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Abstract

The Centers for Disease Control and Prevention considers mild traumatic brain injury (mTBI), commonly known as concussion, a genuine

public health issue. Emerging research is revealing serious long—term sequelae from repeated concussive blows, yet no single test can

definitively diagnose mTBI. Pediatric brains are more sensitive to injury, lending a heightened need for accurate and reliable diagnostic

tools. Many tools exist that ostensibly serve as diagnostic tools for mTBI, though most have low diagnostic performance and lack specificity

towards the pediatric population. Experimental tools and potential biomarkers are being investigated to improve the sensitivity and specificity

of mTBI diagnosis, though they are still in experimental stages and rarely investigated in pediatrics. Research for diagnosing mTBI in the

pediatric population presents unique challenges, and is ultimately lacking,

Introduction
Every year, approximately 42 million individuals sustain a mild
traumatic brain injury (mTBI), with more than a third of all
reported injuties occurting in the pediatric population.'? The Centers
for Disease Control and Prevention have viewed mTBI as a serious
public health issue for more than a decade, and it has gained widespread
public attention following a highly publicized series of studies
examining chronic traumatic encephalopathy in NFL players.”¢ Large
meta—analyses have linked mTBI to long—term neurodegenerative
diseases such as Alzheimer’s, Parkinson’s, and amyotrophic lateral
sclerosis.”"” Despite widespread prevalence and public awateness of
the issue, no single test can definitively diagnose or prognosticate
recovery of mTBL'" The pediattic population was long thought to be
less prone to mTBI, as they were considered to have a higher degree of
neuroplasticity and “cognitive reserve”, which would expedite recovery;
however, subsequent research suggests that the pediatric brain is more
vulnerable to mTBL'>" The need for an objective diagnostic method
is of heightened importance in the pediatric population, and yet, the
literature remains scant and conflicting;

Historically, clinical diagnostic tools for mTBI have been
developed and validated in adult populations, and some of these have
been reformatted for individuals under the age of 18."* Definitive
diagnosis of mTBI is a key first step to receiving the highest standard
of care, and although there are additional factors that make the
diagnosis of pediatric mTBI challenging, the largest barrier is simply
that there are fewer clinically relevant instruments to work with. A
variety of multidimensional diagnostic tools for mTBI exist, the most
prominent of which have inherently subjective components, which
lend questions surrounding their accuracy. Novel research tools such as
magnetic resonance diffusion tensor imaging (MR-DTT) and potential
biomarkers such as cerebrovascular functioning and eye movements
are being investigated yet remain largely experimental.’>!”

Sizeable government and research infrastructure is being devoted
to the development of valid and reliable diagnostics, yet in the current
clinical context, two concerns persist. First, which diagnostic tools are
most able to reliably, validly, and accurately diagnose mTBI? Second,
which of these, if any, lend the highest degree of clinical utility in the
pediatric population?

Current diagnostic tools for mTBI

An overview of some commonly used and experimental diagnostic
tools is provided in Table 1. The fifth version of the Sport Concussion
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Assessment Tool (SCAT5), although imperfect, is widely considered the
gold—standard clinical tool and has been developed and refined by an
international consortium of experts.” The SCATS5 uses a multimodal
approach, including tests of neuropsychological functioning, balance,
and self—reported symptoms.”” Despite widespread usage, the previous
versions of the SCAT lend only moderate diagnostic utlity® The
same consortium also released a reformatted Child SCATS5, intended
for ages 5-12. Similar neuropsychological tests have been integrated
into computer—based programs, including AxonSports, which only
tests athletes above age ten, and ImPACT, which offers a pediatric
version marketed towards ages 5-11. These computer—based tests are
widely used in the context of sport despite yielding an accuracy of only
approximately 70%, and providing limited clinical utility due to low
validity and reliability.”

Prospective biomarkers of mTBI

MR-DTI is an imaging modality that yields parameters indicative of
white—matter integtity in the brain.” Primary DTI vatiables charactetize
the diffusion of water along white—matter tracts with alteration after
mTBI indicative of microstructural damage.”® The literature on MR~
DTT in pre—adolescence is scarce and indicates damage in areas other
than those seen in adult populations; however, studies on adolescent
patients demonstrate findings closer to those found in adults.”*
Whereas MR-DTT is an invaluable research tool with which to further
our mechanistic understanding of mTBI, current techniques lack the
individual-level sensitivity and specificity required for it to reliably be
used as a diagnostic tool.”

Emerging technologies have spurred the investigation of
behavioural biomarkers such as eye movements, as well as physiological
biomarkers such as cerebral blood flow and blood proteins, as more
objective mTBI diagnostics.'*'"* Increased variability of smooth pursuit
eye movement has been shown to correlate with MR—DTI markers of
m'TBI and has a moderate to strong reliability in adults.”*"* However,
accurate eye—tracking equipment is expensive and eye movements
mature at different rates in childhood, adding specific challenges in
the pediatric population that have yet to be fully investigated. Cerebral
blood flow decreases following mTBI and can be measured with novel
ultrasound and neuroimaging techniques.'® Ultrasound machines ate
both relatively portable and quick to administer, though these tools
require both the proper equipment and a trained technician. Recently,
altered levels of specific blood proteins have been examined as a
biomarker of mTBI and combinations of these proteins lend strong
sensitivity and specificity for diagnosis.**” However, clinical studies of
prospective mTBI biomarkers in pediatrics are spatrse. Eye—tracking
and blood biomarker research remains largely experimental and have
only been investigated in adult populations, and investigations of
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Table 1 | Comparison of established and experimental diagnostic tools for mTBI.

Time to

Diagnostic tool . .
gn administer

Validity & reliability

Strengths

Limitations Pediatric usage

Multimodal and has established

Requires training to administer, potential Child SCATS5 for

3 SCAT5" 15-20 minutes ~ Moderate® . B . .
2 normative scores for subjectivity in experimenter scoring ages 5-12
w
=) AxonSports 10-15 minutes ~ Low?' Easy and fast to administer Found to be not clinically useful*! Only children 10+
<
8
A . ) . - Pediatri i
= ImPACT 10-15 minutes ~ Low?' Easy and fast to administer Found to be not clinically useful®' et version
’ for ages 5-11
MR_DTI" 4-8 minutes Undetermined Can examine neural integrity Expensive, impractical, different findings Yes
(for DTT only) in vivo in pediatrics )
g Eye—tracking” <1 minute Moderatelto st'rong irvn ad'ulff, Quick, noninvasive prospective Expensive equiPment,'prtl)ne to matura- Not yet investi-
g undetermined in pediatrics biomarker tion confounds in pediatrics gated
5 Cerebralblood  Approx. 5 A ick, noninvasi ti o A iy A
2, ere ﬂra 1 o0 mli)fr;}: Undetermined Suni ’t{: orn fVASIVE prospective Expensive equipment, requires technician ~ Imaging only
5] ow uj omarke
sa)
. Al .10 . . L Not yet investi-
Blood proteins® pprox Undetermined Quick, prospective biomarker Involves blood draw otyetinves
minutes gated

cetebrovascular alterations in pediatric populations is in early stages.™
Discussion

The vast majority of mTBI biomarker research is done in adults and
none of the outlined prospective biomarkers have been validated in
cither adults or children.* A primary issue hindering high—quality
pediatric mTBI research is that controlling for factors such as selection
bias and maturation threats to internal validity ate far more challenging
than in adult populations. Adult diagnostics are challenged by the
heterogeneity of symptoms in mTBI which is further amplified in
pediatrics. Baseline testing, followed by post—injury testing to measure
intra—individual differences continues to be a research method used to
minimize maturation confounds; however, baseline testing is no longer
a recommended practice to inform diagnosis.”

The injury—prevention organization Parachute Canada provides
national guidelines called “Return to Sport™ and “Return to Learn™
to aid parents, coaches, and teachers of children to safely reintegrate
activities following mTBI. However, return to activity guidelines can
be best implemented only insofar as there are valid tools to accurately
diagnose mTBI. The largest barrier to effective mTBI diagnosis in the
pediatric population is simply the incontrovertible fact that we do not
have accurate methods of diagnosis in the adult population and thus
there are few promising tools to reformat into the pediatric context.

The highest standard of care for all individuals with mTBI
can only be provided following a definitive diagnosis, and this is
additionally challenging in pediatric mTBI as there are fewer valid and
reliable tools available. Widely used computerized tests with pediatric—
friendly versions have low validity and reliability and thus provide little
clinical utility.* The Child SCATS5 is curtrently the most evidence—based
and validated tool for pediattic mTBI diagnosis,' although it is still
far from a reliable and objective measure. The current gold—standard
diagnostic tools provide some degree of clinical utility but often present
subjectivity or reliability issues. Emerging technologies show promise
in the search for objective biomarkers of mTBI; however, these tools
are still in early experimental stages and few are being investigated in

pediatrics.

References

1. Cassidy ], Carroll L, Peloso P, Borg J, von Holst H, Holm L, et al. Incidence, risk factors
and prevention of mild traumatic brain injury: results of the WHO Collaborating Centre
Task Force on Mild Traumatic Brain Injury. | Rebab Med. 2004;(43 Suppl):28-60.

2. Zhang A, Sing D, Rugg C, Feeley B, Senter C. The rise of concussions in the adolescent
population. Orthap | Sports Med. 2016;4(8):1-7.

3. Gerberding J, Binder S. Report to congress on mild traumatic brain injury in the United
States: steps to prevent a serious public health problem. Atlanta, GA; 2003.

4. Omalu B, DeKosky S, Hamilton R, Minster R, Kamboh M, Shakir A, et al. Chron-
ic traumatic encephalopathy in a national football league player: part II. Neurosurg.
2006;59(5):1086-92.

5. Omalu B, DeKosky S, Minster R, Kamboh M, Hamilton R, Wecht C. Chronic traumatic
encephalopathy in a national football league player. Neurosurg. 2005;57(1):128-34.

6. Mez J, Daneshvar D, Kiernan P, Abdolmohammadi B, Alvarez V, Huber B, et al. Clini-
copathological evaluation of chronic traumatic encephalopathy in players of american

football. LANM.A. 2017;318(4):360-70.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31

32.

33.

Fleminger S, Oliver D, Lovestone S, Rabe-Hesketh S, Giora A. Head injury as a risk factor
for Alzhemier's disease: the evidence 10 years on; a partial replication. | Neurol Nexurosurg
Psych. 2003;74(7):857-62.

Mortimer J, Van Duijn C, Chandra V, Fratiglioni L, Graves A, Heyman A, et al. Head
trauma as a risk factor for Alzheimer's disease: a collaborative re-analysis of case-control
studies. Int | Epiden. 1991;20(Suppl. 2):528-S35.

Jafari S, Etminan M, Aminzadeh F, Samii A. Head injury and risk of Parkinson disease: a
systematic review and meta-analysis. Mov Disord. 2013;28(9):1222-9.

Chen H, Richard M, Sandler D, Umbach D, Kamel E. Head injury and amyotrophic lateral
sclerosis. A | Epiden. 2007;166(7):810-6.

West T, Marion D. Current recommendations for the diagnosis and treatment of concus-
sion in sport: a comparison of three new guidelines. | Neurotranma. 2014;31(2):159-68.
Satz P. Brain reserve capacity on symptom onset after brain injury: a formulation and
review of evidence for threshold theory. Neuropsychology. 1993;7:273-95.

Kirkwood M, Yeates K, Wilson P. Pediatric sport-related concussion: a review of the
clinical management of an oft-neglected population. Pediatrics. 2006;117(4):1359-71.
McCarthy M, Kosofsky B. Clinical features and biomarkers of concussion and mild trau-
matic brain injury in pediatric patients. Ann N'Y Acad Sci. 2015;1345:89-98.

Xiong K, Zhu Y, Zhang W. Diffusion tensor imaging and magnetic resonance spec-
troscopy in traumatic brain injury: a review of recent literature. Brain Imaging Behar.
2014;8(4):487-96.

Len T, Neary J. Cerebrovascular pathophysiology following mild traumatic brain injury.
Clin Physiol Funct Imag. 2011;31(2):85-93.

Maruta ], Heaton K, Maule A, Ghajar J. Predictive visual tracking: specificity in mild trau-
matic brain injury and sleep deprivation. Mz Med. 2014;179(6):619-25.

McCrory P, Mecuwisse W, Dvorak J, Aubry M, Bailes J, Broglio S, et al. Consensus state-
ment on concussion in sport-the 5th international conference on concussion in sport
held in Berlin, October 2016. Br ] Sports Med. 2017;Online:1-10.

Iverson GL, Lange RT. Post-concussion syndrome. In: Schoenberg M, Scott J, editors.
The little black book of neuropsychology. New York: Springer; 2011. p. 745-63.

Chin E, Nelson L, Barr W, McCrory P, McCrea M. Reliability and validity of the Sport
Concussion Assessment Tool-3 (SCAT3) in high school and collegiate athletes. A |
Sports Med. 2016;44(9):2276-85.

Nelson L, Laroche A, Pfaller A, Lerner E, Hammeke T, Randolph C, et al. Prospective,
head-to-head study of three computerized neurocognitive assessment tools (CN'TS): re-
liability and validity for the assessment of sport-related concussion. | Int Neuropsych Soc.
2016;22:24-37.

Wozniak J, Krach L, Ward E, Mueller B, Muetzel R, Schnoebelen S, et al. Neurocognitive
and neuroimaging correlates of pediatric traumatic brain injury: a diffusion tensor imag-
ing (DTI) study. Arch Clin Neuropsychol. 2007;22(5):555-68.

Vitji-Babul N, Borich M, Makan N, Moore T, Frew K, Emery C, et al. Diffusion tensor
imaging of sports-related concussion in adolescents. Ped Neurol. 2013;48:24-9.

Wilde E, McCauley S, Hunter J, Bigler E, Chu Z, Wang Z, et al. Diffusion tensor imaging
of acute mild traumatic brain injury in adolescents. Nexrology. 2008;70(12):948-55.
Eierud C, Craddock R, Fletcher S, Aulakh M, King-Casas B, Kuehl D, et al. Neuroimaging
after mild traumatic brain injury: review and meta-analysis. Nexroimage Clin. 2014;4:283-
94.

Shan R, Szmydynger-Chodobska J, Warren O, Mohammad F, Zink B, Chodobski A. A
new panel of blood biomarkers for the diagnosis of mild traumatic brain injury/concus-
sion in adults. | Nexrotrauma. 2016;33(1):49-57.

Maruta J, Heaton K, Kryskow E, Maule A, Ghajar ]. Dynamic visuomotor synchroniza-
tion: quantification of predictive timing, Behav Res Methods. 2013;45:289-300.

Maruta J, Suh M, Niogi S, Mukherjee P, Ghajar ]. Visual tracking synchronization as a
metric for concussion screening, | Head Trauma Rehabil. 2010;25(4):293-305.
Diaz-Arrastia R, Wang K, Papa L, Sorani M, Yue J, Puccio A, et al. Acute biomarkers of
traumatic brain injury: relationship between plasma levels of ubiquitin C-terminal hydro-
lase-L.1 and glial fibrillary acidic protein. | Neurotranma. 2014;31(1):19-25.

Maugans T, Farley C, Altaye M, Leach J, Cecil K. Pediatric sports-related concussion
produces cerebral blood flow alterations. Pediatrics. 2012;129(1):28-37.

Parachute Canada. Statement on concussion baseline testing in Canada [Internet]. To-
ronto, ON: Paracute Canada; 2017. Available from: http://www.parachutecanada.org/
downloads/injurytopics/Baseline TestingStatement-Parachute.pdf.

Parachute Canada. After a concussion guidelines for return to sport [Internet]. Toronto,
ON: Paracute Canada; 2017. Available from: http://www.parachutecanada.org/down-
loads/resources/return-to-play-guidelines.pdf.

Parachute Canada. Protocol for return to learn after a concussion [Internet]. Toronto,
ON: Paracute Canada; 2017. Available from: http://www.parachutecanada.org/down-
loads/programs/safekidsweek/Return_to_Learn.pdf.

31 UBCM]J Volume 9 Issue 2 | March 2018



