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Abstract

Concussion, or mild traumatic brain injury (mTBI), accounts for *80% of all TBIs across North America. The majority of

mTBI patients recover within days to weeks; however, 14–36% of the time, acute mTBI symptoms persist for months or

even years and develop into persistent post-concussion symptoms (PPCS). There is a need to find biomarkers in patients

with PPCS, to improve prognostic ability and to provide insight into the pathophysiology underlying chronic symptoms.

Recent research has pointed toward impaired network integrity and cortical communication as a biomarker. In this study

we investigated functional near-infrared spectroscopy (fNIRS) as a technique to assess cortical communication deficits in

adults with PPCS. Specifically, we aimed to identify cortical communication patterns in prefrontal and motor areas during

rest and task, in adult patients with persistent symptoms. We found that (1) the PPCS group showed reduced connectivity

compared with healthy controls, (2) increased symptom severity correlated with reduced coherence, and (3) connectivity

differences were best distinguishable during task and in particular during the working memory task (n-back task) in the

right and left dorsolateral prefrontal cortex (DLPFC). These data show that reduced brain communication may be

associated with the pathophysiology of mTBI and that fNIRS, with a relatively simple acquisition paradigm, may provide

a useful biomarker of this injury.
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Introduction

There are 1,600,000 mild traumatic brain injuries (mTBI)

or concussion-related emergency department visits in the

United States each year.1 Although the majority of mTBI patients

recover within 1–3 months, 14–36% continue to have symptoms at

6 months, and up to 23% have been reported to stay symptomatic

for several years.2,3 Conventional clinical imaging such as CT and

MRI are insensitive to injury from mTBI.4,5 As a result, it is dif-

ficult to monitor injury progression or treatment response. There is

a need for new imaging protocols, which could be used to further

understanding of the pathophysiology of mTBI injury as well as

provide a biomarker to aid clinicians in return to activity decisions.

This article reports on using functional near-infrared spectros-

copy (fNIRS) to detect changes in regional brain communication as

a marker of injury after mTBI. We define mTBI (in which we

include concussion) as a functional injury caused by acceleration,

deceleration, and rotational forces within the brain that result in

metabolic disturbances and associated symptoms.6

fNIRS7–11 is a promising noninvasive optical imaging tech-

nique, which is sensitive to hemodynamic changes and has ad-

vantages for clinical settings because of its portability, ease of use,

and cost efficiency.12,13 fNIRS uses NIR light through fiberoptics to

transmit light into cortical tissue, in the spectrum where biological

tissue is transparent and oxy- and deoxyhemoglobin are the main

chromophores. The detected changes with fNIRS in oxy- and

deoxyhemoglobin caused by neurovascular coupling are believed

to indirectly reflect neuronal activity.14,15 fNIRS has been used to

study regional brain communication by quantifying similarities in

the oscillation frequencies of hemodynamic signals.16 This method

is used to study resting-state networks in functional MRI (fMRI) by

monitoring signal oscillations that are caused by changes in
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deoxyhemoglobin.17,18 Our group,16,19,20 and others,21 have used

fNIRS to study hemodynamic oscillations using coherence analy-

sis, which determines the degree of frequency-coupling between

two signals, as a marker of regional communication

fMRI studies evaluating task-evoked changes in oxygenation, as

well as functional connectivity, have shown potential for the ob-

jective assessment of mTBI.22,23 However, fMRI is only practical

in large hospitals, clinics, and research settings because of the

technologies’ high cost and shielded environment. Therefore, an

alternative tool to objectively measure and assess mTBI is needed.

Previously, we used fNIRS to quantify interhemispheric commu-

nication (IHC) in pediatric patients with persistent post-concussion

symptoms (PPCS).16 We found that IHC was reduced across the

motor cortex in pediatrics with mTBI.

In this study, we expand on our earlier work by investigating

fNIRS as a technique to assess cortical communication deficits in

adults with PPCS. As symptoms involving working memory defi-

cits are prominent in mTBI symptomology,22,24 we have added

cognitive tasks to the acquisition protocol. The frontal cortex, and

more specifically, the dorsolateral prefrontal cortex (DLPFC),

is critically involved during working memory processes25 and,

therefore, was included in this study. Lastly, for clinical purposes, it

would be ideal to have a small hardware configuration with mini-

mum fiber pairs to reduce cost, setup time, and transport issues.

Therefore, we investigated the sensitivity to PPCS using a reduced

number of fiber pairs in our study. This study supports that regional

coherence is reduced during PPCS, and supports further investi-

gation into the application of fNIRS as a tool for monitoring mTBI.

Methods

Subjects

The conjoint health ethics research board of the University of
Calgary approved the research. Twelve mTBI patients with PPCS
(5 males, 29 – 10 years) (Table 1) were recruited from the Foothills
Hospital Brain Injury Rehabilitation Clinic along with 12 healthy
control participants (3 males, 30 – 11 years), recruited through
advertising and word of mouth. All subjects provided informed

consent prior to participation in the study. Inclusion criteria for
PPCS participants were (1) having been diagnosed with mTBI at
least 3 months prior and currently experiencing persistent symp-
toms, (2) being between 18 and 50 years of age, (3) currently not on
psychoactive drugs or medication (antidepressant, anxiety medi-
cation, recreational drugs), and (4) having no diagnosed neuro-
logical disorder. For controls, the same criteria (see criteria 2–4)
were used. In addition, controls had no mTBI history, or had had
only one mTBI, which had occurred >1 year prior to participation
and resolved within the first few days.

Originally 37 possible participants were recruited. Ten of the 37
participants were excluded because they failed to meet the inclu-
sion criteria (severity of injury [n = 3], psychoactive medication
[n = 5], and persistent symptoms [n = 2]). The latter two excluded
participants were an acute mTBI patient, who had had an mTBI
5 days prior, and a patient (25-year-old male football player) who
had been asymptomatic for 2 months after experiencing PPCS for 6
months. These participants were not included in the group-level
analysis, but the asymptomatic patient was used in the correlation
plot between severity and coherence values as additional compar-
ison. The remaining three exclusions were because: the participant
gave contradicting information (n = 1), the participant was color-
blind (n = 1), and the data did not have adequate signal-to-noise
ratio (SNR) in the majority of channels (n = 1). All participants
provided demographic information and completed the Post-
Concussion Symptom Inventory (PCSI) with additional Sport
Concussion Assessment Tool 3 (SCAT3) questions, which are
standard symptom measurement scales.

NIRS

fNIRS measurements were continuously recorded with the
TechEn CW7 using the wavelengths 690 and 830 nm at 50 Hz. We
recorded four channels above and surrounding each right and left
DLPFC and eight channels above and surrounding each left and
right primary motor cortex (M1), respectively (Fig. 1a). The ana-
tomical locations (DLPFC and M1) were measured and marked on
the head based on the 10–20 electroencephalographic (EEG) co-
ordinate system (for M1, the location was determined by taking
20% of the preauricular distance and applying this number from the
vertex [Cz] to the left preauricular point; for the DLPFC we used
the software Beam26). The four (over frontal cortex on each side)

Table 1. Demographics

Condition Age Sex
Symptom

score
Time post-

injury (days)
Prior
mTBI Injury comment

PPCS 22 F 41 385 3 Hit front of head on counter
PPCS 37 F - 470 0 Hit back of head when fell
PPCS 20 F 70 290 0 Hit head above right eye when biking
PPCS 24 M 14 195 2 Hit head on running track - LOC
PPCS 38 M 13.5 365 5 Sports related - LOC
PPCS 18 F 24 435 1 Hit back of head during skiing
PPCS 18 M 34 210 10 Hit head on right side on glass, after body-check from the left
PPCS 41 F 14 305 3 Head was hit on the right side with rock
PPCS 32 M 91 273 30 Elbow below the nose
PPCS 18 M 31 152 3 Hit to the left side of cerebrum during hockey (fell head first)
PPCS 41 F 47 124 0 Hit bottom right jaw on end of waterslide; LOC for 1 min
PPCS 42 F 113 456 0 Hit head on steering wheel during car accident (whiplash)
Asympt. 25 M 0 255 3 Sports-related during football

Demographics of PPCS patients included in the study as well as one asymptomatic patient, with age (second column); sex (third column); symptom
score (fourth column) from the Post-Concussion Symptom Inventory (PCSI) with additional Sport Concussion Assessment Tool 3 (SCAT3) questions; the
time since injury until fNIRS measurement (fifth column); how many mild traumatic brain injuries (mTBIs) were diagnosed before this injury (sixth
column) and how the injury was acquired (last column).

PPCS, persistent post-concussion symptoms; LOC, loss of consciousness; Asympt., The participant who was symptomatic when recruited, but
asymptomatic when data acquired. Not included in the statistical analysis.
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and eight channel probes (over motor cortex on each side) were
centered over the anatomical locations, with the same two channels
consistently positioned directly over the DLPFC and the M1 co-
ordinate, respectively.

Tasks

The participants were seated on a chair facing a computer screen
in a dimly lit room, and were asked to perform several tasks. fNIRS
data were collected continuously during the protocol. The tasks
included: ‘‘Rest’’ (total, 180 sec), in which the participant was
asked to relax and view a dark screen with a fixation point; ‘‘Tap,’’
for which the participant was asked to tap the right thumb se-
quentially to the other fingers in a self-paced rhythm (* 1 Hz;
total time = 250 sec, 15 sec rest alternating with 10 sec tapping);
‘‘Stroop’’ task, for which the participant was presented with color
words in a certain ink that alternated in blocks of unmatched (e.g.,
‘‘red’’ in blue ink) and matched (e.g. ‘‘red’’ in red ink) words, for
which the participant was asked to name the ink, not the written
word (total time = 305 sec, 15 sec rest, with 15 sec task); ‘‘n-back,’’
for which position and letter had to be matched in a 0, 1, and 2-back
paradigm.27,28 For the n-back task (total, 180 sec), 20 stimuli
were presented in 2 sec intervals (40 sec) for each block (0, 1, and
2-back). The rest period between each block was 20 sec, plus an
additional 5 sec of instructions prior to each block.

Pre-processing

Raw fNIRS time courses were converted in HOMER229 to oxy-
(DHbO), deoxy- (DHb), and total-hemoglobin (DtHb) time courses.

Preprocessing was done using MATLAB-based software packages
(MATLAB 6.1, The MathWorks Inc., Natick, MA, 2000) and in-
cluded motion correction with NAP30 and spline motion correc-
tion.31 In addition, individual channels were discarded when raw
data were <90 dB (no signal) or >140 dB (oversaturated signal) as
well as when SNR did not exceed SNR = 1. SNR was determined by
the MATLAB function ‘‘snr’’ with unfiltered data as the input
signal and high pass filtered data >1.5 Hz as the noise component.
This calculation is similar to that of Sato and colleagues,32 arguing
that <1.5 Hz, physiological signals such as cardiac, respiration, and
low-frequency oscillations are expected, whereas above that cutoff,
only noise is expected. Part of the low-frequency oscillations are
believed to be an indirect measure of neuronal activity.33 This method
achieved results identical to visual inspection of the noise level or
the visual inspection of the presence of the cardiac waveform in the
830 nm raw data, which are common methods for channel exclusion.

Post-processing

Preprocessed oxygenated fNIRS time courses (HbO) in the same
hemispheres (e.g., between M1 and DLPFC centered channels) as
well as between hemispheres (e.g., right with left DLPFC centered
channels) were analyzed using coherence analysis34 at 0.04–0.1 Hz
(Fig. 1b). The mean coherence in this frequency domain was cal-
culated with static coherence, similar to our previous work.16

Cortical communication was determined by coherence, evaluating
the ‘‘similarity’’ of two signals in the frequency domain. We used
two methods to derive intra-hemispheric and inter-hemispheric co-
herence between and within the prefrontal and motor regions. First,

FIG. 1. Setup and analysis. (a) Channel locations centered over the dorsolateral prefrontal cortex (DLPFC) (four channels) and
primary motor cortex (M1) (eight channels). (b) Coherence was measured between (frontal, motor) and within hemispheres (right, left).
(Modified picture from brainvoyager.com). Data were analyzed using two methods: (c) data driven method, in which all channels are
used to find the maximal coherence between the two regions and (d) minimum-channel method, in which coherence between regions is
calculated using only the two channels located directly above the DLPFC and M1 (10–20 system).
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for a general understanding of the sensitivity of inter-regional co-
herence, we used a ‘‘data driven’’ method (Fig. 1c), for which co-
herence was calculated among all channels in the four regions. In the
data driven method, frontal channels include the channels directly
over the right and left DLPFC, as well as all the neighboring channels
for that region. The same is true for M1 and surrounding channels.
For this method, the maximum coherence between each combination
of regions was taken as the coherence value. Second, with the goal of
simplifying the acquisition by reducing source-detector pairs to aid in
future implementation in clinical settings, we investigated if similar
sensitivity could be reached when we only analyzed two channels per
region. We included in this ‘‘minimum-channel driven’’ method
(Fig. 1d), the two channels directly above the DLPFC and M1 on the
right and left side (see Methods section: NIRS) and calculated the
maximum coherence between these channels. The reduction to two
channels with the ‘‘minimum channel method’’ is to evaluate if the
distinguishing location is confined to the DLPFC and M1 or is more
diffuse in PPCS patients. In addition, fewer channels would make the
method more clinically viable by significantly reducing the time to
setup, and therefore make examinations quicker and more efficient.
The reduction of needed channels also minimizes the size of the
headgear needed, an important factor considering that mTBI patients
commonly experience pressure in the head or headaches.

For each participant, four inter-regional coherence values per
method were derived. Inter-regional coherence was quantified for
(1) ‘‘frontal,’’ between the channels centered over the right and left
DLPFC; (2) ‘‘motor,’’ between the channels centered over right and
left M1; (3) ‘‘right,’’ between right DLPFC and right M1 centered
channels; and (4) ‘‘left,’’ between the left DLPFC and left M1
centered channels.

Statistical analysis

Statistical comparisons were done in SPSS (IBM corporation)
using a mixed ANOVA with inter-regional coherence as the de-
pendent variable, ‘‘PPCS’’ versus ‘‘Control’’ as the between-subject
variable, and ‘‘Task’’ (four levels [e.g., n-back, Stroop]) and ‘‘Brain
regions’’ (four levels [e.g., frontal, motor etc.]) as the within-subject

variables. Post-hoc pairwise comparison was done with multiple two
sample t tests (one sided, a = 0.05, adjusted for multiple comparison
with the Benjamini–Hochberg method35). Correlation between se-
verity (symptom scale) and overall coherence values were analyzed
in MATLAB (function ‘‘corr’’). The same function was used when
evaluating the effect of the number of channels excluded in the
analyses on the coherence values.

Results

NIRS parameters

As a first step, we evaluated the NIRS signal quality. For this

study, as with any patient population, quick setup time is important to

minimize discomfort and increase feasibility in clinical settings.

However, quick setup can result in decreased signal quality if hair is

not removed properly below the probes. For example, NIRS is sen-

sitive to melanin in skin and hair, which can impede measurements.

To evaluate the influence of poor signal quality on coherence values,

we determined the number of channels, for each subject, which were

below our criteria of quality (SNR <1) and compared the number of

excluded channels with each coherence measure (Fig. 2). There was

no significant difference between the ‘‘Control’’ and ‘‘PPCS’’ groups

( p = 0.12) (Fig. 2a) in terms of percent of channels excluded. How-

ever, the number of channels (mean – SD in percentage), which had

insufficient SNR and were therefore excluded in our coherence

calculations, differed for the regional combinations and were espe-

cially high for the ‘‘motor’’ 33 – 28% and less so for the ‘‘right’’

25 – 25% and ‘‘left’’ 24 – 20% (Fig. 2b). In the ‘‘frontal,’’ almost no

channels had to be excluded 3 – 5% (Fig. 2b). The number of

channels we excluded for the regional combinations was signifi-

cantly correlated with coherence values in the ‘‘motor’’ (-r = 0.62,

p = 0.00) (Fig. 2c) ‘‘right’’ (r = -0.60, p = 0.00), but not in the

‘‘frontal’’ (r = -0.22, p = 0.31) and ‘‘left’’ (r = -0.39, p = 0.07).

In summary, the channels on the motor cortices had the highest

amount of noise, having the lowest number of channels with

FIG. 2. Evaluation of signal quality. The percent of channels that were excluded because of insufficient signal-to-noise ratio (SNR) (a)
did not differ between the control and persistent post-concussion symptoms (PPCS) groups (mean – SE), (b) differed between regions, and
was highest in ‘‘motor’’ between left and right motor cortex, and (c) correlated strongly with coherence values in ‘‘motor’’ (-r = 0.62,
p = 0.00) shown here, as well as ‘‘right’’ (r = -0.60, p = 0.00) not shown here.

NETWORK INTEGRITY IN CONCUSSION 1227



sufficient SNR. The right motor cortex, in general, had fewer

channels with sufficient SNR than the left side. In the frontal cortex

(‘‘frontal’’), nearly all channels had consistently sufficient SNR

across participants.

Coherence

As previously noted, data were analyzed using two different

methods: the ‘‘data driven method’’ and the ‘‘minimum channel

method.’’ The focus of this article is to determine if we can dis-

tinguish PPCS patients and controls by measures of inter-regional

coherence using multiple channels per region. For this reason, we

focus on the results from the data driven method first, and discuss

the ‘‘minimum channel method’’ later.

The following results apply to the data driven method (Fig. 1c) in

which all fibers were used. We found a significant reduction in

coherence in the PPCS group with a mixed ANOVA showing the

fixed effect of the between-subject factor to be significant ( p = 0.02,

F = 6.48). Coherence values for the mTBI patients with PPCS and

controls are shown as box plots for all regions and tasks combined

in Figure 3a. The same is shown for the two groups during the n-

back task for all regions (Fig. 3b), and only between the frontal

regions ‘‘frontal’’ (Fig. 3c).

A different way to visualize the difference between the PPCS and

control groups, as described in Figure 3, is presented in Table 2. The

table shows how many PPCS patients (percentage), have coherence

values below -2 SD of the control group mean. Discrimination be-

tween individuals with PPCS and controls was highest during the n-

back task, in which 50% of the PPCS patients were below -2SD of the

control group mean. Reduced coherence in patients with PPCS com-

pared with control participants was significant (pairwise comparison–

adjustment: Benjamini–Hochberg35) during the n-back ‘‘frontal’’

(50%, p = 0.05) and ‘‘left’’ (33%, p = 0.05) as well as during tap in

‘‘motor’’ (36%, p = 0.05) and during rest in the ‘‘right’’ (33%, p = 0.05)

and the ‘‘motor’’ (33%, p = 0.05) (Table 2).

Using the minimum-channel driven method (Fig. 1d), (where

only two channels per region are used) pairwise comparison (ad-

justment, Benjamini–Hochberg35) showed significant differences

between controls and patients with PPCS only during the n-back

task in the ‘‘frontal’’ (58%, p = 0.04) (Table 3).

Coherence values plotted against symptom severity are shown

(Fig. 4) for all PPCS (black dots) patients, as well as for the patient

who was recruited as symptomatic but reported no symptoms on the

symptom inventory scales when the data were acquired (black star).

Symptom severity measured with a combined PCSI and SCAT3

symptom score correlated highly with reduced coherence values,

however it missed significance (r = -0.53, p = 0.07) (Fig. 4b).

FIG. 3. Reduced inter-regional communication in patients with persistent post-concussion symptoms (PPCS). (a) Visualization of
difference in coherence between controls (white) and PPCS patients (black) across tasks and brain regions, (b) during n-back across
brain regions, and (c) during n-back between left and right dorsolateral prefrontal cortex (DLPFC) centered channels ( p = 0.05).

Table 2. Data Driven Method

Rest Tap Stroop N-back

Frontal 33% 8% 8% *50%
Motor *33% *36% 9% 27%
Right *33% 27% 9% 18%
Left 25% 8% 8% *33%

Discrimination between persistent post-concussion symptom (PPCS)
patients and controls separated by brain regions (rows) x tasks (columns).
This table shows the percentage of PPCS patients who had coherence
values below the mean - 2 SD of the controls. This table provides an
overview of which combinations of task (columns) and connection
(rows) are promising in distinguishing patients with PPCS from control
coherence values on a more individual level.

*Significant difference between the PPCS patients and controls based on
independent sample t test ( p = 0.05, adjusted for multiple comparison with
the Benjamini–Hochberg method35).

1228 HOCKE ET AL.



Coherence was not correlated with time since injury (r = -0.32,

p = 0.28) (Fig. 4a).

In summary, we found significant discrimination between the

control and PPCS group in various tasks and regional combina-

tions, with coherence inversely correlated with the severity of the

symptoms. High discrimination between the PPCS and control

group, in which the coherence of patients with PPCS was signifi-

cantly lower, was evident during the n-back task in regions that

were not influenced by the number of channels with sufficient SNR.

The minimum-channel method (Table 3) confirmed localized dis-

crimination during the n-back task between the left and right

DLPFC as seen in the data-driven method (Table 2).

Discussion

We investigated whether we could distinguish healthy controls

from mTBI patients with PPCS through measures of inter-regional

coherence with fNIRS. Our results add to previous fMRI, and more

recently added fNIRS studies of activation and connectivity alter-

ations following mTBI. The focus on task-based network integrity,

the range of tasks, and coverage of various distant brain areas, as

well as our homogeneous sample of only chronic patients (>3

month post-injury), addresses several gaps in the literature and

expands on our earlier pediatric study.16

Reduced inter-regional coherence

Our results are comparable to our previous work on a pediatric

population,16 showing a reduction in connectivity in patients with

PPCS (Fig. 3). In addition, these results, along with our previous

study, suggest that task-based connectivity provides higher dis-

crimination for mTBI patients with PPCS than resting state con-

nectivity. The n-back task was the best protocol, as we found that

50% (Table 2) of the PPCS patients’ coherence values were below

2SD of the control mean. Further, the discrimination between pa-

tients and controls increased to 58% (Table 3) when analysis was

restricted to channels directly over the DLPFC during the n-back

task. These results are especially encouraging, as a localized

DLPFC measurement (Table 3) would increase the speed and ef-

ficiency of setup, and exclude potentially compromised data from

regions with lower SNR, such as the motor cortex (Fig. 2b,c).

Our data are supported by fMRI literature that shows a reduction

of connectivity in mTBI patients. In most cases, functional con-

nectivity studies of mTBI with MRI have been focused on resting-

state measurements. Decreased resting state connectivity in mTBI

patients was reported in the default mode network36,37 and for

thalamofrontal connectivity38 in subacute mTBI patients as well as

for decreased frontal connectivity in chronic mTBI patients.39

However, other studies have reported increases in frontal connec-

tions, including the prefrontal cortex.36,40 Only one study has ex-

amined task-based connectivity.38 Zhou and colleagues38 reported

that during finger tapping, in contrast to rest, thalamomotor con-

nectivity increased in controls but not in mTBI patients (3–58 days

post-injury), supporting our task-based results. A review of these

studies can be found in a number of studies.37,41–43 In summary, our

study results are in agreement with the majority of the results from

MRI connectivity studies in mTBI patients, which show a reduction

of connectivity in frontal and motor regions.

There are several key mechanisms that might have contributed to

the reduction in connectivity. The cascade of events that occur

following mTBI include metabolic, hemodynamic, and structural

changes.44,45 Axonal stretching and shearing occur with mTBI,

causing diffuse axonal injury.46–48 The stretching and shearing can

impair axonal transport and lead to reduced cortical communica-

tion. Such an injury can persist for months or even years.49 In

addition, there is strong evidence for reductions in cerebral blood

flow (CBF),44 which may last for months to years post-mTBI.50

fNIRS is sensitive to relative changes in hemoglobin that occur in

response to neurovascular coupling, but does not provide a direct

measurement of neuronal activation or CBF. Therefore, without

further research, we cannot differentiate whether the alterations

found in connectivity reflect dysfunction in metabolism, tract in-

tegrity, or blood flow regulation, all of which are known to affect

cerebrovascular hemoglobin concentrations. In all, our findings of

reduced coherence support fNIRS measurements as a promising

biomarker to monitor mTBI patients.

Network deficits during working memory

We found that reduced connectivity in patients with PPCS was

especially evident during the working memory (n-back) task

Table 3. Minimum-Channel Method

Rest Tap Stroop N-back

Frontal 42% 8% 8% *58%
Motor 29% 14% 29% 0%
Right 43% 14% 14% 14%
Left 33% 11% 11% 22%

Discrimination between persistent post-concussion symptom (PPCS)
patients and controls separated by brain regions (rows) x tasks (columns).
This table shows the percentage of PPCS patients who had coherence
values below the mean - 2SD of the controls. This table provides an
overview of which combinations of task (columns) and connection
(rows) are promising in distinguishing patients with PPCS from control
coherence values on a more individual level.

*Significant difference between the PPCS patients and controls based on
independent sample t test ( p = 0.05, adjusted for multiple comparison with
the Benjamini–Hochberg method35).

FIG. 4. Inter-regional coherence decreases with severity of in-
jury. Correlation between persistent post-concussion symptoms
(PPCS) group (black dots) coherence values (across tasks and
brain regions) and (a) time since injury, and (b) symptom severity
(r = -0.53, p = 0.07). Black star represents a participant who was
symptomatic when recruited, but asymptomatic when data were
acquired.
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(Table 2) between prefrontal regions. The prefrontal regions were

not influenced by SNR. Specifically, changes in connectivity during

the n-back task were found to be localized to the DLPFC (Table 3).

The prefrontal region and especially the DLPFC are key regions in

working memory processing that are known to be active during n-

back tasks (see meta-analysis25). Further, as mentioned previously,

symptoms involving working memory deficits are prominent in

mTBI symptomology,22,24 supporting our findings of reduced

DLPFC connectivity during working memory tasks in the PPCS

group.

fNIRS is a new technique with great potential to quantify he-

modynamics in mTBI. We are aware of three studies that utilized

fNIRS to investigate mTBI, all of which showed decreased mag-

nitude of change in oxyhemoglobin with tasks in the left DLPFC.

The changes were measured during a working memory task, after

subacute (15–45 days)51 and chronic periods (1–23 months)52,53

post mTBI. Our results support these findings, showing altered

oxygenation in the prefrontal areas during task (Table 2).

Our current results are also in line with most of the previous

mTBI studies reporting differences in activation patterns using

MRI in the frontoparietal regions, and more specifically, in the

DLPFC during working memory tasks.22,23 Although these studies

are solely focused on the magnitude of activation, they have shown

that several factors influence brain activation in mTBI patients

during n-back tasks. Two of these factors include (1) cognitive load

of working memory task and (2) time post-injury.

Regarding the brain activation changes in mTBI patients with

cognitive load during the n-back task, increased activation in the

frontal cortex was found for mTBIs in the moderate cognitive-load;

namely, 2-back >0-back contrast;54,55 and 2-back >1-back con-

trast.27,56–58 However, the lower cognitive load (0-back >1-back

contrast) has been reported to lead to reduction in bilateral frontal

and parietal regions in mTBI patients.56 In the current study, we

showed a reduction in frontal connectivity during 0-, 1-, and 2-back

combined, which is consistent with previously reported reduction

of activation patterns in the frontal cortex.

It is likely that time post-injury is a critical factor when ex-

plaining possible differences between mTBI and controls.22,23

Many studies focus on acute to subacute symptomatic mTBI pop-

ulations, from 3–12 days,56 1 week,55 72 h, 2 weeks,27 and 6–

35 days post-injury.56–58 Only a few MRI studies have included

chronic mTBI patients, and even fewer studies have focused on

chronic patients with PPCS, as we did in the current study. One of

these studies included mTBI patients with symptoms from 6 to

200 days59 and others included mTBI patients with symptoms

persisting >1 month60–62 and 2 months.63 The studies found re-

duced bilateral DLPFC activation with fMRI,60–63 and reduced

right59 and left62 DLPFC activation during working memory tasks,

as well as no difference during an n-back task.64 These reductions

in regional activation in chronic populations have been attributed to

reduced blood flow, and are often accompanied by more wide-

spread activation, believed to be a compensatory mechanism in

these injured patients.65 We can only speculate whether diffuse

compensatory task-activation or reduced blood flow, as previously

documented in chronic mTBI patients with PPCS, could be the

underlying cause of the reduced connectivity in the DLPFC that

we found.

Improvements to increase clinical applicability

fNIRS holds particular promise for clinical applications as it has

few contraindications compared with other imaging modalities.

fNIRS is portable, can be used in a natural environment (unlike

shielded MRIs, or electrical interferences with EEG), with no

contraindications (e.g., metal in MRI). It is even possible to collect

data during activity (see NIRSport, made by NIRx Medical Tech-

nologies, LLC). For these reasons, fNIRS is suitable for bedside or

even ‘‘on-the-field’’ (e.g., in sports) measurements.

In this study, we further demonstrate the potential clinical ap-

plicability of fNIRS, by reducing the channels needed for the dis-

crimination between controls and mTBI patients (Table 3). By

choosing anatomically relevant channel locations, such as the ones

directly above M1 and the DLPFC, we were able to reduce the

number of channels to well-defined brain areas. The ability to focus

specifically on the two channels above the DLPFC (Table 3) is

especially advantageous, as it reduces the setup time to mere

minutes, and makes the method viable for clinical population

without compromising on SNR.

Limitations

We found that motor regions were highly influenced by SNR

(Fig. 2). In the current study we used stringent preprocessing steps

for excluding channels. The result is that more fiber pairs failed to

meet our SNR requirements. This however, is a necessary step for

the evaluation of connectivity through coherence, because we show

that low SNR can lead to spurious coherence values because of a

coherent lack of signal rather than the presence thereof. We showed

that the number of usable channels influenced coherence values

between the left and right motor cortices (‘‘motor’’) as well as

between the right frontal cortex and the right motor cortex

(‘‘right’’) (Fig. 2c). The higher density of hair over the motor cortex

is the most likely cause of fewer channels meeting acceptance

criteria. More work has to be done in acquisition hardware in fNIRS

to reduce setup time without compromising on signal quality,

which is especially necessary for patient populations with a low

tolerance for long acquisition paradigms.

A general limitation of our study is that we did not control for

various factors, which may have influenced brain activation pat-

terns, such as sex, nutrition intake, time of day, or fatigue status.

Nevertheless, population differences were detected.

Conclusion

We show promising results supporting the capability of fNIRS

coherence measures to evaluate reduced connectivity in mTBI

patients with persistent symptoms. Reduced connectivity in mTBI

patients with PPCS compared with controls was especially pro-

minent during the working memory task between the right and left

DLPFC. Further, we report that reduced connectivity in this pop-

ulation could be measured in easily accessible regions such as the

DLPFC, with only two channels. Minimizing channels is beneficial

in order to reduce cost, increase portability, and maximize ease of

setup: improvements that increase the suitability of fNIRS for

clinical application in studies of brain injury.

As stated, more research is needed to evaluate if fNIRS inter-

regional coherence could be an objective aid for monitoring mTBI.

A next step will be to measure connectivity in acute mTBI patients,

and longitudinally follow these patients to determine if fNIRS

connectivity measures can be predictive of outcomes following

mTBI. fNIRS measures of coherence may provide a useful bio-

marker of injury and recovery, adding to our understanding of the

pathophysiology of mTBI and providing a new method to assess

treatment responses.

1230 HOCKE ET AL.



Acknowledgments

We thank the patients who volunteered. This work was funded

by the Collaborative Health Research Program (CHRP) through the

Canadian Institutes of Health Research (CIHR - CPG-140174) and

Natural Sciences and Engineering Research Council of Canada

(NSERC - CHRP/478476-2015) as well as the NSERC CREATE

(Collaborative Research and Training Experience) I3T (Interna-

tional and Industrial Imaging Training) Program.

Author Disclosure Statement

No competing financial interests exist.

References

1. Bazarian, J.J., McClung, J., Shah, M.N., Cheng, Y.T., Flesher, W., and
Kraus, J. (2005). Mild traumatic brain injury in the United States,
1998–2000. Brain Inj. 19, 85–91.

2. Cassidy, J.D., Cancelliere, C., Carroll, L.J., Cote, P., Hincapie, C.A.,
Holm, L.W., Hartvigsen, J., Donovan, J., Nygren-de Boussard, C.,
Kristman, V.L., and Borg, J. (2014). Systematic review of self-
reported prognosis in adults after mild traumatic brain injury: results
of the International Collaboration on Mild Traumatic Brain Injury
Prognosis. Arch. Phys. Med. Rehabil. 95, S132–151.

3. Williams, W.H., Potter, S., and Ryland, H. (2010). Mild traumatic
brain injury and postconcussion syndrome: a neuropsychological
perspective. J. Neurol. Neurosurg. Psychiatry 81, 1116–1122.

4. Hughes, D.G., Jackson, A., Mason, D.L., Berry, E., Hollis, S., and
Yates, D.W. (2004). Abnormalities on magnetic resonance imaging
seen acutely following mild traumatic brain injury: correlation with
neuropsychological tests and delayed recovery. Neuroradiology 46,
550–558.

5. Lannsjo, M., Backheden, M., Johansson, U., Af Geijerstam, J.L., and
Borg, J. (2013). Does head CT scan pathology predict outcome after
mild traumatic brain injury? Eur. J. Neurol. 20, 124–129.

6. McCrory, P., Meeuwisse, W., Aubry, M., Cantu, B., Dvorak, J.,
Echemendia, R., Engebretsen, L., Johnston, K., Kutcher, J., Raftery,
M., Sills, A., Benson, B., Davis, G., Ellenbogen, R., Guskiewicz, K.,
Herring, S.A., Iverson, G., Jordan, B., Kissick, J., McCrea, M., Mc-
Intosh, A., Maddocks, D., Makdissi, M., Purcell, L., Putukian, M.,
Schneider, K., Tator, C., and Turner, M. (2013). Consensus statement
on concussion in sport – The 4th International Conference on Con-
cussion in Sport held in Zurich, November 2012. Phys. Ther. Sport 14,
e1–e13.

7. Jobsis, F.F. (1977). Noninvasive, infrared monitoring of cerebral and
myocardial oxygen sufficiency and circulatory parameters. Science
198, 1264.

8. Hoshi, Y., and Tamura, M. (1993). Detection of dynamic changes in
cerebral oxygenation coupled to neuronal function during mental work
in man. Neurosci. Lett. 150, 5–8.

9. Villringer, A., Planck, J., Hock, C., Schleinkofer, L., and Dirnagl, U.
(1993). Near infrared spectroscopy (NIRS): a new tool to study he-
modynamic changes during activation of brain function in human
adults. Neurosci. Lett. 154, 101–104.

10. Chance, B., Zhuang, Z., UnAh, C., Alter, C., and Lipton, L. (1993).
Cognition-activated low-frequency modulation of light absorption in
human brain. Proc. Natl. Acad. Sci. U. S. A. 90, 3770–3774.

11. Kato, T., Kamei, A., Takashima, S., and Ozaki, T. (1993). Human
visual cortical function during photic stimulation monitoring by means
of near-infrared spectroscopy. J. Cereb. Blood Flow Metab. 13, 516–
520.

12. Boas, D.A., Elwell, C.E., Ferrari, M., and Taga, G. (2014). Twenty
years of functional near-infrared spectroscopy: introduction for the
special issue. Neuroimage 85 Pt 1, 1–5.

13. Ferrari, M., and Quaresima, V. (2012). A brief review on the history of
human functional near-infrared spectroscopy (fNIRS) development
and fields of application. Neuroimage 63, 921–935.

14. Hoshi, Y., Kosaka, S., Xie, Y., Kohri, S., and Tamura, M. (1998).
Relationship between fluctuations in the cerebral hemoglobin oxy-
genation state and neuronal activity under resting conditions in man.
Neurosci. Lett. 245, 147–150.

15. Buxton, R.B., Wong, E.C., and Frank, L.R. (1998). Dynamics of blood
flow and oxygenation changes during brain activation: the balloon
model. Magn. Reson. Med. 39, 855–864.

16. Urban, K.J., Barlow, K.M., Jimenez, J.J., Goodyear, B.G., and Dunn,
J.F. (2015). Functional near-infrared spectroscopy reveals reduced
interhemispheric cortical communication after pediatric concussion. J.
Neurotrauma 32, 833–840.

17. Biswal, B., Yetkin, F.Z., Haughton, V.M., and Hyde, J.S. (1995).
Functional connectivity in the motor cortex of resting human brain
using echo-planar MRI. Magn. Reson. Med. 34, 537–541.

18. Beckmann, C.F., DeLuca, M., Devlin, J.T., and Smith, S.M. (2005).
Investigations into resting-state connectivity using independent compo-
nent analysis. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 360, 1001–1013.

19. Jimenez, J.J., Yang, R., Nathoo, N., Varshney, V.P., Golestani, A.M.,
Goodyear, B.G., Metz, L.M., and Dunn, J.F. (2014). Detection of
reduced interhemispheric cortical communication during task execu-
tion in multiple sclerosis patients using functional near-infrared
spectroscopy. J. Biomed. Opt. 19, 076008.

20. Varshney, V., Liapounova, N., Golestani, A.-M., Goodyear, B., and
Dunn, J.F. (2012). Detection of inter-hemispheric functional connec-
tivity in motor cortex with coherence analysis. J. Eur. Opt. Soc. Rapid
Publ. 7. http://www.dx.doi.org/10.2971/jeos.2012.12047 (last accessed
March 18, 2018).

21. Sasai, S., Homae, F., Watanabe, H., and Taga, G. (2011). Frequency-
specific functional connectivity in the brain during resting state re-
vealed by NIRS. Neuroimage 56, 252–257.

22. McDonald, B.C., Saykin, A.J., and McAllister, T.W. (2012). Func-
tional MRI of mild traumatic brain injury (mTBI): progress and per-
spectives from the first decade of studies. Brain Imaging Behav. 6,
193–207.

23. Eierud, C., Craddock, R.C., Fletcher, S., Aulakh, M., King-Casas, B.,
Kuehl, D., and LaConte, S.M. (2014). Neuroimaging after mild trau-
matic brain injury: review and meta-analysis. Neuroimage Clin. 4,
283–294.

24. McDonald, B.C., Flashman, L.A., and Saykin, A.J. (2002). Executive
dysfunction following traumatic brain injury: neural substrates and
treatment strategies. NeuroRehabilitation 17, 333–344.

25. Owen, A.M., McMillan, K.M., Laird, A.R., and Bullmore, E. (2005).
N-back working memory paradigm: a meta-analysis of normative
functional neuroimaging studies. Hum. Brain Mapp. 25, 46–59.

26. Beam, W., Borckardt, J.J., Reeves, S.T., and George, M.S. (2009). An
efficient and accurate new method for locating the F3 position for
prefrontal TMS applications. Brain Stimul. 2, 50–54.

27. Dettwiler, A., Murugavel, M., Putukian, M., Cubon, V., Furtado, J.,
and Osherson, D. (2014). Persistent differences in patterns of brain
activation after sports-related concussion: a longitudinal functional
magnetic resonance imaging study. J. Neurotrauma 31, 180–188.

28. Hockey, A., and Geffen, G. (2004). The concurrent validity and test–
retest reliability of a visuospatial working memory task. Intelligence
32, 591–605.

29. Huppert, T.J., Diamond, S.G., Franceschini, M.A., and Boas, D.A.
(2009). HomER: a review of time-series analysis methods for near-
infrared spectroscopy of the brain. Appl. Opt. 48, D280–D298.

30. Fekete, T., Rubin, D., Carlson, J.M., and Mujica-Parodi, L.R. (2011).
The NIRS Analysis Package: noise reduction and statistical inference.
PLoS One 6, e24322.

31. Scholkmann, F., Spichtig, S., Muehlemann, T., and Wolf, M. (2010).
How to detect and reduce movement artifacts in near-infrared imaging
using moving standard deviation and spline interpolation. Physiol.
Meas. 31, 649–662.

32. Sato, H., Kiguchi, M., Kawaguchi, F., and Maki, A. (2004). Practi-
cality of wavelength selection to improve signal-to-noise ratio in near-
infrared spectroscopy. Neuroimage 21, 1554–1562.

33. Buxton, R.B., Wong, E.C., and Frank, L.R. (1998). Dynamics of blood
flow and oxygenation changes during brain activation: the balloon
model. Magn. Reson. Med. 39, 855–864.

34. Sun, F.T., Miller, L.M., and D’Esposito, M. (2004). Measuring in-
terregional functional connectivity using coherence and partial co-
herence analyses of fMRI data. Neuroimage 21, 647–658.

35. Benjamini, Y., and Hochberg, Y. (1995). Controlling the false dis-
covery rate: a practical and powerful approach to multiple testing. J.
R. Stat. Soc. Series B Stat. Methodol. 57, 289–300.

36. Mayer, A.R., Mannell, M.V., Ling, J., Gasparovic, C., and Yeo, R.A.
(2011). Functional connectivity in mild traumatic brain injury. Hum.
Brain Mapp. 32, 1825–1835.

NETWORK INTEGRITY IN CONCUSSION 1231



37. Johnson, B., Zhang, K., Gay, M., Horovitz, S., Hallett, M., Sebastia-
nelli, W., and Slobounov, S. (2012). Alteration of brain default network
in subacute phase of injury in concussed individuals: resting-state fMRI
study. Neuroimage 59, 511–518.

38. Zhou, Y., Lui, Y.W., Zuo, X.N., Milham, M.P., Reaume, J., Gross-
man, R.I., and Ge, Y. (2014). Characterization of thalamo-cortical
association using amplitude and connectivity of functional MRI in
mild traumatic brain injury. J. Magn. Reson. Imaging 39, 1558–1568.

39. Messe, A., Caplain, S., Pelegrini-Issac, M., Blancho, S., Levy, R.,
Aghakhani, N., Montreuil, M., Benali, H., and Lehericy, S. (2013).
Specific and evolving resting-state network alterations in post-
concussion syndrome following mild traumatic brain injury. PLoS
One 8, e65470.

40. Zhou, Y., Milham, M.P., Lui, Y.W., Miles, L., Reaume, J., Sodickson,
D.K., Grossman, R.I., and Ge, Y. (2012). Default-mode network
disruption in mild traumatic brain injury. Radiology 265, 882–892.

41. Slobounov, S.M., Gay, M., Zhang, K., Johnson, B., Pennell, D., Se-
bastianelli, W., Horovitz, S., and Hallett, M. (2011). Alteration of
brain functional network at rest and in response to YMCA physical
stress test in concussed athletes: RsFMRI study. Neuroimage 55,
1716–1727.

42. Mayer, A.R., Bellgowan, P.S., and Hanlon, F.M. (2015). Functional
magnetic resonance imaging of mild traumatic brain injury. Neurosci.
Biobehav. Rev. 49, 8–18.

43. Sharp, D.J., Beckmann, C.F., Greenwood, R., Kinnunen, K.M., Bon-
nelle, V., De Boissezon, X., Powell, J.H., Counsell, S.J., Patel, M.C.,
and Leech, R. (2011). Default mode network functional and structural
connectivity after traumatic brain injury. Brain 134, 2233–2247.

44. Barkhoudarian, G., Hovda, D.A., and Giza, C.C. (2016). The molec-
ular pathophysiology of concussive brain injury – an update. Phys.
Med. Rehabil. Clin. N. Am. 27, 373–393.

45. Giza, C.C., and Hovda, D.A. (2001). The Neurometabolic Cascade of
Concussion. J Athl Train 36, 228–235.

46. Peerless, S.J. and Rewcastle, N.B. (1967). Shear injuries of the brain.
Can. Med. Assoc. J. 96, 577–582.

47. Adams, J.H., Doyle, D., Ford, I., Gennarelli, T.A., Graham, D.I., and
McLellan, D.R. (1989). Diffuse axonal injury in head injury: defini-
tion, diagnosis and grading. Histopathology 15, 49–59.

48. Meaney, D.F., and Smith, D.H. (2011). Biomechanics of concussion.
Clin. Sports Med. 30, 19–31, vii.

49. Johnson, V.E., Stewart, W., and Smith, D.H. (2013). Axonal pathol-
ogy in traumatic brain injury. Exp. Neurol. 246, 35–43.

50. Bartnik-Olson, B.L., Holshouser, B., Wang, H., Grube, M., Tong, K.,
Wong, V., and Ashwal, S. (2014). Impaired neurovascular unit func-
tion contributes to persistent symptoms after concussion: a pilot study.
J. Neurotrauma 31, 1497–1506.

51. Kontos, A.P., Huppert, T.J., Beluk, N.H., Elbin, R.J., Henry, L.C.,
French, J., Dakan, S.M., and Collins, M.W. (2014). Brain activation
during neurocognitive testing using functional near-infrared spec-
troscopy in patients following concussion compared to healthy con-
trols. Brain Imaging Behav. 8, 621–634.

52. Helmich, I., Saluja, R.S., Lausberg, H., Kempe, M., Furley, P., Berger,
A., Chen, J.K., and Ptito, A. (2015). Persistent postconcussive
symptoms are accompanied by decreased functional brain oxygena-
tion. J. Neuropsychiatry Clin. Neurosci. 27, 287–298.

53. Helmich, I., Berger, A., and Lausberg, H. (2016). Neural control of
posture in individuals with persisting postconcussion symptoms. Med.
Sci. Sports Exerc. 48, 2362–2369.

54. Pardini, J.E., Pardini, D.A., Becker, J.T., Dunfee, K.L., Eddy, W.F.,
Lovell, M.R., and Welling, J.S. (2010). Postconcussive symptoms are
associated with compensatory cortical recruitment during a working
memory task. Neurosurgery 67, 1020–1028.

55. Lovell, M.R., Pardini, J.E., Welling, J., Collins, M.W., Bakal, J.,
Lazar, N., Roush, R., Eddy, W.F., and Becker, J.T. (2007). Functional
brain abnormalities are related to clinical recovery and time to return-
to-play in athletes. Neurosurgery 61, 352–360.

56. McAllister, T.W., Saykin, A.J., Flashman, L.A., Sparling, M.B.,
Johnson, S.C., Guerin, S.J., Mamourian, A.C., Weaver, J.B., and
Yanofsky, N. (1999). Brain activation during working memory 1
month after mild traumatic brain injury: a functional MRI study.
Neurology 53, 1300–1308.

57. McAllister, T.W., Sparling, M.B., Flashman, L.A., Guerin, S.J., Ma-
mourian, A.C., and Saykin, A.J. (2001). Differential working memory
load effects after mild traumatic brain injury. Neuroimage 14, 1004–
1012.

58. McAllister, T.W., Flashman, L.A., McDonald, B.C., and Saykin, A.J.
(2006). Mechanisms of working memory dysfunction after mild and
moderate TBI: evidence from functional MRI and neurogenetics. J.
Neurotrauma 23, 1450–1467.

59. Witt, S.T., Lovejoy, D.W., Pearlson, G.D., and Stevens, M.C. (2010).
Decreased prefrontal cortex activity in mild traumatic brain injury
during performance of an auditory oddball task. Brain Imaging Behav.
4, 232–247.

60. Chen, J.K., Johnston, K.M., Frey, S., Petrides, M., Worsley, K., and
Ptito, A. (2004). Functional abnormalities in symptomatic concussed
athletes: an fMRI study. Neuroimage 22, 68–82.

61. Chen, J.K., Johnston, K.M., Petrides, M., and Ptito, A. (2008). Neural
substrates of symptoms of depression following concussion in male
athletes with persisting postconcussion symptoms. Arch. Gen. Psy-
chiatry 65, 81–89.

62. Chen, J.K., Johnston, K.M., Petrides, M., and Ptito, A. (2008). Re-
covery from mild head injury in sports: evidence from serial func-
tional magnetic resonance imaging studies in male athletes. Clin. J.
Sport Med. 18, 241–247.

63. Gosselin, N., Bottari, C., Chen, J.K., Petrides, M., Tinawi, S., de
Guise, E., and Ptito, A. (2011). Electrophysiology and functional MRI
in post-acute mild traumatic brain injury. J. Neurotrauma 28, 329–341.

64. Dean, P.J., Sato, J.R., Vieira, G., McNamara, A., and Sterr, A. (2015).
Multimodal imaging of mild traumatic brain injury and persistent
postconcussion syndrome. Brain Behav. 5, 45–61.

65. Jantzen, K.J., Anderson, B., Steinberg, F.L., and Kelso, J.A. (2004). A
prospective functional MR imaging study of mild traumatic brain
injury in college football players. AJNR Am. J. Neuroradiol. 25, 738–
745.

Address correspondence to:

Jeff F. Dunn, PhD

Experimental Imaging Lab

3280 Hospital Drive NW

Calgary, Alberta T2N4Z6

Canada

E-mail: dunnj@ucalgary.ca

1232 HOCKE ET AL.


