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Children and adolescent athletes are at a higher risk for concussion than adults, and
also experience longer recovery times and increased associated symptoms. It has also
recently been demonstrated that multiple, seemingly mild concussions may result in
exacerbated and prolonged neurological deficits. Objective assessments and return-to-
play criteria are needed to reduce risk and morbidity associated with concussive events
in these populations. Recent research has pushed to study the use of electroencepha-
lography as an objective measure of brain injury. In the present case study, we present
a novel approach that examines event-related potentials via a brain network activation
(BNA) analysis as a biomarker of concussion and recovery. Specifically, changes in BNA
scores, as indexed through this approach, offer a potential indicator of neurological health
as the BNA assessment qualitatively and quantitatively indexes the network dynamics
associated with brain injury. Objective tools, such as these support accurate and efficient
assessment of brain injury and may offer a useful step in categorizing the temporal and
spatial changes in brain activity following concussive blows, as well as the functional
connectivity of brain networks, associated with concussion.

Keywords: brain network activation, EEG, concussion, hockey, return to play

INTRODUCTION

Children and adolescents may be at a higher risk for concussion then adults due to an increase in
brain plasticity and a decrease in barrier to the maturing cortex (1, 2). This susceptibility is com-
pounded by longer recovery times and increased associated symptoms in children compared to
adults (1). Early research identified concussions as transient injuries with close to 90% of patients
having symptoms subside within 7-10 days after the injury occurred, but a few recent studies have
revealed that long-term brain damage may actually take place following the initial injury (1, 3-5).
It is no surprise, then, that after the initial injury, there is an increased risk of sustaining a second
injury (6, 7) due to persistent, potentially unknown, associated neurophysiological deficits. Evidence
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also indicates that multiple, seemingly mild concussions may
result in exacerbated and prolonged neurological deficits: the
social and financial impact of which have yet to be adequately
determined (8). Thus, the potential for exacerbated symptoms
and poor long-term prognosis in youth athletes, strongly indicate
that objective return-to-play (RTP) criteria are needed to reduce
second concussion risk and morbidity associated with concussive
events in pediatric populations.

Various diagnostic tools have been utilized for decades to
determine the presence of a concussion in patients. Unfortunately,
many of these diagnostic tools are subjective in nature and may
lead to further issues for both doctors and patients involved,
including misdiagnosis and premature RTP clearance (9). This
increases the chances for further trauma and increased complica-
tions for the concussed patient (9-11), and, as a result, there is an
impetus in the scientific community to identify straight-forward,
objective, and efficient diagnostic tools for concussion assessment
to accelerate treatment and recovery.

Recent research has pushed to study the use of electroen-
cephalography (EEG) as an objective measure to determine the
effects of concussion on the brain’s electrocortical activity due
to its lower costs and its relatively low invasiveness compared to
other methods of assessment. The usefulness of EEG, quantitative
EEG (qEEG), and event-related potentials (ERPs) in concussion
research (3, 12-16) has been demonstrated in recent years both in
terms of its clinical value and in terms of its ability to elucidate the
neural process associated with the effects of concussion and the
recovery trajectory following injury (17, 18). Importantly, several
studies have also shown dissociations between electrophysi-
ological measures and clinical measures (12, 16). Unfortunately,
concussion research in adolescents is relatively underexplored
compared to that of adults (3, 12, 14, 19, 20), and because this
population may be more susceptible to the effects of concussion
due to the immaturity of the developing brain (20), there is now a
growing interest in examining injuries and diagnostic biomarkers
in this age group (21, 22).

One of the challenges for the utilization of EEG assessment in
the adolescent population is due to the fact that the developing
brain is a highly complex, multilayered system that is organized
into very complicated interconnecting neural networks — unique
local physical and functional connections between neurons. Thus,
developing an understanding between underlying mechanisms
driving neurological deficits through single electrode and single
ERP-based analyses is extremely difficult, and also a current
limitation in the field. New approaches that take into account the
simultaneous cooperative function of local neural networks that
operate together as larger scale, global networks are necessary for
the adoption of EEG techniques as a widely adopted diagnostic
tool in these populations.

A recent approach that examines ERPs via a brain network
activation (BNA) analysis may provide the next step in the
evolution of EEG as an accepted tool for diagnosis and recovery
assessment. A detailed description of the BNA algorithm is
provided elsewhere (23-27); thus, only a brief summary of the
method is given here. BNA analysis is a new tool for evaluating
the network dynamics associated with brain responses (i.e.,
ERPs). BNA analysis is performed on the ERP data recorded at

each electrode location by clustering the basic time-frequency
characteristics of the ERPs (i.e., waveforms at specific location,
amplitude, frequency, and timing/latency), and finding the
relations between the clusters. The BNA analysis involves two
independent processes: a group level pattern recognition process
used to generate the characteristic groups network [Reference
Brain Network Model (RBNM)] through a normative database
made up of a separate group of subjects, and a single subject level
similarity evaluation process. In the first stage, the algorithm seeks
a state-unique multi-sited spatiotemporal pattern - the BNA
group network (i.e., the RBNM). Specifically, the BNA algorithm
extracts the interparticipant sequential temporal co-occurrence
of pairs of ERP peaks (event pairs) extracted from signals that
were band-pass filtered into different frequency ranges and that
emerged in different spatial locations. Next, BNA integrates
group-common event pairs of specific temporal relations, spatial
locations frequencies, and amplitudes into a unified functional
network, which is the BNA group network (25-27). This stage
must be completed only once as it becomes the normative group
for comparison for future clinical comparisons.

When considering patient prognosis, in the second stage of
the analysis process, a BNA score is computed for each patient
individually, which reflects the degree of similarity between the
activity of the single subject and the normative RBNM. A BNA
score of 0 indicates no similarity between the individual's BNA
pattern and the RBNM, whereas a BNA score of 100 represents
complete similarity. Since the BNA score is a similarity score, a
low BNA score implies that the patient deviates from the norm
and that their brain functioning is impaired in certain cognitive
aspects relative to the normative population. Therefore, a low
BNA score might indicate the presence of a cognitive malfunc-
tion (26) Thus, the RBNM serves as a task-specific benchmark
for the identification of potential changes over time in BNA score
progressions of evaluated patients. The pattern represented by the
RBNM constitutes a functional brain network, and BNA depicts
the evolving network dynamics as a set of nodes connected by a
set of links.

CASE

The current case was a 15-year-old male varsity high school
hockey player who participated in a prospective research study
on concussion incidence. Prior to the start of the season, he
participated in a neurocognitive EEG assessment, as part of a
larger testing battery. Within 36 h of this initial testing session,
he sustained a head injury (November 14) during a preseason
game. The injury occurred when the Case was skating behind
his net in pursuit of the puck and was checked into the boards.
The opponent hit the Case on his left side and the opponent’s
elbow made contact with the left side of the Case’s head, forc-
ing the right side of his head into the glass. He maintained
consciousness, and skated back to the bench under his own
power while holding his head with his hands. The Case did not
report any associated amnesia, but did report headache, dizzi-
ness, photophobia, and tinnitus. A standardized assessment of
concussion (SAC) sideline test was administered and consisted
of orientation questions (month, day, location, and activity),
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memory recall (word list memory), concentration (counting
numbers and listing months backwards), and neurological
screening (checking strength, sensation, pupil response, coor-
dination, balance and eye tracking). The Case did not complete
the assessment to the satisfaction of the medical staff, and thus
was not cleared for further participation for the remainder of
the game and was not allowed to participate in scrimmage the
following day.

PRE-CONCUSSION VISITS/
LANDMARKS

Visit 1 — 36 h Prior to Concussion
The case performed a baseline neurocognitive EEG assessment
36 h prior to the injury, as part of a larger battery of tests.

POST-CONCUSSION VISITS/LANDMARKS

Visit 2 - 18 h Post Concussion

The Case performed the same neurocognitive EEG assessment
within 18 h of the initial injury, as part of a larger battery of tests.
These additional tests were not clinically standardized tests but
rather exploratory measures of performance and thus were not
used for clinical decisions. The subject also underwent assessment
by a study-specific athletic trainer who reviewed the initial symp-
toms. The athlete stated that the initial symptoms had resolved
except for a minor headache. The subject was asymptomatic for
any subsequent testing sessions.

Landmark 1 - 3-8 Days Post Concussion
This landmark was not a laboratory visit as part of the research
study but instead was part of the standard clinical care of the
athlete and took place at the athlete’s school. For the landmark
time point, clinical decisions made were not performed by the
research team nor did the research team discuss these decisions
with the case. In order to RTP, the athlete followed the high
school’s stepwise RTP protocol. The subject underwent complete
physical and cognitive rest over the weekend. Upon return
to school, he reported to the school athletic trainers and was
symptom free at that point (3 days post injury). Based on the
follow-up exam and the subsequent absence of all symptoms, the
subject began his activity progression and was monitored for any
return of symptoms. The standard protocol for RTP consists of
daily increases in activity beginning with light aerobic exercise,
sport specific exercise (i.e., skating), non-contact training drills,
full contact training, and concludes with return to game competi-
tion. If any symptoms return, the athlete is downgraded to the
previous step. The subject progressed through the RTP without
incident and returned to play 11/22/2014 (8 days post injury).
The neurocognitive EEG assessment was not considered in the
medical clearance decision process and the EEG assessment was
not administered at this time point.

Visit 3 - 21 Days Post Concussion
The Case was symptom-free and performed the same neurocog-
nitive EEG assessment only during this visit.

Visit 4 - 50 Days Post Concussion

The Case performed the same neurocognitive EEG assessment, as
part of alarger battery of tests. This visit was a normally scheduled
mid-season assessment, as part of the larger clinical trial and the
Case was symptom free.

Visit 5 - 116 Days Post Concussion

The Case was symptom free and, again, performed the same
neurocognitive EEG assessment, as part of a larger battery of
tests. This visit was a normally scheduled postseason assessment,
as part of the larger clinical trial.

METHOD

The RBNM utilized in this study was generated from EEG wave-
forms recorded from healthy subjects (N = 120; 20 females; mean
age = 14.58 years; range: 13-16 years; SD = 0.66) elicited to the
frequent stimulus embedded within an auditory oddball task (28).
See Figure 1A for the RBNM and the individual peak amplitudes
(one blue dot per subject) recorded from an exemplar frontal
electrode (Fpz; Figure 1B) along with the time-running grand
average (120 subjects; Figure 1C). In Figure 1B, each row presents
the ERP of each subject in the delta band for the duration of the
recorded epoch by a color scale. Cool and warm colors represent
negative and positive values, respectively. It can be observed that
the negativity in the ERP waveform (Figure 1C) overlaps the blue
segment embedded within the colored panel (Figure 1B). Each
red dot in the RBNM represents activation recorded from a single
channel in the delta frequency band (Figure 1A). Taken together,
it can be observed that the RBNM consisted of a smooth negativ-
ity and a peak that was most prominent during the ~200-400 ms
interval observed at fronto-midline electrodes (FPz, AFz, and Fz)
and at electrodes on the right side (F2 and F4). This negativity is
related to the negative shift phenomenon that is enhanced as a
function of age (see Discussion).

Another independent large group of healthy participants
(hereafter, the “test-retest group”) age matched to the RBNM
Group (N = 41, 14 females; mean age = 15.03 years; range:
14-16 years, SD = 0.60) was recruited to calculate one SD interval
of physiological variability defined by test-retest data. All subjects
completed two consecutive BNA tests (M = 19 + 36.80 days).
Specifically, the range of normative data is defined based on
the overall SD of the difference between two consecutive visits
(SD = 30.10) computed on data gathered from the “test-retest”
group. The 1 SD criterion was used to define a clinically meaning-
ful change in BNA score between two visits and to allow detection
of deviancy in the subject’s score from the accepted range of
random fluctuations in the BNA score over time.

Ethics Statement
This study was reviewed and approved by the Cincinnati Children’s
Hospital Medical Center Institutional Review Board.

ASSESSMENT

The current case performed two auditory-based cognitive tests:
(1) an auditory oddball task and (2) an auditory go-no go test, but
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FIGURE 1 | The negative shift biomarker. (A) The Reference Brain Network Model (RBNM) is displayed on the right side. The red dots represent delta band
activations recorded from fronto-midline electrodes (FPz, AFz, and Fz) and from electrodes on the right side (F2 and F4). (B) The colored panel depicts individual
peak activations recorded from each of 120 subjects included in the RBNM. (C) The delta band-passed grand average (120 subjects). The negative peak was most
prominent during the ~200-400-ms interval observed at the electrodes included in the RBNM (A).

200 400 600 800 1000 1200
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only data from the oddball task was analyzed in the current case.
During this task, sounds are presented at an average rate of 1 every
1.5s. A total of 80% of the sounds are 2000 Hz tones that repeat in
frequency and intensity (i.e., the standard sound). Another 10% of
the sounds are tones of another frequency (1000 Hz) to which the
patient responds to by pressing a button (i.e., the target sound).
The remaining 10% of sounds are environmental sounds (i.e., a
telephone ring, dog bark, etc., the novel sound). The Oddball task
takes ~12 min to complete with a total of 320 trials. For all tasks,
EEG channels are sampled at 250 Hz.

The BNA assessment utilized a standard high-density
128-electrode wet EEG cap fitted to the participant’s head. For
the Oddball task data, epoched segments (200 ms prestimulus
to 1200 ms poststimulus) baseline corrected using the 200 ms
prestimulus baseline segments were averaged separately for the
“frequent/standard,” “target,” and “novel” sounds. The EEG signals
were recorded and cleaned by standard procedures, band-pass fil-
tered into overlapping conventional EEG frequency bands: delta
(0.5-4 Hz), theta (3-8 Hz), alpha (7-13 Hz), and beta (12-30 Hz)
cut into epochs demarcating pre- and poststimulus onset times,
and averaged to align with ERPs. These data were reduced into a
set of discrete points that denote local extrema for each band, and
the latencies and amplitudes were input to the BNA algorithm.

The present case assessed the patient prospectively at 36 h
prior to the initial incidence of brain injury, and retrospectively

of the injury within 18 h, 21, 50, and 116 days (Figure 2A). The
landmark at day 3, which began the progression to RTP, was not
part of the study itself and neither was the final clinical visit that
cleared for full RTP. The five testing sessions illustrate degrees
of accordance between the activation network of the patient at
each time point when compared against the RBNM generated
for 120 healthy participants between 14 and 16 years of age.
At visit one prior to the concussion injury, the Case exhibited
a BNA score of 92. Thus, the BNA score measured at baseline
computed against a novel negative shift biomarker, indicates
typical neural network activation prior to injury. At visit two
18 h post concussion, the Case exhibits a precipitous drop in
BNA similarity score to 24, well outside of the typical range
of random variation in the BNA score based on the test-retest
SD. At 21 days post concussion, the Case’s BNA amplitude
increased to 42, but still remained outside of the range defined
by the test-retest SD. The Case was symptom free and cleared
for RTP progression 5 days after the initial concussion. Despite
being symptom free, his neurophysiological data demonstrates
significant deficits in the brain network connectivity up to
21 days after the initial injury. It is only after the 3-week follow-
up (at both 50 and 116 days post concussion) that the Case’s
BNA amplitudes settled back down into the normal range of
function (96 and 87, respectively) and matched his pre-injury
patterns of activation.
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FIGURE 2 | (A) The BNA scores of the case for his five visits. The shaded box indicates the test-retest 1 SD of the change between two visits, for a group of 41
normal healthy subjects (i.e., the normal range of change). Note that his BNA scores for visits 2 and 3 (1 and 21 days post concussion, respectively) fall outside of
the normal range of change. Each visit is color coded: baseline (visit 1): black; visit 2: brown; visit 3: red; visit 4: dark green; and visit 5: light green. (B) The case’s
ERP grand average waveforms recorded at the AFz channel. Note that each waveform is associated with a different visit (visits 1-5, respectively) and that the
waveforms were color coded in the same manner as the visits in (TOP). EDI = elapsed days from injury; V = visit.

400 600 800

Figure 2B displays the Case’s grand average ERP waveforms
recorded at the AFz channel. In general, the first two visits fol-
lowing injury (visits 2 and 3), displayed the most negative ERPs
(~180-420 ms) compared with subsequent visits (4 and 5). A
gradation could be observed in the level of negativity of the ERP
waveforms (Figure 2B) such that the waveform associated with the
most enhanced negativity (i.e., the brown ERP trace; Figure 2B)
corresponded to the lowest BNA score (visit 2; Figure 2A, brown
circle), followed by the negativity at v3 (red trace/red circle,
Figures 2A,B, respectively). The other two visits (visits 4 and 5,
Figure 2B, dark and light green traces, respectively) in which the
BNA score returned to baseline levels (Figure 2A) were associ-
ated with less negative ERP waveforms. These two waveforms
were clustered together with the baseline trace (Figure 2B, black)
above the traces of visits 2 and 3 (Figure 2B). Overall, the changes
in the level of negativity displayed by the ERP waveforms were
consistent with the recovery trajectory exemplified by the BNA
scores (Figures 2A,B).

DISCUSSION

The present case study is the first of its kind to prospectively
and objectively measure the network activation of an adolescent
athlete using a BNA-based ERP analysis at 36 h prior to initial
incidence of brain injury, and with subsequent follow-up testing
within 18 h, 21, 50, and 116 days of the initial injury. The results
of this case highlight the potential use of BNA analysis as a clinical
tool for evaluating functional network changes following brain

injury. BNA analysis may be useful for longitudinal patient moni-
toring and can help clinicians follow the evolution of suspected
cognitive malfunction over time. The head injury sustained by the
Case caused functional network changes reflected by a low BNA
score in the first follow-up visit, which reflects a reduced similarity
to the RBNM of the negative shift immediately following injury
(Figure 2). It is important to note that this does not necessarily
coincide with less activation in the patient’s brain. It only means
that the topography of the patient'’s BNA exhibited greater differ-
ences from the RBNM. The negative shift observed in the grand
average waveform of the group of adolescents (Figure 2) that was
used to generate the RBNM may be related to the rapid cognitive
growth periods evident in the age range of 14-17 years (18, 29).
These rapid growth periods may be associated with continuing
maturation of basic sound detection processes, such as changes
in the cytoarchitecture, maturation of synaptic efficacy, and
continuing myelinization (30). Moreover, a related phenomenon
of age-related reduction in slow-wave power parallels the age-
related reduction in gray matter volume especially in association
cortices, which undergo a significant change in adolescence and
early adulthood (31, 32).

Additionally, the results of the case study presented here are in
accord with findings in the literature indicating that the adolescent
age group is particularly vulnerable to the effects of concussion
on the frontal cortex: an area that plays a key role in executive
function (33). Since this area of the cortex undergoes continuing
developmental changes during adolescence, the vulnerability of
the adolescent age group to the effects of concussion might be
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explained by the enhanced susceptibility to these effects during
this time period (3, 34). Compared to network analyses based
on functional imaging techniques [such as functional magnetic
resonance imaging (fMRI) and positron emission tomography
(PET)], EEG-based methods, such as the one presented here,
lack the ability to directly sample activity in sub-cortical regions.
Nevertheless, the literature indicates the implication of the pre-
frontal cortex in oddball-related activation (35). Taken together, it
may be assumed that the reduction in the BNA score that occurred
immediately following injury (i.e., visits 2 and 3; Figure 2) may
be related to the greater susceptibility of adolescents to the effects
of concussion due to the maturational processes described above.

CONCLUSION

This case study demonstrates a potential dissociation between
the neurophysiological data and the clinical symptoms associated
with concussion. It is possible that this dissociation was enhanced
by age-related maturation processes as it was previously found that
adolescents exhibited prolonged neurophysiological deficiencies
that persisted at least 6 months following a concussion and were
more vulnerable than either adults or children to the effects of
concussion (12). Thus, the reported case highlights the potential
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