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Abstract

Sports-related concussion (SRC) is now in public awareness more than ever before. Investigations
into underlying pathophysiology and methods of assessment have correspondingly increased at an
exponential rate. In this review, we aim to highlight some of the evidence supporting emerging
techniques in the fields of neurophysiology, neuroimaging, vestibular, oculomotor, autonomics,
head sensor and accelerometer technology in the setting of the current standard: clinical diagnosis
and management. In summary, the evidence we reviewed suggests that 1) head impact sensors and
accelerometers may detect possible concussions that would not otherwise receive evaluation; 2)
clinical diagnosis may be aided by sideline vestibular, oculomotor and portable EEG techniques;
3) clinical decisions on return-to-play eligibility are currently not sensitive at capturing the
neurometabolic, cerebrovascular, neurophysiologic and microstructural changes that biomarkers
have consistently detected days and weeks after clinical clearance. Such biomarkers include

heart rate variability, quantitative electroencephalography, as well as functional, metabolic, and
microstructural neuroimaging. The current challenge is overcoming the lack of consistency and
replicability of any one particular technique to reach consensus.
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Introduction

While there is no consensus clinical criteria for mild traumatic brain injury (mTBI), it
has been defined by the American Congress of Rehabilitation Medicine as a traumatically
induced physiological disruption of brain function characterized by at least one of the
following: a period of loss of consciousness, a loss of memory for events immediately
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before or after the injury, an alteration of mental state at the time of the injury, or focal
neurologic deficits (1). The traumatic brain injury would become moderate-severe if the loss
of consciousness was greater than 30 minutes, the Glasgow Coma Scale was lower than 13
after 30 minutes, or if posttraumatic amnesia was greater than 24 hours. Other proposed
criteria, such as from the Department of Defense, further require the diagnosis of mTBI

to be absent of CT or MRI brain imaging abnormalities, and some new devices are being
used to specifically assess for the presence of a bleed indicating a more severe injury (2,

3). The term concussion is often used interchangeably with mTBI but this is not based on
precise criteria. Sport related concussion (SRC) can be viewed as a subtype of mTBI and
has been defined as a traumatic brain injury induced by biomechanical forces which results
in immediate and transient symptoms (4). Although pathological changes may occur, it is
thought to primarily reflect a functional disturbance and is characterized by a variety of
symptoms including headache, cognitive impairment, behavioral change, impaired balance,
and sleep disturbance. The 5™ international conference on concussion in sport has recently
published a consensus statement to guide clinical care for SRC (4).

The first step in appropriately treating SRC is accurate recognition and diagnosis. This is
accomplished through rapid sideline screening evaluations followed by a more thorough
off-field assessment which includes cognitive, balance, and symptom evaluations. A
standardized tool for this evaluation is the sport concussion assessment tool — 5% edition
(SCATS5). If a concussion is suspected, an athlete should be removed from play and
evaluated by a medical provider trained in the treatment of concussion. It is recommended
that athletes rest for the first 24 to 48 hours until symptom free, and then enter a graduated
return-to-play protocol, gradually increasing their level of activity until they can perform
all the aspects of their sport without recurrent symptoms. Conventional neuroimaging is
typically normal and often not required in SRC.

Despite our increase in the understanding of SRC, it remains a clinical diagnosis. Observers
may miss a hit on the field and athletes may minimize symptoms leading to under-diagnosis
and premature return to play. While previous editions of the SCAT5 were accurate in
differentiating between athletes with and without a concussion during the first 24 hours,
their utility decreased significantly 3-5 days after the injury (5). There also may be a
difference between symptomatic and physiologic recovery. For example, while the majority
of athletes are symptom free by 10-14 days, reliable studies of cerebral blood flow and
magnetic resonance spectroscopy have indicated a physiologic disturbance between 15-30
days (6). Finally, approximately 15% of athletes have symptoms for at least 30 days, and
we do not understand why this occurs or how best to manage these patients (7). These
factors illustrate the need for improved technologies or biomarkers to aid in diagnosis and
management of SRC.

In this review, we attempt to highlight the evidence behind some of the emerging

techniques under investigation for diagnosis and management of SRC. There is increasing
and consistent evidence across various subfields of concussion study demonstrating that
microstructural, metabolic and functional brain changes persist beyond what can be detected
with clinical and neuropsychological testing alone. This evidence suggests that athletes

may be returning to play while the brain is still sensitized to superimposed injury from
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an additional concussion. Here, we discuss some of the studies which may improve sports
concussion management through more sensitive detection and biomarker-guided recovery.
Of note, while the focus of this review is on SRC, much of the research has been completed
on mTBI from a variety of causes and we have included pertinent studies here.

Neurophysiology

Quantitative EEG (QEEG)—EEG was the first biomarker for traumatic brain injury,
dating back to 1940 (8). Now qEEG allows for computer-based detection and quantification
of patterns. EEG is inexpensive, non-invasive and accessible, even more-so now with FDA-
approval of a portable handheld device in 2016 for assessment of TBI (9). Yet, surprisingly
few studies have been conducted with EEG in sports concussion. In fact, a systematic review
of resting state EEG (rsEEG) in sports concussion found only 16 studies through June 2017
(9), and 7 pediatric studies through December 2017 (8).

Power-based analysis: The most common analytic technique of qEEG, power-based
analysis measures the magnitude of each frequency band (delta: 0-3 Hz; theta: 4-7 Hz;
alpha: 8-13 Hz; beta: 14-30 Hz). These bands are associated with different arousal states,
and alterations may be expected following SRC. Among 8 studies reporting specific
frequency band data; 3 of 3 studies reported reduced alpha power and 4 of 4 reported
increased delta power (9). Beta (3 of 5) and theta (3 of 4) power analyses had mixed

results (9). Two pediatric studies add to these mixed results, reporting increased beta and
reduced theta and delta (8). None of these studies acquired EEG prior to concussion to
assess within-subject differences, which, along with varying methodology, may account for
inconsistencies.

Coherence: Coherence detects network connectivity patterns through measuring the
associative strength between activity (phase or amplitude) at two electrodes. As one may
have axonal injury in concussion, it is hypothesized that there may be decreased coherence.
Unfortunately, opposing results were reported from three available studies (9).

Novel analytic methods: Several non-standard analytic algorithms have been developed in
an attempt to identify rsEEG characteristics that may be missed by conventional assessment.
A prospective study used a support vector machine learning algorithm 30 days after injury
and reported changes in temporal and occipital areas across theta, alpha and beta frequency
bands with 96.7% sensitivity and 77.1% accuracy (10). The same group used a wavelet
information quality (WI1Q) algorithm in a prospective study in an attempt to monitor
recovery. They found that although neuropsychological tests had normalized by day 7, even
in athletes with two concussions, WIQ measures remained decreased after athletes were
cleared to return to play (11). Interestingly, there was a differential rate of recovery among
single vs. second concussion athletes (11). The same group reported consistent findings
with a conceptually unique algorithm measuring the shifting of the dominant frequency
over time, uniquely assessing peak frequency rather than amplitude (12). Another group
has used composite scores combining metrics from 5 frontal leads and found impaired
scores in athletes persisting well beyond 7 days, when all athletes had been cleared by
neuropsychological testing (13, 14). Differences have been reported out to 6 months in
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athletes with normal neuropsychological batteries using event-related potentials (ERPS),
which are an averaged signal in response to a stimulus (i.e. visual in this case) (15).

In summary, while the cost and feasibility of EEG is ideal, there is a lack of consistency
among replicated analytic approaches, and novel algorithms require replication. Moreover,
EEG depends on well-trained personnel to ensure quality data acquisition, and hands-on
review to ensure artifacts are identified and removed. The most consistent finding from a
recent systematic review is alterations in theta oscillations, including power and coherence
(9, 10). This is interesting because theta oscillations have been reported outside the setting
of concussion for roles in attention, memory, and wakefulness, but are also associated
with suicidality and anxiety, and are reduced during periods of poor athletic performance
(9). EEG has emerging clinical value as an aid in guiding return to play: multiple studies
mentioned above, as well as a portable EEG device (16), describe EEG abnormalities
persisting well beyond clinically-based return-to-play decisions in the setting of a still-
recovering brain.

Magnetoencephalography (MEG)

MEG is approved for pre-surgical brain mapping, and works through detection of magnetic
field changes produced by current flow through neurons. It has not been studied in sports-
related concussion, but MEG insights from non-sports related mTBI have revealed abnormal
functional connectivity and complexity signals. Analyzed from an algorithm designed to
estimate the number of different MEG patterns in a sequence, MEG studies have revealed
decreased complexity in multiple brain regions of veterans with mTBI (17). Functional
connectivity was also abnormal across frontal, temporal and subcortical brain regions of

26 blast mTBI service members with persistent symptoms, compared to 22 active-duty
controls (18). Encouragingly, MEG analysis revealed improved functional connectivity over
longitudinal measures out to 42 months in a small cohort of TBI victims (19). MEG findings
have demonstrated good specificity, with one study finding 85-87% corroboration with
concussion symptoms (8); and by correlating with cognitive symptoms, but not with somatic
or psychiatric symptoms (20).

Transcranial Magnetic Stimulation (TMS)

Repetitive TMS is FDA-approved for major depressive disorder, obsessive-compulsive
disorder, smoking cessation, while single-pulse TMS is FDA-approved for migraine
headaches. Single-pulse and paired-pulse TMS has been used in combination with EEG as a
non-invasive probe of functional brain integrity (21). It is also used with electromyography
(EMG) by assessing motor-evoked potentials (MEPS) in concussion (22-24). TMS delivers
a magnetic pulse which induces current in neuronal fields by Faraday’s law. The most
consistent findings have been abnormalities in intracortical inhibition, with other findings
being less consistent (21-24). In short, the role of TMS with EEG or EMG remains unclear.
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Structural

Computed Tomography (CT): CT does not have a role in the diagnosis of SRC, as
abnormal findings would, by definition, rule out mild traumatic brain injury (25). It is
instead appropriate to rule out more severe TBI in the setting of loss of consciousness, a
Glasgow coma scale (GCS) <15, focal neurologic deficits, prolonged amnesia or signs of
fracture or deterioration (26, 27).

M agnetic Resonance Imaging (MRI): MRI, as with CT, is not recommended for
concussion diagnosis despite its common use for this purpose. For example, while only

8 out of 151 youth had abnormal findings in one study, they reported it was still used as a
determinant of return-to-play (28). Its use for diagnostics is discouraged by the American
Academy of Neurology and American Medical Society of Sports Medicine due to low
yield (26, 27). However, multiple studies suggest utility in long-term prognostication. A
recent SRC imaging review summarized multiple studies reporting detectible atrophy in the
cortex and subcortical structures (29). For example, cortical atrophy has been observed in
pediatric patients with mTBI at 4 months (30) and college football players with a history of
concussion had smaller hippocampal volumes (31).

Diffusion MRI: Conventional MRI sequences are not sensitive to the axonal injuries

which may occur in mTBI. Microstructural axonal changes can be detected by diffusion-
weighted imaging (DWI), which measures white matter tract integrity through analyzing
the direction of water diffusion. Diffusion tensor imaging (DTI), in turn, uses the raw

data from DWI to create tractography, approximating white matter tracts. A comprehensive
review by Shenton and colleagues reported 43 DTI studies of mTBI which all showed

DTI abnormalities in the absence of macrostructural changes detectable on MRI (32).
However, inconsistencies in the specifics of these changes have been the source of some
confusion. There is a mix of increased and decreased fractional anisotropy (FA), a measure
of degree of unidirectional water movement; and mean diffusivity (MD), a measure of the
degree of multidirectional water diffusion. Hypotheses on the reasons for these discrepancies
remain under investigation. DTI studies have shown a correlation with severity of injury and
clinical outcomes (including reaction times) up to 1 year after injury (29). A more recent
review reports 3 null studies out of 19 in pediatric concussion, but suggests more advanced
analysis paradigms such as graph theory and multiple b-values may help clarify some of the
remaining uncertainty (8).

Positron Emission Tomography (PET)—The utility of PET for SRC is limited by
cost, accessibility and radiation exposure. To date, there have been no studies of PET in
SRC. It is worth noting, however, that studies of mTBI have shown the potential for long-
lasting metabolic sensitivity in symptomatic patients. In one case series, medial temporal
hypometabolism was observed for up to seven years after mTBI (20, 33), and others
observed 20/20 patients with clinical symptoms showing PET abnormalities 43 months
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post-injury (33, 34). Study design of PET imaging in mTBI has been variable, and additional
controlled research is needed.

Magnetic Resonance Spectroscopy (MRS)—SRC is associated with numerous
metabolic disturbances. MRS is able to detect such changes through altering the magnetic
signals of individual chemicals. It is approved to evaluate brain tissue non-invasively

for indications such as distinguishing tumor recurrence from radiation-induced necrosis,
and determining tumor gradation. A systematic review of MRS in SRC found MRS
abnormalities in 9 out of 11 studies. Importantly, there is evidence to suggest that metabolic
changes outlast clinical symptoms, which is relevant for return-to-play considerations and
superimposed concussions (35). For example, athletes who were clinically normal 3 days
after concussion showed reduced n-acetylaspartate (NAA) through day 15, normalizing by
day 30. Repeat concussions in these athletes extended MRS recovery time to 45 days (36).
Alteration in the NAA peak (a marker for viable neurons) relative to the creatine peak is the
most commonly observed abnormality. However, results are not all consistent, and include
decreased choline, increased gamma-aminobutyric acid (GABA), and null findings (8).

Neurovascular coupling

Functional Magnetic Resonance Imaging (fMRI)—Notwithstanding the
microstructural and metabolic changes discussed above, concussion is commonly considered
a functional, rather than structural, pathology. fMRI is therefore an attractive non-invasive
biomarker candidate which measures neuronal activity levels indirectly through differences
in regional blood oxygen levels. It is used clinically to identify eloquent cortex for
presurgical planning, and is widely used in research studies to understand brain function
with good spatial resolution. Early studies reported bidirectional correlation between
clinical scores and fMRI signals which resolved with clinical improvement and remained
increased with poor recovery (34). Moving towards biomarker sensitivity exceeding clinical
sensitivity, Dettwiler and colleagues found increased signal beyond neuropsychological

test abnormalities in the dorsolateral prefrontal cortex at 2 weeks and 2 months (37).
Regarding prognostication, another group found that athletes with increased fMRI signal in
Brodmann’s area 6 one week after concussion took twice as long to recover (38).

Resting state MRI (rsMRI) assesses the connections between brain regions. Rather than
relying on a task to elicit changes in regional blood oxygen levels, blood oxygen level
dependent (BOLD) signal changes are temporally associated with other areas of the
brain during a relaxed or “default” state, including the default mode network (DMN). A
longitudinal mTBI study reported increased anterior to posterior DMN connectivity at 1
month being predictive of increased symptoms at 3 months (39). Although not all studies
agree on the direction of the signal abnormalities, there is a trend towards initial hyper-
connectedness followed by hypo-connectedness, and finally normalization. Interestingly,
abnormalities have been reported up to 5 years after injury (40).

Near-infrared Spectroscopy (NIRS)—NIRS measures cerebral blood volume and
oxygenation through hemoglobin, and is FDA-approved for cerebral oximetry in patients
at risk for regional ischemia. It has been used to follow hemodynamics in concussed patients
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(20), and to identify the presence of hematoma in pediatric mTBI (8). Thus, although its cost
and portability are attractive, its usefulness in SRC remains unknown.

Hemodynamics

Single Photon Emission Computerized Tomography (SPECT)—Compared to
PET, SPECT is more affordable, more available, and has more evidence in concussion.
SPECT measures cerebral blood flow with a gamma camera by tracking an injected
radioisotope. There are dozens of FDA-approved indications for SPECT, each connected
with a unique radiopharmaceutical allowing for identification of specific markers. SPECT
is highly sensitive at predicting neuropsychological deficits. In non-SRC specific mTBI
patients, SPECT scans and baseline neuropsychological testing were taken within 2 weeks
of injury. Neuropsychological testing was then performed at 6 and 12 months. Authors
found that a negative SPECT scan near time of injury predicted normal neuropsychological
testing with 100% negative predictive value. A positive SPECT scan predicted abnormal
testing with 52% and 83% positive predictive value, respectively (41). Collectively, 94% of
SPECT scans reviewed from 26 studies of non-SRC specific mild to moderate TBI showed
hypometabolism in frontal lobes, followed by temporal (76%), parietal (71%), occipital
(53%) and cerebellum (23%) (41).

Ultrasound—Cerebral vasoreactivity alterations following pediatric mTBI occur in the
acute setting. Evidence with this technique is limited, but high specificity (97%) and
sensitivity (90%) has been reported from 7.2% of a sample of 256 ER pediatric patients
(8). A systematic review in 2015 reported that all three available studies found a reduction
in vasoreactivity in the acute setting, normalizing 4-5 days after injury (42). Based on the
strong but limited data, this portable and affordable technique holds promise for diagnosis
in the acute setting, though user experience and inter-observer variability may be a limiting
factor.

Arterial Spin Labeling (ASL) & Dynamic Susceptibility Contrast (DCS)—ASL is
a non-contrast alternative to DCS MRI which measures regional cerebral blood flow (CBF).
Maugans and colleagues reported changes in contrasted blood flow immediately after SRC
which gradually normalized in the majority of patients over 30 days (43). In a recent ASL
study of 15 concussed athletes, increased CBF was observed in the left insula lasting two
weeks, and in the left dorsal anterior cingulate cortex lasting 6 weeks (44).Unfortunately,
consistency is lacking among the findings of the 12 reported ASL studies (44).

Autonomic Dysfunction—One of the vulnerable regions to mechanical stress
experienced during concussion is the brainstem; a location integral to the control of the
autonomic nervous system. It thus follows that concussion causes autonomic nervous
system dysfunction. Autonomic dysfunction is now commonly measured as a sequela of
concussion, and has been correlated to clinical symptomatology; this has been seen with
changes in parameters of heart rate variability, pupillary dynamics, and cerebral blood flow,
among other measures.
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Heart rate variability (HRV): HRV is the most commonly studied measure of autonomic
dysfunction following concussion. 24-hour HR variability recording is effective in
measuring the impact of concussion on autonomic function (45). A number of case control
studies have taken baseline measurements of a group of athletes, and then again after
concussion injuries. HRV was observed to decrease down to 26% (46), and measurable
changes in HRV can persist up to three months (47). Changes in HRV also correlate

with post-concussion symptoms. For example, one interesting cross-sectional study by
Paniccia and colleagues examined non-concussed study subjects’ 24-hour HRV and found
a significant positive correlation with degree of symptoms reported on a post-concussion
inventory (48). Another recent case-control study found that decreased HRV was associated
with symptomatology, in this case with increased anxiety (49). Some authors suggest that
following changes in HRV over time may be useful in guiding return-to-play decisions (47).

Vascular Tone: Changes in autonomic control of vascular tone occur immediately following
concussion, and persist beyond the immediate post-concussion period. Concussion causes
reduced baroreceptor sensitivity for at least a week following the injury (50). Related to this,
concussed individuals experience significant reductions in the pressure-buffering capacity of
the cerebral blood vessels for at least 2 weeks following injury as measured by transcranial
doppler (51). No protocols currently exist for using this data in the diagnosis or management
of SRC.

Other M easures: While most recent papers on autonomic dysfunction and concussion have
examined heart rate or vascular tone, a few other measures deserve mention. Several studies
have shown that concussion causes slowed pupillary responsiveness to light (52). Another
study explored the sensitivity of the respiratory drive to carbon dioxide and found that
subjects with recent concussion had significantly elevated end-tidal CO2 during rest and
during cognitive assessment with both slow and fast walking compared to control group
(53).

In summary, the usefulness of objective measures of autonomic dysfunction in the diagnosis
or treatment of concussion is uncertain. As above, autonomic dysfunction has been
correlated with degree of post-concussion symptomatology. In terms of assisting recovery,
several studies have examined using heart rate parameters to develop graded exercise
programs (54). This research appears promising, though more data needs to be gathered
before official recommendations could be made.

Head Impact Sensors—One technology being studied to increase the sensitivity of

SRC detection and to determine the factors that lead to it are head impact sensors and
accelerometers, which are able to measure the linear and angular acceleration of a head
impact during play. In theory, if a certain threshold is reached, the sensors would notify a
monitor to take an athlete out of the game for an evaluation. Error rates, as high as 50% in
some studies, currently limit their clinical utility (4, 55). Further, a change in acceleration is
not a direct measurement of brain impact, and thresholds needed for concussion have not yet
been determined. Thus, head impact sensors are not currently recommended for clinical use
(4, 55).
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Vestibular & Oculomotor—The vestibular system can be affected immediately in SRC
and consequent abnormalities with balance, gait, and eye movement can be among the most
debilitating sequalae (56). A vestibular clinic classified 58 patients into 3 categories of
dizziness: positional vertigo, spatial disorientation, and migrainous. They followed time to
symptom progression and return to work and found that the spatial disorientation group had
markedly slower recovery time (39 and 16 weeks, respectively) compared to the migraine
group (8 and 4 weeks) and the vertiginous group (less than 1 week for both) (57). These
findings highlight the variety and disabling potential of vestibular injury in TBI. As such,
several aspects are tested in SRC and TBI.

First, balance is commonly assessed in the acute setting by using a modified version of

the balance error scoring system (mBESS) which is part of the SCATS5 and its previous
versions. The mBESS assesses balance in an organized manner by asking an athlete to hold
certain postural positions (such as standing on one foot) for 20 seconds. While this tool is
felt to be the most reliable and practical tool for assessing SRC acutely, there have been
some questions about interrater reliability and its utility beyond 5 days (5). To address these
limitations, pressure sensing technology is being studied. Devices with a pressure sensitive
mat or a balance board have been shown to have equivalent or better validity and test-retest
reliability compared to human scorers on normal subjects (58, 59). Second, posture can be
tracked with wearable sensors. For example, a lumbar sensor measuring postural sway was
compared to mBESS in symptomatic patients within four days of concussion. The sensor
was able to detect group differences, whereas the mBESS did not (60).

Eye movement abnormalities are tested with Vestibular/Ocular Motor Screening (VOMS)
which incorporates smooth pursuit, vertical and horizontal saccades, near point of
convergence, vestibulo-ocular reflex (VOR), and visual motion sensitivity. VOMS has
been shown to have good internal consistency, sensitivity and specificity, and correlates
well with post-concussion symptom scales (PCSS) (61). VOMS detected greater deficits

in females than males 21 days out from SRC which matched PCSS scores, even while
balance and cognitive testing detected no differences (62). A marketed version of VOMS
has athletes quickly read a series of irregularly spaced numbers. Performance slows after
concussion. A meta-analysis of this method reported a sensitivity of 86%, and a specificity
of 90%, for detecting SRC (63). However, this method requires within-subject comparisons,
S0 baseline testing is required. Similarly, eye-tracking technology, which monitors pupil
position while following moving visual stimuli, reports good sensitivity and specificity
with an area of 0.878 under a receiver operating characteristic curve (64). The promise

of this approach is supported by findings with video head impulse testing. Here, gaze is
fixed on a visual spot and video recorded while the head is shifted. This test performed

as well as the gold standard test (scleral search coil technique), but is much quicker and
easier to perform (65). Another test of the VOR, the dynamic visual acuity test (DVAT)

is a rapid computerized screening tool that reliably quantified TBI recovery over 1 month
(66). In a study of 42 pediatric SRC patients with protracted dizziness, DVAT was the most
sensitive among a comprehensive vestibular battery (67). While these new technologies are
promising, additional research is required to assess their validity and practicality before they
are recommended for routine clinical use.
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Computerized testing—Athletes with SRC commonly experience cognitive symptoms
such as slowed reaction time, attentional difficulties, and feeling “like they are in a fog”.
Neuropsychological testing can characterize an athlete’s deficits and inform the decision to
return to play. It can also be useful in determining the underlying etiology of prolonged
cognitive symptoms, whether they are from an underlying neurologic injury or another
cause. Unfortunately, neuropsychologists are not available to assess every athlete with an
SRC. To fill this gap, computerized neuropsychological assessments have been developed,
and many have been marketed. A recent comprehensive review assessed their validity
compared to formal neuropsychological testing; and unfortunately, results were mixed,
and test-retest reliability was not consistent (69). With further study and development,
computerized testing will likely have a role in the diagnosis and treatment of SRC.

Conclusion

As public interest has grown, the research into SRC has rapidly expanded. However, there
is still no gold standard for the diagnosis of concussion and questions remain regarding
diagnostic accuracy, the persistence of physiologic dysfunction beyond clinical symptoms,
appropriate time to return to play, and long-term sequelae. In this review, we attempted

to highlight the evidence behind some of the emerging techniques under investigation for
diagnosis and management of SRC. While most require further study, there have been
promising results. Going forward, sensitivity of the on-field diagnosis of concussion may
be enhanced by head impact sensors, oculomotor tracking, and portable EEG. MRS, qEEG,
and autonomic testing may surpass symptom report in making return to play decisions.
Functional imaging and DT may be used to determine risk for long term cognitive
dysfunction. It is beyond the scope of this article to examine every new technique under
evaluation. However, as further research is completed and replicated, we expect some of the
emerging techniques described here to become standard of care.

Acknowledgements:

JCB efforts were supported in part by funding from NIDA (R25 DA020537) and NIGMS (P20GM130452). We
would like to thank Leonardo Bonilha, MD, PhD; and Arindam Rano Chatterjee, MD for helpful feedback. We have
no relevant disclosures.

Portions of this paper were presented at the annual meeting of the American Clinical Neurophysiology Society in
Las Vegas in February 2019.

Conflicts of Interest and source of funding: N.J. Milano is the site Pl for the Biogen ENGAGE Alzheimer’s disease
clinical trial. N.J Milano also receives compensation for medical legal expert work including cases involving
traumatic brain injury. J.C. Brown receives funding from NIDA (R25DA020537) and NIGMS (P20GM130452).

References

1. Tea Kay. Definition of mild traumatic brain injury. J Head Trauma Rehabil. 1993;8(3):86-7.

2. Levin HS, Diaz-Arrastia RR. Diagnosis, prognosis, and clinical management of mild traumatic brain
injury. Lancet Neurol. 2015;14(5):506-17. [PubMed: 25801547]

3. Naunheim R, Konstantinovic Koscso M, Poirier R. Reduction in unnecessary CT scans for
head-injury in the emergency department using an FDA cleared device. Am J Emerg Med.
2019;37(10):1987-8. [PubMed: 31076214]

J Clin Neurophysiol. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Page 11

. McCrory P, Meeuwisse W, Dvorak J, Aubry M, Bailes J, Broglio S, et al. Consensus statement on

concussion in sport-the 5(th) international conference on concussion in sport held in Berlin, October
2016. Br J Sports Med. 2017;51(11):838-47. [PubMed: 28446457]

. Echemendia RJ, Broglio SP, Davis GA, Guskiewicz KM, Hayden KA, Leddy JJ, et al. What

tests and measures should be added to the SCAT3 and related tests to improve their reliability,
sensitivity and/or specificity in sideline concussion diagnosis? A systematic review. Br J Sports
Med. 2017;51(11):895-901. [PubMed: 29098982]

. Kamins J, Bigler E, Covassin T, Henry L, Kemp S, Leddy JJ, et al. What is the physiological time to

recovery after concussion? A systematic review. Br J Sports Med. 2017;51(12):935-40. [PubMed:
28455363]

. Kerr ZY, Zuckerman SL, Wasserman EB, Covassin T, Djoko A, Dompier TP. Concussion Symptoms

and Return to Play Time in Youth, High School, and College American Football Athletes. JAMA
Pediatr. 2016;170(7):647-53. [PubMed: 27135397]

. Mayer AR, Kaushal M, Dodd AB, Hanlon FM, Shaff NA, Mannix R, et al. Advanced biomarkers of

pediatric mild traumatic brain injury: Progress and perils. Neurosci Biobehav Rev. 2018;94:149-65.
[PubMed: 30098989]

. Conley AC, Cooper PS, Karayanidis F, Gardner AJ, Levi CR, Stanwell P, et al. Resting State

Electroencephalography and Sports-Related Concussion: A Systematic Review. J Neurotrauma.
2018.

. Cao C, Tutwiler RL, Slobounov S. Automatic classification of athletes with residual functional
deficits following concussion by means of EEG signal using support vector machine. IEEE Trans
Neural Syst Rehabil Eng. 2008;16(4):327-35. [PubMed: 18701381]

Slobounov S, Cao C, Sebastianelli W. Differential effect of first versus second concussive episodes
on wavelet information quality of EEG. Clin Neurophysiol. 2009;120(5):862-7. [PubMed:
19375981]

Cao C, Slobounov S. Application of a novel measure of EEG non-stationarity as ‘Shannon- entropy
of the peak frequency shifting” for detecting residual abnormalities in concussed individuals. Clin
Neurophysiol. 2011;122(7):1314-21. [PubMed: 21216191]

Barr WB, Prichep LS, Chabot R, Powell MR, McCrea M. Measuring brain electrical activity to
track recovery from sport-related concussion. Brain Inj. 2012;26(1):58-66. [PubMed: 22107157]
Prichep LS, McCrea M, Barr W, Powell M, Chabot RJ. Time course of clinical

and electrophysiological recovery after sport-related concussion. J Head Trauma Rehabil.
2013;28(4):266-73. [PubMed: 22588360]

Baillargeon A, Lassonde M, Leclerc S, Ellemberg D. Neuropsychological and neurophysiological
assessment of sport concussion in children, adolescents and adults. Brain Inj. 2012;26(3):211-20.
[PubMed: 22372409]

McCrea M, Prichep L, Powell MR, Chabot R, Barr WB. Acute effects and recovery after sport-
related concussion: a neurocognitive and quantitative brain electrical activity study. J Head Trauma
Rehabil. 2010;25(4):283-92. [PubMed: 20611046]

Luo Q, Xu D, Roskos T, Stout J, Kull L, Cheng X, et al. Complexity analysis of resting

state magnetoencephalography activity in traumatic brain injury patients. J Neurotrauma.
2013;30(20):1702-9. [PubMed: 23692211]

Huang MX, Harrington DL, Robb Swan A, Angeles Quinto A, Nichols S, Drake A, et al. Resting-
State Magnetoencephalography Reveals Different Patterns of Aberrant Functional Connectivity

in Combat-Related Mild Traumatic Brain Injury. J Neurotrauma. 2017;34(7):1412-26. [PubMed:
27762653]

Tarapore PE, Findlay AM, Lahue SC, Lee H, Honma SM, Mizuiri D, et al. Resting

state magnetoencephalography functional connectivity in traumatic brain injury. J Neurosurg.
2013;118(6):1306-16. [PubMed: 23600939]

Davis GA, lverson GL, Guskiewicz KM, Ptito A, Johnston KM. Contributions of neuroimaging,
balance testing, electrophysiology and blood markers to the assessment of sport-related
concussion. Br J Sports Med. 2009;43 Suppl 1:i36-45. [PubMed: 19433424]

J Clin Neurophysiol. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 12

21. Major BP, Rogers MA, Pearce AJ. Using transcranial magnetic stimulation to quantify
electrophysiological changes following concussive brain injury: a systematic review. Clin Exp
Pharmacol Physiol. 2015;42(4):394-405. [PubMed: 25603731]

22. Edwards EK, Christie AD. Assessment of motor cortex excitability and inhibition during
a cognitive task in individuals with concussion. Brain Inj. 2017;31(10):1348-55. [PubMed:
28657363]

23. Seeger TA, Kirton A, Esser MJ, Gallagher C, Dunn J, Zewdie E, et al. Cortical excitability after
pediatric mild traumatic brain injury. Brain Stimul. 2017;10(2):305-14. [PubMed: 27916406]

24. Pearce AJ, Rist B, Fraser CL, Cohen A, Maller JJ. Neurophysiological and cognitive impairment
following repeated sports concussion injuries in retired professional rugby league players. Brain
Inj. 2018;32(4):498-505. [PubMed: 29388850]

25. Silverberg ND, Iverson GL, Group AMTDEC, the ABISIGMTBITF. Expert Panel Survey to
Update the American Congress of Rehabilitation Medicine Definition of Mild Traumatic Brain
Injury. Arch Phys Med Rehabil. 2021;102(1):76-86. [PubMed: 33035515]

26. Giza CC, Kutcher JS, Ashwal S, Barth J, Getchius TS, Gioia GA, et al. Summary of evidence-
based guideline update: evaluation and management of concussion in sports: report of the
Guideline Development Subcommittee of the American Academy of Neurology. Neurology.
2013;80(24):2250~7. [PubMed: 23508730]

27. Harmon KG, Drezner J, Gammons M, Guskiewicz K, Halstead M, Herring S, et al. American
Medical Society for Sports Medicine position statement: concussion in sport. Clin J Sport Med.
2013;23(1):1-18. [PubMed: 23269325]

28. Ellis MJ, Leiter J, Hall T, McDonald PJ, Sawyer S, Silver N, et al. Neuroimaging findings in
pediatric sports-related concussion. J Neurosurg Pediatr. 2015;16(3):241-7. [PubMed: 26031620]

29. Guenette JP, Shenton ME, Koerte IK. Imaging of Concussion in Young Athletes. Neuroimaging
Clin N Am. 2018;28(1):43-53. [PubMed: 29157852]

30. Mayer AR, Hanlon FM, Ling JM. Gray matter abnormalities in pediatric mild traumatic brain
injury. J Neurotrauma. 2015;32(10):723-30. [PubMed: 25313896]

31. Singh R, Meier TB, Kuplicki R, Savitz J, Mukai I, Cavanagh L, et al. Relationship of collegiate
football experience and concussion with hippocampal volume and cognitive outcomes. JAMA.
2014;311(18):1883-8. [PubMed: 24825643]

32. Shenton ME, Hamoda HM, Schneiderman JS, Bouix S, Pasternak O, Rathi Y, et al. A review of
magnetic resonance imaging and diffusion tensor imaging findings in mild traumatic brain injury.
Brain Imaging Behav. 2012;6(2):137-92. [PubMed: 22438191]

33. Byrnes KR, Wilson CM, Brabazon F, von Leden R, Jurgens JS, Oakes TR, et al. FDG-PET
imaging in mild traumatic brain injury: a critical review. Front Neuroenergetics. 2014;5:13.
[PubMed: 24409143]

34. Difiori JP, Giza CC. New techniques in concussion imaging. Curr Sports Med Rep. 2010;9(1):35-
9. [PubMed: 20071919]

35. Gardner A, lverson GL, Stanwell P. A systematic review of proton magnetic resonance
spectroscopy findings in sport-related concussion. J Neurotrauma. 2014;31(1):1-18. [PubMed:
24047225]

36. Vagnozzi R, Signoretti S, Tavazzi B, Floris R, Ludovici A, Marziali S, et al. Temporal window
of metabolic brain vulnerability to concussion: a pilot 1H-magnetic resonance spectroscopic study
in concussed athletes--part 111. Neurosurgery. 2008;62(6):1286-95; discussion 95-6. [PubMed:
18824995]

37. Dettwiler A, Murugavel M, Putukian M, Cubon V, Furtado J, Osherson D. Persistent differences
in patterns of brain activation after sports-related concussion: a longitudinal functional magnetic
resonance imaging study. J Neurotrauma. 2014;31(2):180-8. [PubMed: 23914845]

38. Lovell MR, Pardini JE, Welling J, Collins MW, Bakal J, Lazar N, et al. Functional brain
abnormalities are related to clinical recovery and time to return-to-play in athletes. Neurosurgery.
2007;61(2):352-9; discussion 9-60. [PubMed: 17762748]

39. van der Horn HJ, Scheenen ME, de Koning ME, Liemburg EJ, Spikman JM, van der Naalt
J. The Default Mode Network as a Biomarker of Persistent Complaints after Mild Traumatic

J Clin Neurophysiol. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 13

Brain Injury: A Longitudinal Functional Magnetic Resonance Imaging Study. J Neurotrauma.
2017;34(23):3262-9. [PubMed: 28882089]

Rosenthal S, Gray M, Fatima H, Sair HI, Whitlow CT. Functional MR Imaging: Blood Oxygen
Level-Dependent and Resting State Techniques in Mild Traumatic Brain Injury. Neuroimaging
Clin N Am. 2018;28(1):107-15. [PubMed: 29157847]

Raji CA, Henderson TA. PET and Single-Photon Emission Computed Tomography in Brain
Concussion. Neuroimaging Clin N Am. 2018;28(1):67-82. [PubMed: 29157854]

Gardner AJ, Tan CO, Ainslie PN, van Donkelaar P, Stanwell P, Levi CR, et al. Cerebrovascular
reactivity assessed by transcranial Doppler ultrasound in sport-related concussion: a systematic
review. Br J Sports Med. 2015;49(16):1050-5. [PubMed: 25452613]

Maugans TA, Farley C, Altaye M, Leach J, Cecil KM. Pediatric sports-related concussion produces
cerebral blood flow alterations. Pediatrics. 2012;129(1):28-37. [PubMed: 22129537]

Stephens JA, Liu P, Lu H, Suskauer SJ. Cerebral Blood Flow after Mild Traumatic Brain Injury:
Associations between Symptoms and Post-Injury Perfusion. J Neurotrauma. 2018;35(2):241-8.
[PubMed: 28967326]

Paniccia M, Taha T, Keightley M, Thomas S, Verweel L, Murphy J, et al. Autonomic Function
Following Concussion in Youth Athletes: An Exploration of Heart Rate Variability Using 24-hour
Recording Methodology. J Vis Exp. 2018(139).

Paniccia M, Verweel L, Thomas SG, Taha T, Keightley M, Wilson KE, et al. Heart rate variability
following youth concussion: how do autonomic regulation and concussion symptoms differ over
time postinjury? BMJ Open Sport Exerc Med. 2018;4(1):e000355.

Abaji JP, Curnier D, Moore RD, Ellemberg D. Persisting Effects of Concussion on Heart Rate
Variability during Physical Exertion. J Neurotrauma. 2016;33(9):811-7. [PubMed: 26159461]
Paniccia M, Verweel L, Thomas S, Taha T, Keightley M, Wilson KE, et al. Heart Rate Variability
in Healthy Non-Concussed Youth Athletes: Exploring the Effect of Age, Sex, and Concussion-
Like Symptoms. Front Neurol. 2017;8:753. [PubMed: 29403426]

Liao KH, Sung CW, Chu SF, Chiu WT, Chiang YH, Hoffer B, et al. Reduced power spectra

of heart rate variability are correlated with anxiety in patients with mild traumatic brain injury.
Psychiatry Res. 2016;243:349-56. [PubMed: 27449003]

La Fountaine MF, Hohn AN, Testa AJ, Weir JP. Attenuation of Spontaneous Baroreceptor
Sensitivity following Concussion. Med Sci Sports Exerc. 2018.

Wright AD, Smirl JD, Bryk K, Fraser S, Jakovac M, van Donkelaar P. Sport-Related Concussion
Alters Indices of Dynamic Cerebral Autoregulation. Front Neurol. 2018;9:196. [PubMed:
29636724]

Thiagarajan P, Ciuffreda KJ. Pupillary responses to light in chronic non-blast-induced mTBI. Brain
Inj. 2015;29(12):1420-5. [PubMed: 26182230]

Siedlecki P, Sanzo P, Zerpa C, Newhouse I. End-tidal carbon dioxide levels in patients with
post-concussion syndrome during neurocognitive and physical tasks compared to a normative
control group. Brain Inj. 2018:1-10.

Leddy JJ, Haider MN, Ellis M, Willer BS. Exercise is Medicine for Concussion. Curr Sports Med
Rep. 2018;17(8):262—70. [PubMed: 30095546]

O’Connor KL, Rowson S, Duma SM, Broglio SP. Head-Impact-Measurement Devices: A
Systematic Review. J Athl Train. 2017;52(3):206-27. [PubMed: 28387553]

Wallace B, Lifshitz J. Traumatic brain injury and vestibulo-ocular function: current challenges and
future prospects. Eye Brain. 2016;8:153-64. [PubMed: 28539811]

Hoffer ME, Gottshall KR, Moore R, Balough BJ, Wester D. Characterizing and treating dizziness
after mild head trauma. Otol Neurotol. 2004;25(2):135-8. [PubMed: 15021772]

Caccese JB, Kaminski TW. Comparing Computer-Derived and Human-Observed Scores for the
Balance Error Scoring System. J Sport Rehabil. 2016;25(2):133-6. [PubMed: 25365511]

Chang JO, Levy SS, Seay SW, Goble DJ. An alternative to the balance error scoring system: using
a low-cost balance board to improve the validity/reliability of sports-related concussion balance
testing. Clin J Sport Med. 2014;24(3):256-62. [PubMed: 24284947]

J Clin Neurophysiol. Author manuscript; available in PMC 2024 July 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 14

King LA, Mancini M, Fino PC, Chesnutt J, Swanson CW, Markwardt S, et al. Sensor-Based
Balance Measures Outperform Modified Balance Error Scoring System in Identifying Acute
Concussion. Ann Biomed Eng. 2017;45(9):2135-45. [PubMed: 28540448]

Mucha A, Collins MW, Elbin RJ, Furman JM, Troutman-Enseki C, DeWolf RM, et al. A Brief
Vestibular/Ocular Motor Screening (VOMS) assessment to evaluate concussions: preliminary
findings. Am J Sports Med. 2014;42(10):2479-86. [PubMed: 25106780]

Sufrinko AM, Mucha A, Covassin T, Marchetti G, Elbin RJ, Collins MW, et al. Sex Differences
in Vestibular/Ocular and Neurocognitive Outcomes After Sport-Related Concussion. Clin J Sport
Med. 2017;27(2):133-8. [PubMed: 27379660]

Galetta KM, Liu M, Leong DF, Ventura RE, Galetta SL, Balcer LJ. The King-Devick test of rapid
number naming for concussion detection: meta-analysis and systematic review of the literature.
Concussion. 2016;1(2):CNC8.

Samadani U, Li M, Qian M, Laska E, Ritlop R, Kolecki R, et al. Sensitivity and specificity of an
eye movement tracking-based biomarker for concussion. Concussion. 2016;1(1):CNC3.
MacDougall HG, Weber KP, McGarvie LA, Halmagyi GM, Curthoys IS. The video head impulse
test: diagnostic accuracy in peripheral vestibulopathy. Neurology. 2009;73(14):1134-41. [PubMed:
19805730]

Gottshall K, Drake A, Gray N, McDonald E, Hoffer ME. Objective vestibular tests as outcome
measures in head injury patients. Laryngoscope. 2003;113(10):1746-50. [PubMed: 14520100]
Zhou G, Brodsky JR. Objective vestibular testing of children with dizziness and

balance complaints following sports-related concussions. Otolaryngol Head Neck Surg.
2015;152(6):1133-9. [PubMed: 25820582]

Grimonprez A, Raedt R, Baeken C, Boon P, Vonck K. The antidepressant mechanism of action of
vagus nerve stimulation: Evidence from preclinical studies. Neurosci Biobehav Rev. 2015;56:26—
34. [PubMed: 26116875]

Arrieux JP, Cole WR, Ahrens AP. A review of the validity of computerized neurocognitive
assessment tools in mild traumatic brain injury assessment. Concussion. 2017;2(1):CNC31.

J Clin Neurophysiol. Author manuscript; available in PMC 2024 July 01.



	Abstract
	Introduction
	Neurophysiology
	Quantitative EEG qEEG
	Power-based analysis
	Coherence
	Novel analytic methods


	Magnetoencephalography MEG
	Transcranial Magnetic Stimulation TMS
	Imaging
	Structural
	Computed Tomography CT
	Magnetic Resonance Imaging MRI
	Diffusion MRI


	Metabolic
	Positron Emission Tomography PET
	Magnetic Resonance Spectroscopy MRS

	Neurovascular coupling
	Functional Magnetic Resonance Imaging fMRI
	Near-infrared Spectroscopy NIRS

	Hemodynamics
	Single Photon Emission Computerized Tomography SPECT
	Ultrasound
	Arterial Spin Labeling (ASL) & Dynamic Susceptibility Contrast (DCS)
	Autonomic Dysfunction
	Heart rate variability HRV
	Vascular Tone
	Other Measures

	Head Impact Sensors
	Vestibular & Oculomotor
	Computerized testing


	Conclusion
	References

