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Pathophysiological mechanisms and cascades take place after a mild trau-
matic brain injury (mTBI) that can cause long-term sequelae, including
chronic traumatic encephalopathy in patients with multiple concurrent TBls.
As diagnostic imaging has become more advanced, microanatomical
changes present after mTBI may now be more readily visible. In this narrative
review, the authors discuss emerging diagnostics and findings in mTBI
through advanced imaging, electroencephalograms, neurophysiologic pro-
cesses, Q2 biochemical markers, and clinical tissue tests in an effort to help
osteopathic physicians to understand, diagnose, and manage the pathophysi-
ology behind mTBI, which is increasingly prevalent in the United States.
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nderstanding and recognition of concussion has improved over the past 2

decades, resulting in a substantial increase in the number of diagnosed cases

and increasing the known incidence. The increased awareness among physi-
cians of the clinical criteria has led to a dramatic increase in the number of cases diag-
nosed annually. The Centers for Disease Control and Prevention have declared this a
public health crisis, with an estimated 3.8 million sports- and recreation-related concus-
sions reported annually in the United States.' Traumatic brain injury (TBI) is a spectrum
of injury severity, ranging from severe to mild, with “severe” defined as a Glasgow Coma
Scale of 8 or less and with “mild” including transient impairment of cognition and or
consciousness. Although a concussion is clinically defined as a mild traumatic brain
injury (mTBI), it can have long-term consequences. Previously, concussion was thought
to be a clinical diagnosis based only on criteria of negative diagnostic imaging in the
context of head trauma with associated confusion, amnesia, or loss of consciousness.
There is now objective diagnostic laboratory and radiographic evidence proving that con-
cussion is more than just a clinical diagnosis. The medical profession is starting to under-
stand the underlying pathophysiologic mechanisms and the long-term consequences of
repeated mTBIs. The long-term repercussions of successive concussions have an escalat-
ing detrimental pathologic effect. Concussion and more severe forms of mTBI constitute

a continuous spectrum of severity, with chronic traumatic encephalopathy (CTE) being a
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consequence of these injuries. The long-term conse-
quences can cause life-altering chronic changes that
interfere with a patient’s social, academic, and occupa-
tional performance. We discuss and summarize the
emerging diagnostics and findings involved in mTBI
and CTE through advanced imaging, electroencephalo-
grams (EEGs), neurophysiologic processes, biochem-

ical markers, and clinical tissue tests.

Concussion and TBI

Concussion is the consequence of head impact, the
force of initial contact, and the linear and rotational
inertial acceleration-deceleration injury. Rapid rota-
tional head movements generate shear forces through-
out the brain, which can produce cavitation and
disruptions at a cellular level.”> Percussive shockwaves
transmit forces through tissues of different densities
that are absorbed in the cerebrospinal fluid (CSF), gray
matter, and white matter.> The ventricles appear to
dampen and absorb some kinetic energy, providing
some partial protection to the brain.* The mechanical
energy transmitted throughout the tissue of the cere-
brum is transferred into the cells, disrupting cytoskel-
etal architecture, impairing organelle function, and
affecting biochemical activity.>® This cascade disrupts
the production and release of neurotransmitters and
can interfere with the proper functioning of cell
surface receptors.7’8 Furthermore, there is an early
excessive release of neurotransmitters, such as glutam-
ate, which can cause an excitatory neuronal toxicity.”'°
The result is aberrations of neuronal electrochemical
signal transduction and synchrony between communi-
cating neurons.'' TBI further impairs long-term signal
transduction, as damaged oligodendrocytes cannot
produce enough myelin to properly insulate damaged
axons.'? White matter tract disruption is influenced by
the directional plane (sagittal, coronal, axial) through
which the rotational force is applied.'® Proximal axonal
injuries closer to the soma can recover faster than more
distal injuries."* Fluid-attenuated inversion recovery

magnetic resonance imaging (MRI) sequencing is
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effective in detecting subtle fluid changes deep in the
brain’s parenchyma. Delayed imaging in patients with
mTBI reveals evidence of cytotoxic and vasogenic
edema in patients after concussion. While damage to
white matter tracts are not immediately visible in
acutely concussed patients, pathologic changes are
apparent on magnetic resonance angiography (MRA)
diffusion tensor imaging (DTI) several months after the
injury, even if the patient no longer has symptoms.'>
The impact force transmits rapid changes throughout
the central nervous system (CNS), altering the function
of neurons and astrocytes and disrupting the blood-brain
barrier (BBB) in vivo.'® In TBI, nicotinamide adenine
dinucleotide phosphate oxidase 4, which is a phagocyte-
type oxidase enzyme responsible for producing reactive
oxidant species, causes autotoxicity and breakdown of
the BBB, further disrupting cerebral function.'”'® The
injured brain has a significant increase in metabolic
demands that can affect energy balance; thus, a transient
state of hyperglycolysis occurs because of a consump-
tion of nutrients, vital molecules, and intracellular
energy stores, while complex biochemical cascades are
initiated.'® The ability of the CNS to regulate blood
flow, clear metabolic waste byproducts, protect against
hyperexcitable states, and carry out routine physiologic

function is impaired after TBL."

Many of these com-
pensatory responses can add detrimental secondary
brain damage, such as the harmful effects of the inflam-
matory cascade.'®

The cells of the hippocampal formation appear to be
particularly susceptible to the effects of rotational shear
strain injury, leading to both the retrograde and antero-
grade amnesia so common after mTBL.'® In patients
who have experienced TBI with loss of consciousness,
MRA DTI has shown pathologic changes in the reticu-
lar activating system, which is responsible for alertness
and consciousness.”® The timing of the initial cognitive
impairment or confusion may be explained by neuronal
plasma membrane permeability disruption. This disrup-
tion typically begins to rapidly recover after mTBIs, in
about 10 to 15 minutes, when ionic electrochemical

membrane gradients are restored.?! It is no coincidence
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that this correlates to the improvement time in many
mTBIs that have confusion as the only symptom.
Quantitative EEG can identify unusual patterns of
brain oscillations in patients with mTBI both during
sleep and awake states. Such brain oscillations lead to
abnormal sleep patterns and difficulties with concentra-
tion. The concussed patient has less o wave activity and
more 6 and A wave activity while awake and a longer

while 22,23

rapid eye movement stage asleep.
Quantitative EEG can detect changes in patients with
mTBI both immediately and a year later.** The degree
of observable aberrations present on EEG seems to cor-

relate with the intensity of active symptoms.>>2®

Glymphatics?®

Like blood, CSF conveys both brain chemicals and
waste products. CSF circulation begins from the
choroid plexus, and CSF is absorbed through arachnoid
granulations. However, there is an additional CSF
outflow tract that drains the paleocortex and medial
temporal lobe. This outflow is found in the cribriform
plate along the olfactory stria and olfactory bulb and
drains into the nasal submucosa. TBI has been shown
to reduce this system of drainage and reduce the clear-
ance of brain chemical waste products. It has been
believed for many centuries that the human brain does
not have any other structural tissue to clear waste pro-
ducts, such as the lymphatics found throughout the rest
of the body. Although brain lymphatics were first
described in 1816 by the Italian anatomist Paolo
Mascagni, this misperception of the lack of lymphatics
lasted deep into the 20th century.

In the 21st century, the use of 2-photon excitation
microscopy in combination with fluorescent tracers
was able to show the flow of CSF entering the perivas-
cular spaces around penetrating arteries, exchanging
with surrounding interstitial fluid.>’ This indirectly
showed the clearance of interstitial waste from the
brain parenchyma, which is a primary function of
lymphatics.?” The Danish neuroscientist Maiken
Nedergaard coined the term glymphatics, recognizing

that this pathway was unique and different from the per-
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ipheral lymphatic system and acknowledging the func-
tional participation of the glial cells in this process.?®
The discovery of glymphatics demonstrated that the
CNS was able to clear metabolic waste products,
excess fluids, proteins, and other interstitial debris
from the interstitial spaces of the cerebral parenchyma
through CSF. However, extracting the waste from CSF
remained elusive until structural meningeal lymphatic
sinuses were discovered.?*=! Pulsatile CSF drives this
paravascular fluid movement.>* Individual perivascular
astrocyte water channels, known as aquaporins, directly
participate in the glymphatic pathway,** with astrocytic
aquaporin 4 receptor as essential for the interstitial
fluid-CSF exchange.’®** The glymphatic system
responds to different electromagnetic fields produced
by the brain, mostly during slow-wave sleep.>> The
prevalence of sleep A waves below 4 Hz and 6 waves
at 4 to 7 Hz, seen more in patients with mTBI, were
associated with the highest rate of glymphatic clearance
of waste. The normal synchronicity during awake and
sleep cycles is lost with concussion, as demonstrated
on quantitative EEG, leading to decreased clearance
function of CSF and glymphatics and the continued
buildup of waste products.®

The glymphatic system clears proteins and small
lipophilic molecules during sleep, including amyloid
protein.*®3” The accumulation of amyloid B protein
has been observed in patients with Alzheimer disease
and CTE,>® but treatments can enhance the clearance
of CSF and glymphatics, which may then lead to recov-
ery. Several studies have demonstrated that patients
with a history of concussion or other TBI have a signifi-
cantly higher risk of Alzheimer disease compared with
the rest of the population.>® The administration of intra-
thecal gadolinium to assess glymphatic function by
MRI is currently being investigated in concussion and

idiopathic normal-pressure hydrocephalus.***!

CTE and Other Chronic Manifestations of
Repeated Concussive mTBI
CTE is the clinical manifestation of chronic neurode-

generative pathologic changes from multiple prior
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concussive mTBIs. Cerebral autopsy specimens from
CTE patients demonstrate cellular deposition of
amyloid B protein, hyperphosphorylated t protein in
neurofibrillary tangles, astrocytic tangles, and increased
neurites around cortical small blood vessels.*?
Alzheimer disease and CTE are distinct entities but
have many overlapping characteristics, including gross
and micropathologic features, clinical presentations,
and risk factors.**

Neurodegenerative changes in the cells of the pars
compacta of the substantia nigra and ventral tegmental
area in the midbrain of patients who have experienced
multiple mTBIs can result in parkinsonian complex
movement disorders.** Positron emission tomography
scans show decreased uptake of glucose-tagged meta-
bolites in the pars compacta of the midbrain in former
boxers who developed parkinsonian-type movement
disorders.*> Accordingly, dementia pugilistica is a
combination of neuropathologic changes causing cog-
nitive impairment found in 20% of retired boxers.*®
The brains of deceased CTE patients demonstrate
extensive deposition of B amyloid throughout the cere-
brum at levels comparable to patients with advanced
Alzheimer disease who were many decades older and
which may be the result of chronic neuronal toxin
buildup due to decreased glymphatic and CSF clear-
ance, as well as to the forceful breakdown of the cell
and axon cytoskeleton.*” Neurocognitive changes in
boxers labeled as “punch drunk” over the past century
were observed without understanding the seriousness
of such injuries.

Preseason cognitive tests are essential to determine
an athlete’s baseline cognitive function before engaging
in sports, because it is difficult for a physician to later
adequately assess the change in a concussed athlete’s
neurocognitive performance. Multiple preseason base-
line athlete cognitive tests are available. The 2 most
commonly used are the Standardized Assessment of
Acute

Concussion form and the Concussion

Evaluation form.*8
While US football has received enormous media

attention regarding concussion and CTE,*® the first
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observed pathologic changes, later termed CTE, were
discovered in the brains of deceased boxers.**°
Decades after punch-drunk boxers received diagnoses
of dementia pugilistica, pathologists performed post-
mortem examinations on these boxers’ brains. The
gross pathologic specimens demonstrated cavum
septum pellucidum, cerebral atrophy with dilated ven-
tricles that were disproportionate to the patient’s age,
depigmentation of the substantia nigra, and fenestra-
tions and scarring of the cerebellar tonsils.”' The micro-
pathologic examination demonstrated neuronal loss
within the cerebral cortex, substantia nigra and cerebel-
lar tonsils, and neurofibrillary degeneration and senile
plaques disproportionate to the patient’s age.’*>?

Neuropathologic analysis of boxers with severe
memory disturbance, cognitive impairment, profound
dysphoria, and Parkinsonian movement symptoms were
found to have a high degree of neurofibrillary tangles,
particularly in layers II and III of the neocortex.>* The
pathologic consequences of CTE became more promin-
ent in the media when, in the 21st century, the disorder
was discovered in professional US football players.*® In
2010, an autopsy on a 44-year-old National Football
League athlete who had an apolipoprotein E genotype
demonstrated diffuse cerebral tauopathy, neurofibrillary
tangles, and neuritic threads.*® Similar autopsy results
fueled a 2012 multi-billion-dollar lawsuit by the
National Football League Players Association and drew
attention to the disorder among the public.

It soon became apparent that, in recreational sports, a
concussion could be sustained anytime a blow to the
head occurred.>®> As CTE awareness spread, the dis-
order received increased funding both from private and
government sources. Interestingly, many patients with
CTE and psychiatric disturbances had sustained injuries
to some of the key neurotransmitter-producing nuclei
and tracts projecting to the neocortex, such as the
norepinephrine-producing locus ceruleus and serotonin-
producing dorsal raphe nuclei.’®*°

In investigating the imaging of these patients, CT and
MRI findings of patients with acute concussive mTBI

were negative for gross hemorrhages®’; however,
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microscopic pathologic examination of postmortem
patients with CTE demonstrate hemosiderin deposits.
These deposits suggest evidence of a chronic

microbleed.>”

Serum Biomarkers

In 2018, the US Food and Drug Administration
approved the first serum TBI marker test as an aid in
the diagnosis of concussion mTBIL>® The test detects
the presence of 2 proteins in the brain: ubiquitin
carboxy-terminal hydrolase-L1 (UCH-L1) and glial
fibrillary acid protein (GFAP). UCH-L1 is a neuron-
specific protein that is present throughout the CNS and
is believed to serve the antioxidant function of scaven-
ging the brain for toxins, thereby decreasing long-term
injury.>*%® GFAP is an intermediate glial cell filament
protein in CNS astrocytes and the ventricular lining
ependymal cells.®’ GFAP provides cytoskeletal
support and strength to the astrocyte.®*®* The delayed
changes seen on MRA DTI after mTBI may be the
result of decreased GFAP and resultant changes in the
brain cytoskeleton. The intracellular UCH-L1 and
GFAP proteins from the CNS are released into the
bloodstream when a TBI has occurred and are detected
by enzyme-linked immunosorbent assay within 1 hour
of initial head impact.®**® Aside from UCH-L1 and
GFAP,

investigation.

other biomarkers are currently under

The calcium-binding protein S100B is a glial-
specific protein found in the cytoplasm of astrocytes as
the result of the breakdown of the BBB67'71; however,
this biomarker is neither specific nor approved as a bio-
marker for TBI. Cytokine CCL11 is a small cytokine
protein inflammatory marker that has been found to be
elevated in the CSF of patients with CTE, but not in
those with Alzheimer disease.”’ Neurofilament light
polpeptide is an intermediate filament found in the
cytoskeleton of neurons and provides structural
support to the axon. It has also been detected in the
CSF of patients with TBI and is believed to provide a
prognostic value.”? Patients who have had an mTBI

often cannot remember the incident, and these serum
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biomarkers may help physicians to determine whether
a patient has had an mTBI and to potentially quantify
the severity of the injury. Such serum biomarkers

require further studies and investigation.

Conclusion

Concussion was once thought to be strictly a clinical
diagnosis with symptoms of confusion, amnesia, or
loss of consciousness with no associated radiographic,
biochemical, or pathologic criteria. New discoveries in
biomarkers, imaging, and pathophysiology over the
past few years are dramatically shaping how physicians
diagnose and manage TBI and have led to an increased
understanding and recognition of this disease.
Physicians should not limit their focus on concussion
to the sport of US football but understand that any
sport with a potential for head impact can produce
TBI. Raising awareness of the short- and long-term
neurophysiologic ramifications of concussion is critical,
using tests available to diagnose concussion as the first
of a myriad of steps in caring for these patients.”®
Although there is a scarcity of literature pertaining to
the direct use of osteopathic manipulative treatment in
patients with mTBI, there are a number of active inves-
tigational studies, including some currently in process
at our institution.”® This article serves as a review for
osteopathic physicians in the primary care setting who
are seeing an increase in the number of patients present-
ing with concussions each year. Understanding of the
emerging diagnostics that will be used to treat patients
and to help improve clinical outcomes is just the begin-
ning. The use of serum biomarkers to diagnose concus-
sion will help osteopathic physicians effectively
identify patients with mTBI and safely allow such
patients return to play. Out of all the concussion bio-
markers being researched, the current data demonstrate
that GFAP has the highest specificity for acute brain
injury. With only a few serum biomarkers having
received the approval of the US Food and Drug
Administration and more actively under investigation,
future studies will be needed to determine the sensitiv-

ity and specificity of these serum biomarkers and their
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potential in not only achieving a diagnosis, but also

prognostication.
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