognitive
performance on commonly used computerized neurocognitive test batteries (e.g., ANAM,
AXON, CogSport, ImPACT, Headminders). Instead, both studies used traditional paper and
pencil tests including Trail Making, Stroop, and Digit Span tests, which are characterized by
more substantial practice effects relative to computerized tests; furthermore, computerized
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assessments after a concussive injury are more commonly used owing to their cost and time
effectiveness among other things (Collie et al. 2001; Erlanger et al. 2003). As such, research
comparing functional brain activation patterns in patients following concussion with
concurrent completion of computerized neurocognitive test batteries that are sensitive to the
effects of concussion is warranted.

Brain imaging techniques such as fMRI have been developed to measure local changes in
cerebral oxygenation and blood flow evoked during functional tasks. Researchers have
begun to establish the utility of fMRI in detecting functional changes in individuals
following concussion during several of the popular neurocognitive tests (McAllister et al.
2001; Ptito et al. 2007; Slobounov et al. 2011; Slobounov et al. 2010). To date, several fMRI
studies have demonstrated hyper-activation particularly in the prefrontal cortex and
dorsolateral prefrontal cortex (reviewed in Slobounov et al. 2012). However, other
researchers have reported reduced activation during working memory tasks (Chen et al.
2004; Chen et al. 2008). The equivocal findings may relate to the different demands of the
tasks being performed. For example, a more resource intensive task such as recall of a
specific item may result in bilateral or diffused activation following concussion. Regardless,
these discrepant findings highlight the need for further research into brain activation during
cognitive performance following concussion. Functional neuroimaging is a potentially
valuable tool for assessing brain activation and informing clinical decision making following
concussion (Ptito et al. 2007) that warrants additional investigation.

Although fMRI can provide images of task-evoked blood flow changes in the brain, this
technology requires expensive equipment, technical personnel, and a large dedicated space.
As such, the use of fMRI in assessing concussion is only practical in large hospital/clinic
and research settings. In contrast to fMRI, fNIRS instruments are small, portable, and
relatively inexpensive. Functional NIRS is a non-invasive technology that uses low-levels of
near-infrared light to measure changes in blood oxygenation in the brain (Jobsis 1977; Obrig
and Villringer 2003). Several research groups and commercial companies have developed
portable and even wireless and wearable fNIRS devices. Functional NIRS also has a high
temporal resolution allowing for insight into the dynamics of the brain and relationships
between regions. The primary disadvantage of fNIRS is that it is restricted to measurements
of events that are vascular in nature and is therefore limited to the cortex. In the 1970s Jobsis
(1977) first demonstrated optical measurements of evoked cerebral changes. Since that time,
fNIRS has been applied to study a variety of brain regions including the frontal, visual,
motor, auditory, and somatosen-sory cortices (see Huppert et al. 2008 for review).

Functional NIRS is based on the non-invasive, spectroscopic measurement of optical
absorption of cerebral blood. Biological tissues, such as the scalp, skull, and brain, have low
intrinsic optical absorption in the range of 650-900 nm; a region often termed the
“biological optical window”. In this range of colors, light can travel through centimeters of
tissue, allowing measurements of the spectroscopic properties of underlying structures such
as the brain. Because tissues vary in their saturation points, light will undergo multiple
scattering events as it travels through them, which can be accurately modeled as a diffusion
process. In fNIRS, a set of light emitters (sources) and detectors is placed non-invasively on
the surface of the scalp at a separation distance of around 3-3.5 cm. Light from the emitter

Brain Imaging Behav. Author manuscript; available in PMC 2016 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kontos et al. Page 5

will diffuse through the tissue before either reaching the detector or being lost due to
absorption or escaping from the scalp. For typical fNIRS configurations, the measurement of
the light passing between an emitter and detector pair is sensitive to changes in the optical
properties of the underlying scalp and brain to a depth of about 5-8 mm into the outer cortex
of the brain. This depth is sufficient enough to reach many, though not all, of the frontal and
temporal neocortical areas involved in cognition. Because NIRS is portable, it has the
potential to be used as an on-field assessment tool for detecting blood flow deficits from
concussion. Functional NIRS has been previously shown to detect changes in traumatic
brain injury (Adelson et al. 1998; Haitsma and Maas 2007; Weatherall et al. 2012). However,
to date, no studies have employed fNIRS with patients following concussion.

The purpose of the present study was to compare brain activation as measured by fNIRS
during the performance of a computerized neurocognitive test battery in a sample of
concussed patients compared to age-matched healthy controls. Based on findings by
McAllister et al. (2001), we hypothesized that the concussed group would have altered
cognitive resource allocation and display more bilateral activation patterns. More
specifically, for less demanding cognitive tasks (e.g., word memory, design memory,
symbol-match), we predicted that the concussed group’s activation would be similar to or
slightly higher than the control group. For more demanding cognitive tasks (e.g., color-
match, 3-letters, X’s and O’s), we expected that the concussed group would have a lower
cognitive capacity and demonstrate decreased activity compared to the controls. We
predicted that this decreased capacity would correspond to poorer performance of memory,
learning, processing speed, and reaction time tasks.

Materials and methods

Design

The design for this study involved an age- and sex-matched, experimental-control group
comparison. The University of Pittsburgh institutional review board for human subject
research approved the study. All participants completed informed written consent forms
prior to being enrolled in the study.

Participants

A total of 14 participants were included in the study. Participants included nine patients (5
males, 4 females) aged 18-45 years with a recent (15-45 days from time of injury) sport-
related concussion who were symptomatic at the time of testing and five age-matched
controls. The concussion group was comprised of nine participants with an average age of
22.73 years (£1.32) and average time since injury of 21.02 days (+12.00). The control group
included five participants (1 male and 4 females) with an average age of 22.00 years (+0.28).
The control group reported one previous concussion, whereas the concussion group reported
0.67 (£1.32) concussions previous to the presenting injury with a range of 0 — 3 previous
concussions. The two groups did not differ significantly on age (£9)=0.11, p=0.91) or the
number of previous concussions (#12)=1.11, p=0.29). Inclusion criteria included: age 18-45
years, sport-related concussion within the past 15-45 days (for concussed group only).
Exclusion criteria included a history of any one of the following: learning disability, ADHD,
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color blindness, substance abuse, major psychological disorder, brain surgery, TBI, or major
neurological condition. Control participants with a current, symptomatic or recent (<6
months) concussion were also excluded.

Concussed participants who met the inclusion/exclusion criteria were referred to the
researchers by clinicians for testing. Age-matched control participants were recruited for the
study from a large urban university campus. After completing the informed consent forms,
participants then completed the computerized neurocognitive test battery (described below)
while wearing the fNIRS fiber optics head cap (see Fig. 1). All testing was completed in a
private exam room and took approximately 35-50 min total per participant.

Neurocognitive test battery

The Immediate Post-concussion Assessment and Cognitive Test (IMPACT) test was used to
measure computerized neurocognitive performance. The IMPACT neurocognitive battery
includes three sections: 1) demographics, 2) self-reported concussion symptoms, and 3)
neurocognitive modules. The Post-concussion Symptom Scale (PCSS) contains 22 self-
report symptoms that comprise cognitive, somatic, affective, and sleep-related items that are
rated on a 0 (non) to 6 (severe) -point Likert scale (McCrory et al., 2009). The
neurocognitive test component of IMPACT comprises six modules: 1) word memory-
involves the presentation of random words with immediate and delayed word recall; 2)
design memory- involves the presentation of abstract single line designs with immediate and
delayed design recall; 3) symbol matching- involves the presentation of representative
symbols positioned on the screen in numerical positions- 1 through 9, symbols are then
“hidden”, and the subject must recall the hidden symbol-digit matches; 4) color match-
involves the presentation of words representing colors (e.g., “RED”) in different colors such
that the participant must respond when the word and the color match (the word RED in red-
colored font); 5) three letters memory- involves the presentation of three random letters,
followed by a number counting reaction time distractor task, and subsequent recall of the
three letters; and 6) X’s and O’s- involves the presentation of three highlighted X’s and O’s
on a screen full of X’s and O’s, followed by a distractor choice reaction time task, and recall
of the location of the three X’s and Os. Typically, these modules are collapsed into
composite scores (i.e., verbal and visual memory, processing speed, reaction time) for
analysis; however, the current testing paradigm required time-marked events in order to
analyze the fNIRS data, and the composite scores include data from different modules.
Therefore, only the raw module scores were used in the fNIRS analysis. The composite
scores were used in the behavioral data analysis to compare the concussed and control
groups. All participants were given the post-injury 1 test version of the IMPACT test.

Behavioral data analysis

A series of independent sample t-tests with Bonferroni correction for multiple comparisons
were performed on selected subtest scores for each of six neurocognitive tasks, overall
neurocognitive composite scores, and total reported symptoms. All statistical analyses were
conducted using the software program SPSS (version 19) and statistical significance was set
at p<0.05.
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Functional near-infrared spectroscopy

A 32-channel continuous wave (CW) fNIRS system was used in this study (CW6; TechEn
Inc, Milford MA). A custom-made head cap constructed from plastic and Velcro materials
embedded in a neoprene head cap was used for holding the fNIRS sensors. A photograph of
this head cap and the fNIRS instrument is shown in Fig. 1. The fNIRS instrument and cart is
about 80 cm wide by 60 cm deep by 150 cm high and could be transported between the
clinical examination rooms and controlled by a single operator. In this study, the fNIRS cart
(Fig. 1c) was discretely positioned behind the participant and across the room where they
were taking the ImMPACT. A total of 6 detectors and 8 source positions on the head were
recorded using 3-m fiber optic cables between the cap and the fNIRS instrument. The
sources and detectors were arranged in a 3.2 cm nearest neighbor geometry as shown in Fig.
la allowing a total of 32 measurement combinations. The probe extended from above the ear
(international 10/20 point FT7 on the left and FT8 on the right) up to and including the
frontal lobe (international 10/20 points F3 and F4 respectively) as shown in Fig. 1a. Each
measurement pair samples the optical properties of the tissue within a diffuse volume with
maximum sensitivity along a line between the source and detector positions, roughly
corresponding to the labeled international 10/20 positions shown in Fig. 1a. The sensitivity
of the fNIRS measurements is roughly 2.5 cm into the head, which provides sensitivity to
the outer approximately 5-8 mm of cortex in these areas. The probe was designed to cover
bilateral areas of the inferior frontal, dorsal-lateral prefrontal, and frontal regions of the brain
including Brodmann areas [BA] 44, 45, 46, 47, and 10. Because fNIRS measurements only
sample the limited area beneath the position of sensors, other areas of the cortex were not
examined in this study. Each source position emitted light at 690 nm (~12 mW) and 830 nm
(~8 mW), which provides sensitivity to both oxy-and deoxy-hemoglobin. Data were
collected at 4Hz by the system.

Prior to the start of the recording, the NIRS cap was placed on the head of the subject and
the amplification (gain) of the detectors was adjusted to maximize the signal-to-noise level
for all measurement pairs. If needed, the head cap was adjusted to create better contacts
between the NIRS sensors and the head.

FNIRS brain signals were recorded during the unmodified IMPACT test. In order to
synchronize the timing of IMPACT modules with the fNIRS data, the acquisition software
allowed the fNIRS operator to use a manual button press input. This timing was accurate to
about 1 s, which was a negligible timing error compared to the length of the blocks of the
task (30-90s). In order to analyze the fNIRS data as a block-design task, the participant was
asked to pause for about 30s in between modules to create rest periods for analysis.

NIRS data analysis

A review of the steps of analysis for fNIRS studies can be found in Huppert et al. (2009). In
brief, after collection the raw fNIRS data for each source-detector pairing and each
wavelength was converted to changes in the optical density (absorption) and then converted
to oxy- and deoxy-hemoglobin changes via the modified Beer-Lambert relationship (Cope et
al. 1988). The channels of data are then visually inspected for quality and the entire channel
is removed if the data quality indicates that there was bad coupling between the sensors and
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the scalp (e.g. extremely high temporal variance or no visible physiological fluctuations such
as cardiac pulsation). In general, only 1-3 channels (out of 16) were removed. First level
statistical analysis is done using a canonical general linear model (e et al. 2009) based on
the timing of the modules of the IMPACT was constructed. This approach is identical to the
general linear model approach used in most fMRI studies (e.g., (Friston 2007)).

A hemodynamic response based on a gamma-variant function with parameters taken from
published fMRI methods was used for this study (Friston 2007). In addition, low-pass
filtering is done inside the GLM by projection of drift (pre-whitening) from both the data
and design matrix using a discrete cosine transform basis (0-0.02Hz) (e.g. S.Y=S.X.8
where Y is the data vector, X is the GLM design matrix, B is the coefficients of the model
describing the amplitude of brain activity, and S is the filtering matrix created from the
cosine transform). This approach, which is the method of filtering used in fMRI analysis
(e.g. SPMB8), is preferable to a direct filtering on the data alone, which can over-correct and
remove brain activation in the context of the longer-duration or self-paced epoch timing
inherent to the tasks used in this study. A restricted maximum likelihood (ReML) model was
used to solve the regression model using weighted least-squares (e.g. the Gauss-Markov
equation) (Friston 2007). The magnitude of changes (e.g. coefficients in the GLM regression
model; B as denoted in the equation above) was estimated for each optical source-detector
pair and for each task condition.

In order to visualize the maps of brain activation, the optical images were reconstructed from
the estimated GLM model coefficients based on a template brain (Colin-27 atlas; (Holmes et
al. 1998)) as described by Abdelnour and colleagues (Abdelnour et al. 2010; Abdelnour and
Huppert 2010). Prior to data collection, the location of the fNIRS headcap was measured
relative to the international 10/20 coordinate system (Fig. 1a). Based on this registration, a
sensitivity model for the fNIRS measurements was calculated using a finite element model
(NIRFAST; (Dehghani et al. 2008)) of light diffusion in the head using the segmented brain
atlas model. Although individual differences in brain anatomy will alter the sensitivity of the
fNIRS measurements, previous publications have shown that atlas-based fNIRS analysis still
provide a close approximation to individualized models (Custo et al. 2006). The fNIRS
measurement sensitivity model for each subject was inverted using a random-effects inverse
model (Abdelnour and Huppert 2011) to produce an estimate of the brain activation map for
each subject and the weighted average of the two subject groups (controls and concussed). In
this random-effects model (Abdelnour and Huppert 2011), the forward models obtained
from the finite element model for each subject’s registration are collected into a single linear
matrix operator such that the estimate of each subject’s brain activity is the sum of the group
average and a random-effects perturbation term for that subject. Thus, instead of performing
multiple independent image reconstructions (one for each subject), the larger combined
forward model is inverted in order to estimate an image of brain activity that is most
simultaneously consistent with all participants’ data. This approach was shown to be less
susceptible to artifacts and errors introduced by outlier measurements in only a few
participants. Restricted maximum likelihood (ReML) is an empirical Bayesian method,
which is used to provide stabilization of the inverse (image reconstruction) model and for
simplified models is mathematically equivalent to an L-curve technique to optimize
regularization (Abdelnour et al. 2010). This approach has been widely used in fMRI analysis
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(Cox 1996; Friston 2007) and in the implementation of the similar image reconstruction
problem for electroencephalography (EEG) and magnetoencephalography (MEG) within the
software SPM-8 (Friston 2007; Mattout et al. 2006). The use of ReML for fNIRS was
described in Abdelnour et al. (2010). The ReML based random-effects image reconstruction
method used in this work is very similar to the implementation of the random-effects MEG
reconstruction model used in SPM-8 (Mattout et al. 2006). A k-means clustering algorithm
(SPM-8) was used to define regions of significant activation (p<0.05 corrected; minimum
cluster 10voxels based on oxy-hemoglobin) and the mean hemoglobin contrast relative to
baseline and center of the cluster in MNI coordinates was reported in the results. Based on
the MNI coordinates, we also report the nearest Brodmann area to the center of the
activation.

The fNIRS data were recorded during the completion of the computerized neurocognitive
test battery and analyzed using a canonical general linear model. Statistical parametric maps
for individual participants and the two participants groups were reconstructed. The group-
level results for the word memory, design memory, symbol-match, color-match, three letters
memory, and X’s and O’s tasks are presented in this section. The reaction time and
percentage correct for all of the neurocognitive test battery components are provided in
Table 1. As expected, the concussed group reported significantly more symptoms and lower
neurocognitive composite scores than the control group. The neurocognitive results are
explained further in the results section for each task.

Word memory task

Reconstructed fNIRS brain activation images of oxy-hemoglobin changes for the three
phases (word presentation, word recall, and delayed word recall) of this task are shown in
Fig. 2. During the word presentation phase, a slight decrease in oxy-hemoglobin in the right
frontal cortex during stimulus presentation compared to baseline. This change was not
statistically different between the concussed and control research groups. During the word
recall phase of the task, an increase in oxy-hemoglobin was observed in the left inferior
frontal region of the brain (close to BA 45/46/47) in both subject groups. The magnitude of
this change was much larger (about two-fold) in the control group compared to the
concussed participants (Table 2). Additionally, in the concussed subject group, activation of
the right inferior frontal gyrus region was also observed. No significant activation was
observed in the right inferior frontal cortex of the control group. During the delayed recall
phase of the test, activation in the left inferior frontal region was observed in the same
location as during the initial recall phase. In the control group, activation during the delayed
recall phase was less than during the initial recall phase. By contrast, within the concussed
population, activation during delayed recall was slightly higher than during the initial recall
phase. No additional activation of the right inferior frontal cortex was observed in either
group during delayed recall.

Results from a series of independent samples #test with Bonferroni correction for multiple
comparisons revealed several significant differences on the IMPACT modules between the
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concussed and control groups (Table 1). Specifically the concussed group demonstrated
significantly lower performance on Word Memaory Percent Correct for the delayed recall
condition (#(12)=-2.32, p=0.04) and a lower overall percentage correct for the Word
Memory module (¢(12)=-2.29, p=0.04).

Design memory task

The brain activation images (oxy-hemoglobin T-maps) for the design memory task are
shown in Fig. 3. During the initial recall and delayed recall phases, activation was seen in
the right frontal area of the brain in both groups. Activation of this region in the control
group was significantly greater (p<0.05; see Table 2) during the initial recall task compared
to the concussed group. Similar to the observations in the verbal memory task, the delayed
recall produced less brain activity but in the same region (right inferior frontal) as the initial
recall task in the control population. In the concussed population, the delayed recall showed
a larger change compared to the initial recall task in the same population, but less than the
initial recall response in the control group. The delayed recall responses in both groups were
not significantly different from each other although the concussed group showed a statistical
trend to be higher compared to the controls. Compared to controls, the concussed group
identified fewer Correct “No” Responses (#(12)=-2.14, p=0.05) and demonstrated lower
Percent Correct (£(12)=-2.44, p=0.03) for the immediate recall condition of the Design
Memory module.

Symbol-match task

The fNIRS results for this task are shown in Fig. 4. During the presentation phase, both
subject groups showed slight activation of the superior frontal cortex (near BA 10). Activity
was also observed in the left and right temporal regions. Neither of these regions differed
significantly between the two groups. During the recall phase, activation was observed in the
left frontal cortex. Activation in the control group was significantly larger than that of the
concussed group (p<0.05; see Table 3). In the behavioral data, the concussed group also had
fewer total correct responses on the symbol-match module (¢(12)=-2.25, p=0.04).

Color-match task

Brain activation signals for the color-match task are shown in Fig. 4. In the control group,
we failed to detect any significant activation during color-match. The concussed group
showed a very slight significant activation in the left frontal region (p<0.05; Table 3), and a
slower reaction time for correct responses on the module (#(12)=2.35, 5=0.04) relative to
controls.

Three-letters memory task

The fNIRS results for this task are shown in Fig. 5 and Table 3. In the initial presentation
phase, both the control and concussed groups showed similar bilateral activation patterns.
The control group showed more activation on the right hemisphere. In the recall phase of the
task, both groups showed strong activation of the right hemisphere. There were no
statistically significant between-group differences for the behavioral response data for the
three-letters task (Table 1).
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X’s and O’s task

The fNIRS results for this task are shown in Fig. 5. In the control group, activation of left
frontal cortex was observed. In the concussed group, a less significant activation of the left
frontal region was also observed. There were no statistically significant between-group
reaction time differences on the X’s and O’s module (Table 1).

Discussion

In the current study, fNIRS was applied to imaging cerebral blood oxygenation changes in
the brain during the performance of a commonly used computerized neurocognitive test
battery in participants with concussion and healthy age-matched controls. The results
suggest that fNIRS was sensitive to changes in neural haemodynamic activity between these
two groups. Specifically, in the word memory, design memory, symbol match, and X’s &
O’s tasks the concussed group demonstrated decreased activation compared to the controls.
In the three letters and color match tasks we found similar levels of activation in both
groups. With the exception of the X’s and O’s task, the behavioral results corroborate the
fNIRS results, in that performance was lower for concussed participants on the word
memory, design memory, and symbol match modules, but not significantly different on the
three letters and X’s & O’s tasks.

Previous research involving fMRI data for patients with concussion has often reported
increased brain activity in comparison to controls. The most consistent finding among these
studies is hyper-activation of the prefrontal cortex (PFC) and dorsolateral prefrontal cortex
(DLPFC). Slobounov and colleagues (Slobounov et al. 2010) conducted fMRI imaging
during the performance of a complex virtual reality maze task paradigm with concussed
athletes and controls. Their results supported increased amplitude and more diffuse brain
responses (i.e., fMRI-BOLD response) in both visual and cognitive areas (specifically the
DLPFC) in the concussed group. Similarly, McAllister and colleagues demonstrated
significantly more activation in concussed patients during cognitive tasks (McAllister et al.
2006; McAllister et al. 2001). More specifically, they showed that concussion was associated
with a decreased capacity for increasing working memory load (McAllister et al. 2001).
These researchers also reported that at low cognitive load (i.e., specifically 0- and 1-back
conditions of an N-back memory task), the concussed group showed significantly increased
brain activity compared to controls. However, for more difficult tasks (2-back and 3-back
tasks), the control group showed stepwise increases in activation associated with increased
cognitive load, which was diminished in the concussed group. This finding suggested that
the concussed patients had altered cognitive resource allocation and were using more
reserved resources at lower task load compared to the control group.

Our findings using fNIRS in the current study indicated reduced brain activation in the
concussed group, which is in contrast with the studies noted above. However, this hypo-
activation has been reported in several other fMRI studies. In a study by Chen and
colleagues (Chen et al. 2004), symptomatic concussed athletes had decreased brain
activation and more bilateral brain involvement compared to control participants during the
performance of visual and verbal working memory tasks. Hypo-activation during a Stroop
task (similar to the color-match task in the current study) was reported by Soeda and
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colleagues (Soeda et al. 2005) in TBI patients. Using fNIRS, Ledn-Carrion and colleagues
(Ledn-Carrion et al. 2008) reported that healthy controls with faster reaction times had
higher levels of oxy-Hb concentration in the superior DLPFC. Similarly, a recent study by
Mayer et al. (2009) examined attentional effects of concussion in an auditory reaction time
task using fMRI. These researchers reported decreased activation in several subcortical
regions known to be involved in the maintenance of attention- specifically, the bilateral
striatum, medial dorsal nucleus of the thalamus, pons, midbrain nuclei and cerebellum.
Mayer et al. (2009) also reported decreased activity in the cortical attention networks
comprised of frontal visual fields, ventrolateral prefrontal cortex, and the posterior parietal
lobe. These researchers suggested that their findings supported disengagement of attentional
focus during the initial recovery phase of concussion. Stulemeijer et al. (2010) reported no
group-level differences between control and concussed patients during an N-back task.
However, subsequent voxel-based analysis revealed an inverse correlation between medial
temporal lobe activity and injury severity with reduced activation or negative BOLD
responses in the most severe patients.

Discrepancies in the observation of hyper- or hypo-activation could be the result of several
experimental factors including type or severity of injury, time since injury, and nature of the
tasks being performed. The homogeneity of the patient population may also play a role, as
variability in brain responses between participants or even within an individual would
diminish the statistical effect size of activation in either fMRI or fNIRS. Variability could be
the result of inherent differences in the responses between participants (e.g., due to
variability associated with the injury) or the result of the effect of attention deficits and
reproducibility in the performance of the cognitive tests. For example, the finding by Mayer
et al. (2009) suggested that concussed patients have diminished activity in the attentional
network. It is possible that these patients may have more difficulty maintaining attention
during longer duration tasks, such as those used in the current study’s test paradigms.

Experimental design, timing, and engagement in the task may also play a factor. For
example, in the Stulemeijer study (2010) the researchers used a 60-s duration N-back block
and showed decreased brain activity, whereas, the work of McAllister et al. (2001) study
involved a shorter 27-s block and showed increased brain activity. Likewise, the Chen et al.
study (2004) used a longer (60 s) blocked design during working memory similar to the
current study and demonstrated decreased brain activation in the concussed group. In our
study, we recorded brain activity during neurocognitive tasks, which are self-paced and last
approximately 1 min in duration, similar to Chen et al. (2004). Changes in attention over the
course of this time may introduce variability in the brain response and appear as reduced
activation in the concussed group.

An alternative explanation is that the pattern of hypo-activation observed in the concussed
patients may be the result of impaired neuronal function, impaired neuro-vascular coupling,
impaired metabolic function, and/or direct damage to the cerebrovascular system. Both
fMRI and fNIRS record blood oxygenation changes. During brain activity, these blood
oxygenation changes (e.g., the BOLD signal) are the result of a mismatch between blood
flow changes (oxygen supply) and cerebral oxygen metabolism (oxygen demand). Proper
functioning of the brain relies on neural-metabolic-vascular coupling. Concussion is known
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to affect both neural and metabolic function that can last from seconds to weeks after the
trauma (Giza and Hovda 2001). Both fNIRS and fMRI are relative measurements, and as
such, the amplitude of changes is also sensitive to baseline conditions. For example, a
decrease in baseline CBF has been shown to result in a reduced change in the BOLD signal
for the exact same level stimulation (Sicard and Duong 2005). Functional NIRS has a similar
dependence on baseline blood flow and oxygenation (Abdelnour and Huppert 2009; Huppert
et al. 2009). Given that baseline CBF is postulated to go down over the first week after a
concussion (Giza and Hovda 2001), this could also influence the results of previous fMRI
work and our current fNIRS findings.

The current study is not without limitations. The sample size (A=14) is small for this
preliminary study and therefore limits its clinical utility. Moreover, the control group
consisted of more females than the concussed group. Given the differential effects reported
for males and females (Broshek et al. 2005; Dick 2009; Frommer et al. 2011), it is possible
that the lower number of females in the concussed group for the current study may have
muted the current study’s findings. Future research should match controls and concussed
groups on both age and sex. We conducted fNIRS measures only once for each participants.
Multiple assessments across the different phases of concussion, from acute to sub-acute to
return to play, are needed to quantify intra-individual changes in brain activation following
concussion. Separating issues specific to time since injury would require more thorough
investigation where groups are demarcated by time since injury. The current uncoupling is
likely due to symptoms presentation and neurocognitive dysfunction secondary to injury.
The fNIRS cap and sensors and sources used in the current study did not assess changes in
activation of the parietal and occipital lobes, and only provided partial coverage of the
temporal lobes. Consequently, we cannot infer anything about activation in these areas of the
brain from the current findings. Further, NIRS is limited to neocortical activity as it lacks
sufficient penetration depth to reach subcortical structures. Accordingly, future studies
employing more powerful methods such as fMRI might be useful in delineating the changes
in subcortical brain areas that may augment the initial findings presented here.

The results of this study have potential implications for concussion assessment and
management. Currently, there is no accepted clinical imaging modality for concussion. More
significant brain injuries such as intracranial bleeding and skull fractures can be detected by
CT and MRI scans; however, these approaches cannot detect the subtle presentation of
concussion. As mentioned earlier, fMRI, DTI, PET and other imaging modalities that have
demonstrated positive findings related to concussion are expensive, inaccessible to most
clinics/patients, and require large spaces. The portable fNIRS device from the current study
may offer a portable and effective method for measuring changes in cerebral blood flow
following concussion. Similar to fMRI, fNIRS provides a temporal as well as spatial
assessment of changes in cerebral blood flow. As such, fNIRS can provide a dynamic
measure of cerebral blood flow during the performance of cognitive and other tasks as
opposed to a static measure at rest. However, in order for fNIRS to be clinically useful,
clinical cut-offs need to be established to allow for identification and management of
concussion.
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Conclusion

The findings of this preliminary study supported the use of fNIRS as a potential non-
invasive, portable optical imaging technique for assessing changes in oxygenated cerebral
blood flow associated with concurrent performance of neurocognitive tasks in patients
following concussion. Our results indicated reduced brain activity in the concussed
participants compared to the control group, particularly during the performance of more
demanding tasks. We believe the fNIRS may provide a physiological component to augment
current concussion assessment approaches involving clinical examination, neurocognitive
testing, vestibularocular evaluation, and other approaches. Functional NIRS provides visual
temporal-spatial data that are intuitive and easy to interpret and quantify. The fNIRS
technique can be applied to concussions occurring in sports, military, and other dynamic
environments wherein a portable, non-invasive imaging tool is warranted. Initial evidence
suggests that group differences in brain activation between concussed and control
participants may be detectable using fNIRS approach from the current study. However, in
order for fNIRS to be clinically useful in assessing patients following concussion individual
patient differences and clinical specificity and sensitivity need to be established.
Additionally, further research involving a larger sample, with better-matched controls, and
multiple assessments across acute, sub-acute, and return to play phases of concussion is
needed to corroborate our initial findings.
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Fig. 1.
FNIRS signals were recorded using a custom-built optical head cap (b) covering the frontal

cortex bilaterally as shown in a. The closest points on the International 10-20 system are
shown relative to the optical sensor locations. Open and filled circles indicate optical
detector and source positions respectively. A 32-channel TechEn Inc fNIRS system (c) was
used in this study, which was contained on a portable cart moved into the patient/subject’s
neurocognitive testing area
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Fig. 2.
FNIRS activation maps (oxy-hemoglobin effect size; T-score) were reconstructed for the

presentation, recall, and delayed recall parts of the word memory module of the
neurocognitive test. The color maps indicate the effect size. Only significant areas (p<0.05;
corrected) are shown. Because fNIRS has limited depth penetration and spatial coverage (see
Fig. 1), only cortical areas of the frontal cortex are accessible in this study
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FNIRS activation maps (oxy-hemoglobin effect size; T-score) were reconstructed for the
presentation, recall, and delayed recall parts of the design memory module of the
neurocognitive test. The color maps indicate the effect size. Only significant areas (p<0.05;

corrected) are shown
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FNIRS activation maps (oxy-hemoglobin effect size; T-score) were reconstructed for the
presentation and recall parts of the symbol match module of the neurocognitive test (panel

a). The activation maps for the color match task is shown in panel b. The color maps

indicate the effect size. Only significant areas (p<0.05; corrected) are shown. There was no

significant activation in the control group for the color match task (panel b bottom)
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FNIRS activation maps (oxy-hemoglobin effect size; T-score) were reconstructed for the
presentation and recall parts of the Three-Letters Memory module of the neurocognitive test
(panel a). The activation maps for the X’s and O’s task is shown in panel b. The color maps
indicate the effect size. Only significant areas (p<0.05; corrected) are shown
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