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OVERVIEW

The Centers for Disease Control and Prevention defines a
concussion as:

“A type of traumatic brain injury—or TBl—caused by a
bump, blow, or jolt to the head or by a hit to the body that
causes the head and brain to move rapidly back and forth.
This sudden movement can cause the brain to bounce
around or twist in the skull, creating chemical changes in
the brain and sometimes stretching and damaging brain
cells.”

The severity of a TBlI may range from “mild” (i.e., a
transient change in mental status or consciousness) to
“severe” (i.e., an extended period of unconsciousness or
memory loss after the injury). Mild TBIs (concussions) are
the most common? and most challenging for clinicians to
evaluate.

CONCUSSION DIAGNOSIS

Current “standard of care” guidelines for the diagnosis of
concussion offer limited clinical options. For example, the
Mayo Clinic describes their concussion diagnostic process
like this:

“Your doctor will evaluate your signs and symptoms,
review your medical history, and conduct a neurological
examination. Signs and symptoms of a concussion may
not appear until hours or days after the injury. Tests your
doctor may perform or recommend include a neurological
examination, cognitive testing, and imaging tests.”?

When head trauma requires medical attention, clinicians
may request structural neuroimaging provided by CT or
MRI scans to rule out a potentially life-threatening
cerebral hemorrhage.

However, these neuroimaging techniques underestimate
mild traumatic injuries and correlate poorly with patient
outcomes.*® The main reason for this seems to be that
neither CT nor conventional MRI sequences detect diffuse
axonal injuries, the most common pathology of
concussion®™*, resulting in only a small minority of
patients that present with intracranial CT scan
abnormalities.’> Additionally, the American Association of
Neurological Surgeons (AANS) recommends against
routine imaging studies in the diagnosis of concussion as
they typically do not show significant pathology and can
expose individuals to unnecessary radiation.*®

Additionally, there is little evidence that a standard

neurological examination or traditional cognitive testing
can provide a reliable and sensitive assessment of brain
injury after a mild concussion. The use of such limited
protocols for concussion diagnosis can lead to a failure to
recognize the condition and/or provide poor diagnostic
accuracy in a significant portion of patients. In fact,
according to the University of Pittsburg Medical Center,
50% of concussions go undetected or unreported.?’

This is especially true when there may be confounding or
comorbid conditions with the patient:

“The diagnostic accuracy for mTBI is currently insufficient
for discriminating between the disease and co-occurring
mental health conditions for both acute and historic
mTBI.”18

Without an affirmative concussion diagnosis, patients are
left with few options when follow-on treatment would
otherwise be indicated.

ACOEM CONCUSSION DIAGNOSIS RECOMMENDATIONS

In 2017, the American College of Occupational and
Environmental Medicine (ACOEM) published a 1,027-page
consensus guideline that recommends (or does not
recommend) specific diagnostic modalities for concussion,
based on scientifically reported evidence, as clinically
indicated for patients sustaining a concussion °.

Additionally, ACOEM makes clear that “A direct blow to
the head is not required for TBI to occur because rapid
acceleration or deceleration is a TBI mechanism.” Pg 19.
The guidelines also present a definitive connection
between cervical spine trauma and concussion, Pg 26,
both of which commonly occur in motor vehicle accidents
and sports injuries.

Among the testing modalities that were “recommended”
in the consensus guidelines include:

e Audiometry Tests

“To conclude, there is a high incidence of audiological
deficits in head-injured subjects. Peripheral and central
auditory areas are affected as revealed by the
subjective as well as electrophysiologic auditory
investigation.” Pg. 270

o EEG Tests

“EEG is not invasive, has no adverse effects, is moderate
cost, and has utility in the diagnosis and management
of seizures related to TBI and is thus recommended for
diagnosis of TBI.” Pg. 123
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e Cognitive Event-Related Potentials

“Has evidence of diagnostic efficacy and is
recommended for diagnosis of cognitive impacts of
TBI.” Pg. 238

e Attention Tests

“Recent studies have shown that various aspects of
attention are affected following TBI, especially after
severe TBI. These deficits include the ability to attend to
and encode information, information processing speed,
maintain focus, shift attention, attention span,
supervisory attentional control, focused/selective
attention, and sustain attention. May be used to target
specific cognitive rehabilitation strategies. May help to
determine the end of healing and extent of residual
deficits, if any.” Pg. 240

e Executive Function Tests

“Is not invasive, has no adverse events, is low cost, has
some evidence of diagnostic efficacy, and is thus
recommended for evaluation of TBI patients. Can
identify and measure executive function difficulties,
potentially allowing better tailoring of therapy(ies) to
address any deficits.” Pg. 255

e Reaction Time Tests

“Is low cost, has evidence of diagnostic efficacy, and is
recommended for diagnosis of TBI.” Pg. 183

COGNISION® TESTING

The COGNISION® System includes the necessary hardware
and software to order, perform, analyze, and report on a
group of diagnostic procedures that can help a physician
affirmatively detect abnormal brain activity caused by a
concussion.

The COGNISION® System has already been validated to
provide clinically relevant measures of brain function and
how those processes change with disease.?>?!  This
validation includes the practical implementation of the
testing procedures in outpatient settings within various
patient populations. A complete testing session can be
performed in about 1 hour in a standard office
environment with minimal patient discomfort.

During a COGNISION® testing session, three separate
procedures are performed:

e  Pure-tone Audiometry
e Resting-state EEG
e Event-Related Potentials (ERP)

Each of these tests (described in detail below) targets
synaptic networks in the brain that are often damaged
from a concussion.

At the end of the testing session, the data is available for
analysis and interpretation by a physician and can be
transferred to a patient report, which will show the

audiogram, EEG frequency spectrum, and ERP waveforms,
each with a table of clinical biomarkers.

At this point, the physician can add specific biomarker and
overall clinical findings that will automatically be included
in the patient report.??

e Audiometry

Studies have shown that some form of hearing loss is
common after a minor head injury.?

There are two primary causes of post-concussive hearing
loss: mechanical damage or neurological damage.

For example, if an injury affects the delicate hearing
structures, the ear may not effectively transmit sound to
the brain. This is the most common cause of hearing loss
after head injury and can often be detected by performing
a pure-tone audiometry test and reviewing the resultant
audiogram.
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Example of an audiogram

On the other hand, if there is synaptic damage to parts of
the brain that process hearing, the brain may no longer be
able to properly process sounds. Therefore, even if the
ear’s anatomical structures function normally, a patient
can still experience hearing problems. This presentation
can often be identified by a patient complaining about
hearing issues while having a normal audiogram.

An accurate audiogram result will also be essential in
performing a valid ERP test (see discussion below).

o Resting-state EEG

Common head injuries not only result in macroscopic
damage such as tissue injury, bone fractures, and bleeding
but can also induce microscopic damage to cellular and
synaptic structures in the brain. This can disrupt
electrolyte homeostasis, trigger the release of excitatory
neurotransmitters and other molecules with cytotoxic
effects, and elevate the metabolic demand for neuronal
repair and equilibrium restoration.

These pathologic consequences can manifest as diverse
concussion symptoms that can not be detected by a CT
scan. Alternatively, a brief resting-state EEG assessment
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can be an important tool to monitor and evaluate a wide
range of brain networks and processes that may be
impaired by concussion.

A recent review paper on the application of EEG
technology to concussion diagnosis in clinical practice
stated:

“Electroencephalography (EEG) is a well-suited technology
for the evaluation of mTBI. This low-cost technology is
rapid, portable, and easily deployed in multiple clinical
settings. The development of computerized quantitative
analysis (QEEG) has made this technology sensitive and
specific to mTBl both in the acute and convalescent
setting.”**

Among the most useful qEEG analytical approaches,
spectral analysis, is of particular interest in the study of
concussion and post-concussive symptoms. In this
analysis, the raw EEG is transformed into frequency vs.
power and plotted as a frequency spectrum.

The power and frequency of the electrical energy
generated by groups of cortical neurons varies with the
level of synaptic/neuronal damage and with the integrity
of the thalamocortical circuits in which they participate
(i.e., injury to and/or dysfunction of those circuits results
in a shift to slower frequencies and lower power recorded
at scalp electrodes).
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These qEEG measures can also be a useful prognostic tool
in predicting recovery from concussion.

“Alteration of the EEG alpha power dynamics in
conjunction with balance data in the acute phase of injury
with respect to baseline measures may predict the rate of
recovery from a single concussive blow.”?>

Conventional wisdom holds that most patients generally
recover from a concussion within hours and would be
symptom-free within about ten days post-injury.
However, qEEG studies are showing that this conventional
view may not always be the case.

“There is growing evidence of an atypical evolution of
mTBl whereby physical, neurocognitive, and emotional
symptoms persist months or even years post-injury.”*

¢ Event-Related Potentials (ERP)

ERP testing involves recording EEG signals while the
patient listens to a sequence of auditory stimuli through
the same earphones used during the pure-tone
audiometry test. In fact, the audiometry test is a
necessary procedure to ensure that the patient has
sufficient hearing acuity to perform the ERP procedure.
During the test, the patient is required to respond to
certain auditory cues by pressing a button on the handset.

The type, timing, and sequence of stimuli (often called an
“ERP paradigm”) are designed to target specific cognitive
processes such as selective attention, memory encoding,
executive function, and other processes that can be
impaired with a concussion.

While the brain subconsciously analyzes the incoming
stimuli, EEG signals time-locked to each stimulus are
recorded. At the end of the test, these time-locked EEG
recordings are averaged according to stimulus type, and
all brain activity not related to the specific stimulus group
is filtered out. What is left are the ERP waves that
represent the physiological responses evoked by each
stimulus type played during the test.
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ERPs are the part of the EEG generated by sensory and
cognitive processing of external stimuli. They reflect the
summed synaptic activity produced when similarly
oriented neurons fire synchronously in response to each
stimulus.?®

The ERP contains a sequence of positive and negative
peaks, such as P50, P300, etc., that have been extensively
characterized in the scientific literature.?’

The early peaks are primarily “sensory” responses that
depend largely on the physical parameters of the
stimulus.  The sensory responses are followed by
“cognitive” peaks, which reflect information processing
and can be used to detect and quantify cognitive deficits
associated with concussion.?®
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The accuracy and reaction times of the button-press
responses also provide sensitive measures of cognitive
and motor networks within the brain and are sensitive to
concussion-related injury to the cortex.?®

ERP BIOMARKERS FOR CONCUSSION

ERPs have been used to elucidate and characterize
sensory and cognitive deficits associated with brain injury
and disease since the early 1980s®. A large body of
scientific literature on the clinical utility of these
biomarkers for diagnosis and prognosis of concussion has
followed.

Recent reviews of published literature demonstrate that
ERPs offer significant diagnostic utility to investigate
sensory deficits, cognitive impairment, and motor
dysfunction associated with concussion.3¥3*  These
diagnostic domains include several of the recommended
testing modalities from the ACEOM guidance’®, including
attention, executive function, and reaction time.
Additional clinically relevant brain-based biomarkers can
also be measured using ERPs, such as speed of brain
processing'>3>3¢ and network activation asynchronies
associated with white matter damage.?’

ERPs are especially important to detect subtle deficits in
information processing in patients who present with
otherwise normal clinical findings.32-3438

There is also good evidence from the scientific literature
for the use of ERP biomarkers to support brain injury
prognosis as well:

"The consensus would appear to be that the use of N100,
MMN, P300, and perhaps P3a in various combinations,
has great prognostic value for both awakening and
cognitive recovery. The particular choice of components
differs among investigators, but the use of ERPs in
assessing coma would appear to be an essential, if not
mandatory, aspect of medical practice.”3?

ERP testing provides flexibility in protocol design that can
produce measures that correlate with different sensory
and cognitive domains.?® Several ERP paradigms have
been shown to be especially sensitive to detecting deficits
associated with concussion. Of particular importance is
the “Active Auditory Oddball ERP Paradigm” commonly
used during a COGNISION® testing session.

COGNISION® uses an ERP paradigm that was specifically
designed to probe brain function, which is commonly
impaired with concussion.3  In this paradigm, an
infrequent (target) tone is played occasionally during a
stimulus sequence of frequent (standard) stimuli. A third
unexpected (distractor) tone can also be present. The
test subject is instructed to respond by pressing a button
on the handset as fast as they can when the infrequent
target tone is heard.

This paradigm generates ERP features, including the P3b,
P3a, and N200, that reflect aspects of information
processing involved in stimulus discrimination, evaluation,
and categorization?’ and are sensitive to cognitive deficits
associated with concussion.

* P3b (P300)

The P3b, or classic P300, is a positive-going component
that is elicited by rare, attended (target) stimuli. It is of
maximal amplitude at the centro-parietal (Pz) electrodes
and reflects an update in working memory (for a review of
the neuropsychological origins of the P3b, see). P3b
amplitude is determined by the amount of attentional
resources allocated when working memory is updated.*°
The peak latency reflects stimulus evaluation and
classification speed.**?

P3b is a highly sensitive ERP measure for deficits in
cortical synaptic function that follow a concussion. In a
study aimed at investigating neuropsychological and
neurophysiological changes  after  sports-related
concussion in children, adolescents, and adults, the
investigators found that “all concussed athletes had
significantly lower amplitude for the P3b component
compared to their non-injured teammates”.** Another
study that measured P3b components from patients with
concussion reported a significant decrease in the peak
amplitude compared to healthy individuals.*

P3b can show significant changes even in mild cases. A
study that looked at ERP changes in college students after
mild concussion reported a “striking” decrease in P3b
amplitude. Moreover, the change in P3b amplitude was
strongly related to the severity of post-concussion
symptoms.*®> Similarly, a study that looked at the effects
of a minor head injury on P3b found significant
abnormalities in both peak amplitude and latency.*® A
study of neurophysiological anomalies in symptomatic
and asymptomatic concussed athletes showed a
significant reduction in P3b amplitude in both groups of
subjects compared to controls*’, and another study that
compared the performance of 10 well-functioning
university students who had experienced a mild head
injury an average of 6.4 years previously, and 12 controls
on a series of standard psychometric tests and ERP
measures also found a significant decrease in P3b
amplitude in the mild head injury group.”® Finally, a
recent study reported that changes in the P3b (P300) after
concussion were significantly correlated with various
neurocognitive symptoms, including a reduction in
intelligence quotients (IQ) scores, stating that “The result
showed that the intelligence quotients of patients were
lower than those of healthy controls, which meant that
patients with neurocognitive disorders after a TBI might
suffer a mild intelligence impairment.”*®
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e P3a

The P3a is a positive-going peak that, in an active two-
deviant oddball paradigm, is generated in response to the
distractor stimulus and is of maximal amplitude at the
central-parietal (Cz/Pz) electrode.®® The P3a is associated
with engagement of attention and processing of novel
information.3® The peak amplitude is a measure of focal
attention and has been shown to positively correlate with
executive function.®® Its latency reflects speed of
orientation to a non-target deviant stimulus.>?

Several studies have shown P3a changes after concussion.
A study in asymptomatic multiple concussed college
football players reported significantly decreased P3a (and
P3b) amplitude in study subjects that sustained their last
concussion within a year of the ERP recording. The deficit
was no longer present in athletes who sustained their
concussions more than two years prior to testing.>?
Investigators have recently reported similar results in
soccer players with a history of concussion.>® In a study
on moderate to severe TBI survivors, the investigators
found that P3a amplitude was reduced compared to
healthy controls when frontal or frontotemporal brain
regions were injured. In addition, TBI survivors also
exhibited a trend towards prolonged peak latency.>

Interestingly, in a study that correlated ERPs to
malingered executive function, the investigators reported
that malingerers were unable to produce a significant
change in P3a response®. The study findings are
consistent with the ACOEM guidelines that include ERPs
as a recommended test under “Memory/Malingering
Tests”®’, and suggest that ERP measures could help
differentiate between malingerers and patients with
genuine concussion.

e N200

Finally, the N200 is a component of negative polarity that,
in an active oddball paradigm, is elicited by rare, attended
(target) stimuli. The N200 precedes the P3b and is linked
to the cognitive processes of stimulus identification and
distinction.’® The peak is maximal over fronto-central
(Fz/Cz) brain regions®®, and its latency has been shown to
correlate with measures of executive function and
attention.>

N200 measures seem to be mostly affected in patients
with a history of moderate or severe TBI. Investigators
have shown prolonged N200 latency in survivors of severe
TBI.6%6162 |n one of the studies, significant correlations
were also between severity of head injury, as measured
by length of unconsciousness, N200 latency, and N200
amplitude.®?

e Reaction Time (RT)

As discussed earlier, patients are instructed to press a
button on the handset as fast as they can when they hear

the target tone. The average latency of the button
presses is @ measure of how long it takes for the decision
to press the button to initiate the motor response,
commonly referred to as reaction time.

A recent 4-year ERP study of 364 student-athletes (33
with confirmed concussion) reported that when P300
amplitude and reaction time are combined, the concussed
students can be distinguished from the controls with an
accuracy of AUC=0.95.

CONCLUSIONS

It is clear from the published clinical literature that many
patients suffering from concussion receive insufficient and
ineffective diagnostic workups. This is primarily due to
the difficulty of directly evaluating complex brain
processes, especially when the injury mostly involves
cellular and synaptic structures within the brain. Another
complicating factor is that patients with concussion can
present with a wide range of sensory, cognitive, physical,
and behavioral symptoms requiring an extensive
diagnostic workup that can target the underlying
mechanisms responsible for those symptoms.

The American College of Occupational and Environmental
Medicine (ACOEM) has recognized these diagnostic
shortcomings and has published a comprehensive clinical
guidance to help enhance diagnosis and prognosis of
patients with concussion and improve outcomes for those
patients.

With the availability of practical, validated, and cost-
effective instruments like COGNISION®, many patients can
now receive a more thorough diagnostic workup from
their physicians and can expect a more optimistic clinical
outcome.
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