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Personal view

Until the age of 20, my entire life revolved around my engagement in sport. | cannot remember a season
going by withoutspendingcountlesshours paticipatingin skateboarding, skiingce hockey, lacrosse,
American footballpr rugby.| loved spending hours upon hours on my own firing pucks at my hockey net or
practicing place kicks on my front lawn where | pretended two trees were goal postsIiMyage

revolved aroundeingan athlete, untilOctober 2012 whet suffered two traumatic brain injurigs the

same weelplaying rugby for my university.

The first injury was a late and high tackle that took me clean off my feet, whipped my headciback,

caused me to crash hard to the ground headfirst. | was winded by the collision and a little disoriented, but
YSOSNI £t 240 O2yaldOAizdzaySaae L KFER (G11Sy KIFENR KAGa |
always able to tough it out and keepaging. This time was mdifferent, so | got up and finished off the

game. Later that evening | had some headaches but concerns about if | had just injured my brain never
crossed my mind. During the next felays,| had some more headaches along with feglimore tired than

usual and difficulty concentrating, but this was during midtemxamsso | dismissed these issues due to

long days of studying. The following Saturday | played in another game, where | was forced to make a tackle
on a much larger playemnd during the tackle their elbow collided violently with my forehead. This time |
1YyS¢6 az2YSOKAYy3a glayQi NARIKG AYYSRAFGStfe@od L ol a as
had difficulty maintaining my balancBut it was the last game dhe season, | was the team captain, and

we were out of substitutionsso for the second week in a row | finished the game with no concern about

GKS adFrdiS 2F Y& ONIAyd ¢KS NBad 2F dGKIFIG RIFg L TSt
which was no big deal. Fast forward a month later when rugbyovas and midterms were finished but
A2YSUOKAY3I adGAtt & ay Qi -INbubshoigdr tharzh8ridd buywake Kplexhaustéd? dzf R
L O2dzZ Ry Qi 02y 0Sy (i NwidsSevérely didihishaédal was yirRsuadlgirritsofe Yig/ N2
coordination was off, and | struggled to tolerate exposure to-tiaglay levels of noise and light. | finally

accepted that | needed to seek medical help when | tried, and failed, to complete aibeess test due to

a crippling headache that seemed to worsen during exercise. | saw a physician at the university medical
clinic, and after going through nsymptomsand&K A 8 i 2 NB X 41 & Ay FAOMMSOR GKIF G L
d8YRNRYSé RdzS (e2a féwkvBekKplial. Binck exédisR seénted to worsesymptoms|

was told to avoid all exercise, physical activity, and sport until | was completely symptom free at rest which
could take anywhere from a couple weeks to many months. The physicianecfae to a

neuropsychologist buadmitted that it would likely take 82 months to get an appointment, and then

ended the appointment by wishing me good luck and that there was no need for a fgtloMhile | was

initially skeptical, | trusted the medicatlvice | received because my aspiratiabghe timewere to gain

admission to medical school to train as a surgeon. Little did | know that this adwidd send me in a
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downward spirathat would lead topersistent symptomsjepressionand questioning whethemy mind

was creating my own suffering.

After goproximately 12 months of debilitating symptoms and complete avoidance of sport and physical

activity, | finally had my appointment with the neuropsycholodistfore this appointmenthad a renewed

sense of hope that | would receive the specialist advice | needed to turn things adfterds hours of

intense assessment the clinician concluded thadrall,| performed well above average on nearly all

metrics except processing speemd that withoutapreh y 2 dzNBE o6l aSt Ay S Al 62dz Ry Q
my findings further. When | asked about treatment recommendations none were provided. Finally, | asked

if | just had to treat my situation as my new reality and give up the puo$uity career aspirations.was

told that things might never be the same as before, tg only thing that would stop me from

FOO2YLX AaKAy3 Ye 3A2+fta ¢l a Yé gAtftAyaySaa G2 FRIL
receive a detailed treatmgd LI Iy | N¥SR 6AGK GKA& FROAOS L RSOAI

looking for answers myself.

I quickly realised that my frustration with the clinicians | had seen to that point was misplaced. The reason
0KSe RARYQlU 1 ywasbeaduse tiiere ivas litile $of mvideNc8n the literature for them to

draw from. Most guidelines and recommendations at that time said tha®@% ofpatientsspontaneously

get better within two weeks, and that cognitiand physical rest until symptas abated was thadvised

course of action for patients with prolonged issuk@as beginning to lose all hope until | found the work

2F 5NJ W2Ky [ SRR& FTNRY (KS ! yA @seNdicisdsmedigifemethdeof | £ 2 @
improve symptonologythroughprogressive loadingelow the symptom exacerbation thresholthis

research described an approach to rehabilitating persistent symptom mdildrtraumatic brain injury

(mTB) similar to the strategies | had learned for musculoskeletal ieguaind confirmeany initial

skepticism of the rest, rest, rest approad¢ispent a great deal of time reading abdbe links between

exercise neuroplasticity, andbrain healthin the fields of stroke and dementiabégan toappl these
principlestomyselfo F SSt & y 2 NaHl o éeledrnhowity/lern, | had to rebuild my body and
fitness, and hadto overhaul my mental healtiMly progress was anything but linear, nyatimes | pushed

too hard and felt like | was taking one step forward and two baldarly two years of trial and error after

my injuries | feltlose tomy old self.

I have always wanted to help people and make a differencknay personal experiences with brain injury

put me in a unique position to contribute to the field. This realisation led to the decision to pursue a career
in research and academia rather tharedicine andnotivated me 6 endeavour towardsddresag some

of the gaps in the literaturen a mannetthat provides clinicians with the information they nedd improve

the outcomes of their patients. My experience led to the completion bfester'sdegree evaluating the

utility of subsymptom threshold aerobic @hbalance exercise for people with persistent symptoms after
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mTBI. Knowledge gained throughout my Ma&ded toworking closely with local physicians aedeiving

referrals to apply my researdb help people struggling after mTBI. My personal expegealtowed me to

build rapport with patients easily because | intimately understood what they were dealingAilithese

experiences culminated in receiving a full scholarship to move across theamohulirsue this PhD here in

New Zealand. Over eightyeNB | FGSNJ Y& Ay2dz2NASa L adAiatt g2dZ RyQi
frequent severe headaches, fog, and issues with memory that never troubled me before October 2012. But

| have learned how to managdkese issueandgiven the opportunitytog o6+ O1 Ay GAYSZ L ¢
I KAy 3 0SSOI dhiashg iy déegndriiie gefsan | anbtodayThe amount of work that needs

to be done in this field might be daunting to some, but it fills me with excitement to dedicate my career to

advancinghe clinical management of brain injuyany wayl can
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Abstract

Of the estimated 27 million traumatic brain injuries (TBIs) annually, 95% are considered mild TBIs (mTBIs),
that are not life threatening but lead to disturbances in normal bfaimction. While these injuries are
RSAONAOSR a aYAfRéE I O2yaAR Sddied dySptomNRdeiRiNvese y 2 F
months, and in some cases years pogtiry. The number of patients suffering from persistent mTBI

related complicatins, and the cost for healthcare systems, indicates a need to advance the clinical
management of these injuries. Approximately one fifth of TBIs result from a sport/physical activity related

mechanism of injury, with 98% of these sportginated brain injries (SOBI) considered to be mTBI.

SOBI is a problem for clinicians who manage athletes with these injuries. The advances in our
understanding of the neurophysiological consequences of TBI provide targets for novel assessments and
interventions to impove clinical outcomes. Considerable gaps exist in current clinical management
pathways that contribute to poor recovery outcomes and prolonged burden. These gaps range from
needing to understand which clinical factors contribute to variability in recozetgomes, identifying

objective measurements that can feasibly assist clinicians who work with mTBI patients, and innovative

methods to proactively reduce the damaging neurophysiological consequences of brain injury.

Many mTBI researchers focus their effim a specific subdiscipline to gain intimate knowledge of a specific
aspect of mTBI. However, holistic research efforts are needed to link the findings of these endeavours to
translate this knowledge to the benefit of mTBI patients. This PhD aimedhtoatg how a diverse

collection of evolving neurophysiological approaches to assessing and managing mTBI might translate from
0SYyOK (G2 0SRaAARS FT2NJ{h.LO® ¢CKS (G462 YIAY NBFSI NDOK
F2ff206Ay 3 {ahis thekansldtiond® potemid of neurophysiological approaches to advance

Ot AYAOLI £ YI yI. B puipygsa of sriictufing the thesis into two sections was to develop a
diverse technical skillset and multidisciplinary understanding of whratjsired to improve translation of
promising findings from highly controlled studies into rearld clinical environmentsThe methodological
approach to this thesis was to conduct embeddgdntitativeresearch within a functioning clinicBOBI
service.The design, analysis, and interpretation of studies that were not clinically embedded prioritised
ecological validity of findings. Overall, thigsispresents a case study, systematic review, ciesgional

study,experimental study, and multiple cohastudies (both retrospective and prospective).

There were consequences caused by suboptimal clinical assessment protocols as reported in our case study
of an individual with a historgf SOBexperiencing prolonged symptoms. Using retrospective anabysis

SOBI clinic data, predictors of SOBI recovery trajectories were identified. Insufficiencies in clinical pathways
were the greatest modifiable factor that influenced recovery outcomes-8@3BI. Identification of

subgroups of SOBI patients based on tipegdominant symptontlusterwas a key factor related to



recovery. Patients with vestibulocular symptomology were particularly vulnerable to negative outcomes.
Therefore, education and training of clinicians so they can recognise and treat these sympfies

more effectively is needed. Figures claiming the majority of SOBI patients will be recovereddys14
postinjury are out of date and require updating given our study showed that closer to 50% of patients

experienced symptoms beyond this timeina.

Our systematic review of experimental literature evaluating the effect of nutritional interventions to

improve neurophysiological outcomes of TBI identified that-awtdant, branched chain amino acid, and

. -3 polyunsaturated fatty acid supplementati appear to be the most promising candidategproactively
lessen brain damage and burden caused by TBI. Since the biofidelity of the animal studies was low and no
studies have evaluated nutritional interventions on neurophysiological outcomes in hum&sibility

study would be necessary before dedicating time and resources to a clinical trial.

The translational potential and clinical utility of neurophysiological based assessments to provide objective

data to assist clinical decision making andfee the evaluation of a nutritional intervention to improve

SOBI recovery outcomes were evaluated. Clinical utility of somatosensory assessments to assist clinicians
working with SOBI patients when making diagnostic decisions, predicting recovery trigigcamd

determining if neurophysiological recovery coincided with clinical recovas/assessedachine learning

was used to develop an algorithm using wearable sensor data acquired during an incremental stress test to
classify mTBI symptom subclusteBsainderived neurotrophic factor (BDNF), a biomarker of

neuroplasticity, was measured nénvasively within saliva under clinically realistimditionsto begin to

understand the relationships between BDNF and symptom burden.

Several methodologicadsues that are likely to prevent the translational of neurophysiological approaches

to the benefit of current clinical practice in the future were identified. Neither saliBDNF or

somatosensory assessments appear to offer utility to improve clinisakament of SOBI, nor to evaluate

the potential benefit ofa nutritional intervention The potential value of using wearable sensors and

machine learning algorithms to collect and analyse objective data during an already established clinical test
was the nost promising finding but requires a great amount of development. Overall, the evidence did not
suggest that nutritional interventions or neurophysiological assessments will be coming to the aid of

clinicians and their SOBI patients soon.

Future studies ned to prioritise study designs that emphasise biofidelity and ecological validity so that
findings are more likely to translate clinical practiceln the interim, responsibility falls on healthcare
organisations, educational institutes, and sporting testto improve the education, standards, and

pathways moving forward to reduce the burden caused by persistent complications following SOBI.



Variablevernacular

Before presenting relevant background information justifying the research questions evaluated in the

chapters of this thesis a discussion about inconsistencies in terminology within the field of TBI is necessary.

A casual search of the literature reveaisabrdance in the use of the terms concussion and mTBI; with

some papers using the terms interchangeably, while others describe the two injuries as separate entities.

The Latin roots for concussion arencutere(to shake violently) andoncussugto strike together).

Excluding penetrating brain injuries like those calisg gunshot and stab wounds, violent shaking of the

brain and thestriking of the brain against the skull are consistent with the mechanisms of injury for all

severities of TBI, not just [diTBI[1]. In my experiencas an athlete and working with athletés associate

G§KS G4SN O2yOdzaaizy 6A0GK aKSIFIR (y2014a¢ 2NJ aoSff N
with concussion is clinically unhelpful as it does not accurately commerticdihe affected individual that

they have suffered an injury to their brain which should be taken seriously.

IN2015alJdzo0 f A AKSR NB@GASg G(AGE SR a/2yOdzaairzy Aa O2y 7Tdza
concussion and postoncussion syndrome amunhelpful terms that should be retired, icig that they lack

any diagnostic precision and encourage lazy diagnostic approf2ihés2018 the Centers for Disease

Control and Prevention recommended single use of mTBI over concussion and minor head injury because
GiKSe KI @S RATTSaiies resdazhéng, 2nd hdalth 2ayedprof€saionals, allowing for

YA &AY (S NIING B2). Tihe iyheondussion (and related terminology includingqoostussion

syndrome and subconcussions) are still widely used despite these recommendations. Working clinically

with patients who have suffered mTBI is challenging and the need to navigadifferent terminology

used adds to the complexity.€.,what does a clinician mean by a given term). There is a clear need for

global adoption of a singular set of clear definitions.

Over the course of completing this PhD my personal stance snsue has evolved from viewing mTBI

and concussion as interchangeable terms to firmly agreeing with the call to retire concussined

terminology in research and clinigadactice. Mild, moderate, and severe TBI are useful labels to describe

the degee of structural damage and risk of permanent disability/death;ibséems reasonable to

speculate thathe large number of mTBI patients who experience prolonged complications would be

dzyt A1Sfte& (2 RSAONROGS (idesBribitg adnyirg toAN&brain asmid¥maf dadse a 2 NB
athletes(who are known to underreport and minimise their injur{ds8]) to misinterpret the seriousness

of these injuries while also potentially causimgmbers of the pubti and policy makers tfalsely perceive

them as inconsequentialn a sporting context, spodriginated brain injury$OBInay beamore useful

term by directly calling the injury what it is: an injury to the brain originating from participation in

sport/physical activity. This clearly communicates that an injury to the brain has occurred to athletes who

3



may tend to underestimate the significance of their injury while also considering the burden experienced
by significant number of athletes who suffer fsoged complications. A reason for adopting SOBI instead

of mTBI is also the ability to be able to say the word easily by the public (e.g., strains, sprains, and SOBI).
SOBI is put forward in this thesis as a potential term to use in the future althotighiaugh and

collaborative process to operationalize and establish the validity and reliability of the term would be

necessary before widespread adoption.

This evolution in mindset about the importance of terminology is reflected throughout the chagftéris

thesis, as spottelated concussion (SRC) was used in the publication presented in Chapter 2, while sport
related mTBI (SRTBI) was used for the publications in Chapters 3 and 5. Finally, in Chapters 6 and 8 sport
originated brain injury (SOBI) waised in place of SRTBI.Chapters 4 and 7 focussed on all severities of

TBI and a pilot study on healthy individuals, respectively, so-spextific terminology was unnecessatry.

SOBI is used throughout thetroductionin Chapter 1and the Discussion presented in Chapter 9, to

describe TBIs (predominantly m$Bhat occur as result of participation in sport/physical activity. m3 Bl

usedin the thesis when discussing eviderméside of a sporspecific context



Definitions

Mild traumatic brain injury (mTBI)

Use of mTBI throughout this thesis adheres to the operational definition provided by the World Health

Organisation Collaborating Centre for Neurotrauma Task Force on mTBI as follows:

mTBI is an acute brain injury resutfifrom mechanical energy to the head from external
physical forces. Operational criteria for clinical identification include: (i) 1 or more of the
following: confusion or disorientation, loss of consciousness for 30 minutes or less, post
traumatic amnesiafor less than 24 hours, and/or other transient neurological
abnormalities such as focal signs, seizure, and intracranial lesion not requiring surgery; (ii)
Glasgow Coma Scale score of¢l8 after 30 minutes posnjury or later upon
presentation for healtbare. These manifestations of mTBI must not be due to drugs,
alcohol, medications, caused by other injuries or treatment for other injurgeg.,(
systemic injuries, facial injuries or intubation), caused by other problemg.,(
psychological trauma, langge barrier or coexisting medical conditions) or caused by
penetrating craniocerebral injuryq] p. 115).

For the sake of this thesis this definition is extended to include mTBdiasrate period of rapid stretching
and shearing of neuronal and vascular tissues that triggers a complex pathophysiological process which

disrupts normal brain function.

Sportoriginated brain injury (SOBI)

SOBI refers to all severities of TBI that occur due to participation in sport/physical activity, with the caveat
that 98% of SOBIs meet mTBI critgti@]. We proposal SOBI as an intuitive term that clearly conveys to
athletes that they have sustained a brain injury that should be taken seriously, and as an alternative the
F'YOATdzAG& 2F O2yOdzaaizy FyR AaadzsSa 2F fMpoSttAy3

Neurophysiological approaches

Neurophysiological approaches is used throughout this thesis as areliantarm to describe methods of
assessing and treating traumatic brain injury that are based on our expanding knowledge of the
relationship between pathophysiology and clinical presentation. For example, measurement of heart rate
variability during physad exertion is a neurophysiological approach to identifying how abnormalities in
autonomic control contribute to exercise intolerance in athletes who have sustained a SOBI compared to
uninjured athleteqd12]. Observations such as these have led to the identification okgaiptom threshold
aerobic exercise as a neynoysiological approach to reduce signs and symptoms through restoration of
autonomic contro[13, 14] There appear to be many more opportunities to use a neurophysiological
approach of assessing and treating mTBI/SOBI that may improve clinicadgractmall subset of which

are explored in the chapters of this thesis.



Ecological validity

Ecological validity is a key concept that is stressed throughout this thesis, however there is no agreed upon
definition of ecological validityror the purposef this thesis ecological validity is meant to represent a
component of external validity which reflects how the design of a stagiicates the environmental

conditions where the findings of the study would be expected to have a benefit. Authors hasieysig

criticized the use of ecological validity in this manner because the criteria for determining ecological validity
are often poorly defined and lack specifidityp]. The subsequent chapters of this thesis present studies

that were designed and conductedarbusy outpatient clinical seétg, thus the following

operationalization of ecological validity is intended for the generalisability of study findings to similar
environments. Studies evaluating assessment methods would be considered ecologicafty valid

outpatient settingdf:

1) the assessment could be conducted/obtained0 minutes to preserve clinical flow;

2) the assessment was nanvasive(i.e., not a blood or cerebral spinal fluid draw)

3) the assessment demonstrated high sensitivity and specificity without requiring a baseline
measurement

4) the assessment demonstrated high sensitivity and specificity when conducted/obtaihédi&ys
postmTBI/SOB4s this is commonly the time that would elapse between injury and initial clinical
presentation;

5) conducting/obtaining the assessmentchot require highly specialised training (i.e. clinical EEG).

Biofidelity
Since animal studies are widely reference throughout this thesis it is also pertinent to digfiigelity as

thed 02y O2 NRIFyOS 08G65Sy ALISOATAO TSI GdNB& 2F I 3IAD
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models with clinical findings in humarise(,validh (i §16]$g 8.



Chapter 1: Introduction and rationalisation

Traumatic brain injury

Exposure to sudden physical trauma can result in traumatic brain injuries (TBIs) that may have life altering
consequences. Damaging forces can be exerted upon the brain directly by the head colliding with another
object/surface or when contacted by a projée; alternatively, indirect forces can also damage brain tissue
following blast exposure or when acting upon other areas of the body leading to a whipping action of the
neck/head[17-20]. When exposed to these types of forces neuronal arstwiar tissues within the brain
undergo a discrete period of rapid stretching and shearing. This brief tissue deformation triggers the
secondary injury phase of TBI characterised by disrupted neurological homegaidsithe degree of

force transmitted through the brain during the primary phase of TBI coupled with tignituale and

duration of neurophysiological disruption in the secondary phase produces a spectrum of injury severity
postTBI. The Glasgow Coma S¢&ES) is one of the main methods of determining the severity of a brain
injury in acute trauma patients imediately following injunf22]. The GCS is scored based on three aspects
of responsiveness: eyapening, motor, and verbal respons®]® ¢ KA a | aasSaavySyd 27 |
consciousness is scored out of 15, with 3 being the lowest and worst possible score andylthdéiest

score[22].

Mechanisms of injury such as higheed motor vehicle collisions or falls from great heights can cause
severe TBIs that are often associated with G& Skull fracture, intracranial abnormalities, prolonged post
traumatic amnesia and altedemental state, significantly reduced level of consciousness, diffuse axonal
injury, and permanent disability or deafR0, 22] Similarly, patients who suffer a moderate TBI may also
present structural/intracranial damage, but generally demonstrate less amnesia and altered mental
state/consciousness and lower mortality thaevere injuries with a GCS between 9 and2l 22] While
moderate and severe TB&n beassociatedvith catastrophic consequences, they are estimated to
representi§% of all TBIR3]. The majority of TBI patients sustainlaniTBl (mTBlvhich isgenerallynot
associated witlskull fracture or positive neuroimaging with no/shéisted loss of consciousness and
amnesia and islassified based on aG&between 1315 with symptom complaint$20, 22, 24]In the case

of mTBI, brain tissues still endure mechanical deformation and tratmitanTB¥elated complications are
generally thought to be associated with disturbances in normal brain function in the absence of noteworthy

structural damage.

Injury epidemiology

Epidemiological studies indicate that falls, motor vehicle collisisegaudt, blast exposure, and

participation in risky play/sport are the most common causes opidlucing an estimated 27 million TBIs



globally per yeaf23, 25] However, this estimate is likely an underrepresentation of the true incidence rate
of TBIl as mTBIs account for ~95% of all brain injuries. Manydinglisiwho sustain mTBI do not present
clinically, thus their injury goes unrecordgth, 27]and many injuries sustained in polytrauma can be
missed due to the focus on more severe injuries such as broken bones. The prevalence of persistent
symptoms following mTBI is unclear with estimates ranging fror84B@[28]. Inconsistencies in estimates

of persistent mTBI symptoms within the literature appear to be dependerthe diagnostic criteria used

combined with the norspecific hature of mTBI symptomolof8-32].

The burden of mTBI in New Zealand

In a New Zealand populatidmased longitudinal cohort study, nearly half of mTBIs were assatigith
significant impairment at ongear postinjury as determined by four or more mild to severe symptoms on
the Rivermead Pogstoncussion Symptoms QuestionndB8]. Longterm negative effects of mTBI were
detected in a subset of this cohort at four years pigtiry when compared to ageex matched combls

[34]. Amongst this cohort, 88.6% of patients had sought medical attention within 24 hours of their injury
and still went on to experience ongoing impairments in cognitive function and community participation

(i.e., productivity social relations, and engaging in activities in the commufBg)

The average cost of a moderate/severe TBI claim in New Zealand far exceeds that of a mTE3& 648 (
USD versus $4,636 U3Bg]. The volume of mTBI claims combined with the prevalence of prolonged
complications associated with mT@Baces an inordinate financial burden on the healthcare system (three
times the total cost of moderate/severe TBI) and contributes to reduced quality of life for those personally
affected[34-37]. While the mortality of mTBI may be low, these figures indieateed to improve current

rehabilitation protocols and clinical management pathways for mTBI patients.

This PhD thesis focussed onB¥ébecause of: the high incidence rates in children and young addl{s

the general desire to return to the activity that caused the SOBI as quickly as p{8jsialed growing
concerns about the lonterm neurological consequences of exposure to repeated JIBetween

March 2010 and the end of February 2011, Z0Blsvere sustained in the Hamilton and Waikato regions

of New Zealandaccouning for 21% of all TBIs recorded within this perjd@]. Of the 291SOB3, 98% were
considered mTBland over half (51%) were sustained by youth under the age of 18 years old. For children
(<16 years)SOBIsvere most often caused by participating in cycling, rugby, football, or swimming;
whereas in adultsSOBlvas most often reported due to rugby, egstéan activities, or trail riding on
motorbikes[10]. Of all recordedSOBSin the study46%were associated with risk of further complications
[10].



Persistent complications

Attention has been dedicated to the identification of variables that can predict which patients are most
likely to experience unfavourable recovery outcomes following mTBI/SOBI. Preinjury history of mental
health problems and migraine have been associated with sloaavery trajectorie$39]. Males tend to

be at a higher risk of suffering a SQEI], while females are more likely to report greater symptom burden
and experience worse recovery outcomes p8&€B[39]. Greater acute and subacute symptom burden
appears to be a strong predictor of delayed reco\@8). Delayed presentation of >7days for an
examination by a physician is indicative of longer recovery timekildren[40], as is poor performance
during a tandem stance static balance t§48, 41] There is evidence to suggest that repeated mTBI, and
the proximity of injuries to one another in time, may negatively influence recovery outcp#fied3] High
risk activities such as military servicedéor collisionsports like rugby may expose an individual to a
heightened risk of multiplenTBIs in turn increasing risk of prolonged recovedbservational cohort

studies have also identified that once athletes return to play following SOBI they aeelik®ly to sustain a
time-loss musculoskeletal lower extremity injysa, 45] While several variables appear to be predictors of
longer recovery trajectories, they do not provide explanations as to winedadividuals experience rapid

and spontaneous clinical recovery following mTBI, while others suffer persistent symptoms.

Persistent symptoms are particularly worrisome in children and adolescergenaes research suggests
that children and adolescentxperience longer recovery trajectories than ady#t6-48]. This seemingly
increased vulnerability in youth is hypotha=i to be a result of the ongoing development andfimal
stages of maturation during childhood and adolescecm@mpounded with the neurophysiological
consequences of mTRI9, 50] although results of studies inv@gating these hypotheses are inconsistent
[39]. Differences in recovery outcomesthin these observational studies may also be explained by
differences in access to care between the children/adolescents compared to the adults in the samples.
Whether due to an interaction with maturational changes and/or access to care, persistentosgamand
impairedneurophysiological processes in children and adolescamikl have negative consequences on
normal cognitive developmen60]. Overall, the occurrence of ongoing m¥Blated symptom burden may
lead to difficulty with psychosagl adjustment, deterioration of quality of life, and/or decreased financial
independence due to diminished performance or absence from work or s¢hibjoFor these reasons

more conservative recommendations are endorsed for children and youth than for §6i2jts

In recent years, the lonterm consequences of unidentified and mismanaged SOBIs have become a topic of
interest within academic literature and mainstream media. This increased attention hasdeddmhigh
profile lawsuts wherein players are claiming that teams/leagues in sports such as American fishall
ice hockey[54], and rughy55] did not adequately communicate or mitigate the risks of playing these

sports on longerm neurological health. Some researchelam that exposure to repeated head/brain



impacts in collision sports directly leads to a progressive neurodegenerative disease called chronic
traumatic encephalopathy that manifests in the formiwitability, impulsivity, aggression, depression,
short-term memory loss anduicidal behaviouthat usually begin L0 years after experiencing repetitive
SOBJ38]. When considering the literature, these claims of cause and effect extend beyond the available
evidence[56-58]. Nevertheless, athletes with a history of repeated impacts to the head/brain are suffering
significantly reduced quality of life after retireme]t3-55]. Rates of SOBI reporting and diagnosis have
significantly increased in recent decadg9, 60]likely due to increased media attention and efforts to
increase awareness. Since previous generationghidétes would have been competing at a time when
SOBI was not considered a noteworthy injury by players, sporting bodies, and medical professionals they
likely would have continued to play after sustaining a SOBI with little or no management and retiaiilita
Accumulation of multiple SOBIs with little time off to from training and competition to recover may have

contributed to the chronic burden these athletes are suffering after retirement.

A clear explanation for why people experience persistent caragtins weeks, months, years, or decades
following exposure to SOBI(s) remains elusive. One explanation is that past and current clinical
management strategies fail to identify and address functional and neurobehavioural deficits that manifest
because oB0BI induced disruptions in neurophysiological homeos{é4is Another potential explanation

is that current technologies are not sensitive enough to detect damage following impacts that do not cause
an athlete to become symptomatic, and an accumulatid these unacknowledged impacts leads to

negative recovery outcomes. Improved understanding of how to effectively assess and manipulate the
neurophysiological effects of SOBI under clinically realistic conditions may advance the clinical management
patients receive. Through improved knowledge clinicians may be able assess, treat, and refer patients more
effectively in the acute phase peSIOBI, subsequently reducing the likelihood of suffering another SOBI or

musculoskeletal injury and the number of patis experiencing ongoing debilitating complications.

Pathophysiology to symptomology

By understanding injury mechanisms, clinicians are better equipped to manage the underlying issues
responsible for the dysfunction and burden experienced by the injurdidiosiual. For example, iliotibial

band syndrome and patellofemoral pain syndrome are common musculoskeletal injuries in athletes
characterised by localised knee pain. While the knee is the site of the pain, biomechanical studies have
identified that subopimal strength and/or motor control of hip/trunk musculature are associated with
unfavourable movement strategies which contribute to the development of these inj[@&sThis
information helps cliitians direct their efforts towards improving strength and motor control further up
the chain rather than solely focussing on the knee pain if62lf This example highlights the value of

understandng the pathophysiological mechanisms responsible for mTBI symptoms, and that interventions
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targeting these mechanisms may improve recovery outcomes. Although, in the case of mTBI, this will be

more challenging than the musculoskeletal example providegitdihe complexities of the brain.

Our knowledge regarding mTBI pathophysiology has rapidly expanded in recent decades thanksstim effort
the field of basic science. These investigations have identified thatgbendary injury phase of mTBI is
characteised by: ionic and neurometabolic dysregulation; neurovascular and autonomic uncoupling;
axonal and cytoskeletal damage; impaired synaptic plasticity; neuroinflammation; disrupted blood brain
barrier permeability and damaged cell membranes; impaired syogfasticity; and neuronal apoptosis

(see[21] for a recent reviewdetailing TBI pathophysiology).

Kenzie et al. have integrated a wide range of evidence into a clagatliagram to visualise factors
influencing pathophysiology and recovery following mFBjugel.1) [61]. This work provides a framework

to understand how ellulardisruptionsmayimpair neurological networks and subsequently manifest in
symptom complaints and deficits at the experientiald social level61]. It is not yet well understood how
much time is required for the cellular consequences of mTBI to resolve in humans as much of this
1y26tSR3IAS 4l a IFAYSR FNBY FYyAYFEf Y2RSftfad mAaNHzZI A
typically requires 710 days to normalise in rodents, but likely requires more time in hurfl63] It is
possible that individuals with longer recovery trajectories suffer longer durations of cellular disruption.
Alternatively, cellular disruption may resolve within a similar timeframe across patients, but patients who
are slower to recover sustain greater nmitgides of cellular disruption which leads to more severe
dysfunction in neurological networks. Identification of methods to understand how neurophysiological
dysfunctions associate with clinical outcomes could improve the clinical assessment and martagfemen

mTBI.

Clinicians face challenges when trying to effectively assess and manage the return of mTBI patients to
SOSNERIFIE | OGAQGAGASEAD | yEAlS a2FG GAaadzS 2Nlyozye A
because there is no obvious bruising, swelling, or deformity upon physical examination and standard
neuroimaging techniques typically do not detect structural abnormalfti8s 19] Recent works with

human participants using fluid biomarkers and advanced imaging have begun to corroborate aspeets of
pathophysiological response after TBI first observed in animal models. Differences in markers of
neuroinflammation[64], neuroplasticity{65], and axonal damadé6] have been observed in serum

samples collected from athletes following SOBI compared to baseline/controls. MicraRigAso0ding

RNAs that play a key role in geng@mession and regulatioaf proteins[67] ¢ appear to have promise as a
diagnostic biomarkers of mTBI and can be measuredimeasively in salivg8, 69] Additionally,

functional magnetic resonance imaging or diffusion tensor imaging have been demonstrated to be sensitive

to impairmentsin brain function and neurological signalling following mIB) 7G72].
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Figurel.1 Causaloops of mTBI developed by Kenzie et al. 2[&1§ (permission obtained from coesponding author)
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Further development of these functional neuroimaging technigaredfluid biomarkersmay become gold
standard measures in mTBI research and further our knowledge of how differences in cellular and network
impairments relate to clinical presentation and outcomes. However, these works are still in relatively early
stages of research and delepment. Even if/iwhen these measures are shown to be valid and reliable,
issues with accessibility and cost are likely to limit widespread integration within clinical practice. For these
reasons, despite several promising candidates, no objective todi®ovarkers have been validated for use

in clinical practice for mTB43]. This means that diagnosis mire made via clinical examination where

seltreported symptoms are one of the key indicators used to guide clinical dec[S@n43]

Current clinical recommendations

Clinical assessment

Regarding SORirrent clinical guidelines state that physicians should implement a ffadéted approach
including a comprehensive histy and physical examinatidad3], standardised evaluation of symptoms,
attention, concentration and memgrusing the most recent version of the Sports Concussion Assessment
Tool (SCAD) [43, 73] neurocognitive testing43], andexercise stress testir@4] to assist identification of
predominant symptom cluster®r patients who remain symptomatic 21 days pogury [75]. The SCAD
contains an immediate/osfield component and a clinical/offeld component but only the clinical

elements are describefbr relevanceThe SCA® includes a brief screening of: subjective symptom reports
using a Likert scale (Ono symptom, & severe symptom) across 22 common symptoms; cognitive
assessment of immediate memory, concentration, and delayed memory; staiarabcontrol; and
neurological screeningilthough the SCAJ is widely recommended for both sideline and clinical use,

there are notable limitations when utilised in clinical environments.

First, preseason baseline testirttas beerrecommended to prode an individualised reference for
evaluations occurring after an athlete has sustained a $@@HO0]. Financial and logistical barriers make
acquisition of baseline testing challenging in community settj@dgk If the athlete is distracted during

testing, misunderstands the testing protocol, or deliberately performs poorly during testing the validity of
baseline data may be compromisgl]. Additionally, commonly implemented assessments of SOBI such as
the SCA®B demonstrate sulpptimal testretest reiability [76]. While acquisition of baseline data is
recommended, these concerns about the reliability and validity of baseline assessments coupled with the
practical limitations of acquiring this data for large numbers of athletes highlights a need to identify
assesments tools that offer clinical utilifysensitivity, and specificityithout the need for baseline data.
Second, eliance on selfeported symptoms can be problematic because of the-spacific nature of mTBI
symptoms and delayed symptom onset in sonagignts[29, 30, 32, 43, 836]. In the case c5OBlsome
athletes underreport when they have sustaine@@Bhnd/or minimise related symptomolody-8]. The

most common reasons athletes might not repar6OBé&re: they may not think the injury is serious enough
13



to need attention; they are motivated to avoid being withheld from training and competition; or they lack
the awareness and knowledge ientify that they sustained aBOB[4, 8]. Finally, the battery of cognitive
assessments and balance testing within the SEAdmonstrate ceiling effects and little clinical utility and
validity beyond 23 days postnjury [73, 87, 88] While the SCA is widely used, clinical practice would
benefit fromthe identification of objective and robust methods of assessment tbffer a higher degree of

reliability, sensitivity, and specificity.

Predominant symptom clusters (PSCs) can be identified by criteria develojadiistit al[75] to identify
whether alLJl G A Sy ( Q asynyagalS & Aidag@adinjury have goredominantly physiological,
vestibuloocular, or cervicogenicorigit KSa S t {/ & NS RSGSNNYAYSR dzaAy3
results of their clinical examination, and performance on an incremental treadmill stress test following a
Balke protoco[75]. Use of this incremental stress testing approach has been shown to be a safe, reliable,
and useful method to differentiate the pathophysiological basis for unresolved symg#am8991].

Briefly, physiolgical PSC refers to symptoms due to impairments resulting from alterations in global
cerebral metabolisnand autonomic uncouplingSymptoms are often exacerbated by cognitive and
physical loadingj75]. Physiological PSC patientpicallyexperience symptm exacerbation during

treadmill testing[75]. Vestibuleocular PSC refers to symptoms due to dysfunction of the vestitidar
system and symptoms are exacerbated by tasks that stress these systems such as reading or peBancing
Vestibuleocular PS@atients will often not experience symptom exacerbation achieving targeted heart
rates of 85% HRmax predicted duringeadmill testingbut will present with abnormal saccades, disrupted
balance, etc[75]. Cervicogenic PSC refers to symptoms due to dgsfin within the cervical spine
somatosensory system. Symptomsay beexacerbated by rapid head movements and prolonged periods
of cognitive or physical activity in poor postural positi¢rs]. Cervicogenic PSC patients will not typically
experience symigom exacerbation during a treadmill test as outlined abbw will often experience

symptom exacerbation during palpation and/or active/passive movements of the cervical[8p]n€his
pathophysiological approach to classifying persistent symptomsgee\a framework to direct patients

towards evidencébased treatment options that target the underlying cause for their burf).

Management and rehabilitation

Less than a decade ago consensus recommendations fondheagement oficute andpersistent mTBI
symptoms consisted entirely of cognitive and physical rest; including (but not limited to) no school or work,
driving, scren time, chores, physical exercjge activity that resultedn perspiration[92, 93] The

rationale for this resbased approach was to provide the brain an opportunity to dieedrgy towards
resolving the ionic and metabolic consequences of AABI93] Cognitive and physical rest was prescribed

to individuals experiencing acute and persistent symptoms of mTBI alike, althoughwthsne reported

effectiveness of rest beyond the first-28 hours posmTBI[94].
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More recenty, ithas beerrecommended that clinicians advise patients to engage in cognitive and physical
rest for the first 48 hours following mTBI followed by progressive reintroduction of cognitive and physical
activities/sensory environments in a manner that doe¢ worsen symptomologj43, 9497]. Patients

typically receive basic education about their injury and recovery expectations in addition to
recommendationslf the patient does not positively respond to this approach 8/\#eeks postnjury

further evaluation and treatmentgtions considered.

Once athletes with unresolved S@Blated symptoms receive an appropriate examination an

individualised exercisbased treatment program can be prescribed based on the PSC(s) likely contributing
to their delayed symptom resolutiof@8]. Typically, this prograroconsists of sulsymptom threshold

I SNEoAO SESNODAAS 6l &S Rdurhytreadiibtestidyiti corBbjhatieniwithLIS NJF 2 N |y
cervicogenic, and/or vestibuocular exerciseierobic cervicogenic, and vestibuticularexercise

prescription has beereported to be more effective at attenuating persistent mTBI symptoms than rest
based prescriptiofl3, 14, 94, 96, 9902]. Targeted cervicogenic and vestibtdoular
exerciséphysiotherapycan address mechanical neck disorders and cervicogenic dizziness as well as
central/peripheral vestibular and proprioceptive dysfunction that occurs secondary to[S§)BD3106]. A
randomised controlled trial showed that partieintswith persistent symptoms of dizziness, neck pain
and/or headacheavho received cervical spine and vestibular physiotherapye nearly four times more

likely to be recovered at eight weeks than participants who received range of motion exercisesapost
education, and graded physical exertid®6]. Similarly, a randomised controlled trial indicated that early
initiation of subsymptom threshold aerobic exercise within the first week{363B| was associated with
earlier recaovery outcomes than participants who performed a stretching progiah The benefits of

aerobic exercise arhypothesied to provide the appropriate stimulus to creatdaavourableinternal
environment to resolve neurophysiological impairments caused by mTBI. The effectiveness of aerobic
exercise to reduce persistent mTBI symptoms is still not understood &il,dedt it is likelyto be because

of the effects ofaerobic exercise ooognitive andautonomic function affective symptoms, ancegulation

of neuroplasticity{107-115]. In parallel to exercisbased interventions, or if thesymptom burden does

not improve in response to these treatment strategies, athletes may also undergo assessment and receive

treatment from a clinical neuropsychologist and/or occupational therapist.

Current rehabilitation model for mTBI/SOBI in New Zaad

In New Zealand the Accident Compensation Corporation (ACC) is the body established to carry out the
Accident Compensation Aft16]0 KNR dz3 K | OO02 YL AaKAYy3I GKSANI GAairzy
SOSNE bSp %SIHEFYRSNE AYLNROAY3I ljdz £t AGe FF7.The TS o8
Accident CompensatioAct and corresponding Corporation cover the costs of treatment following an

accidental injury while also compensating the injured individual at 80% of their salary while they are unable
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to work. When an injury occurs the patient can present to a variegppfovedhealthcare professionals
(physicians, physiotherapists, occupational therapists, etc.) who will identify the correct code under which
to submit aclaim to ACC to cover the costs of the treatment the patient requires. While private practices
do exst, this ACC process is how the majority of healthcare practitioners who work with irgogies
compensagd for their time in New Zealandnly a physician can diagnose and code an mTBI in New

Zealand.

Currently ACC does not havelefinedacute model otare for individuals who sustain mTBI/SQBdspite

the evidence presented in the previous section regarding the importance of early intervention in the first 1
2 weekspostinjury,the ACC mTBI service pathway is cumbersome and involves very little intervention in
the first 1-2 monthspostmTBI[118]. A patient suspected to have sustained an mTBI may receive a
diagnosis from a general practice physician and ledgeication about cognitive/physical rest and

progressive reintroduction of cognitive aptiysical activities/sensory environments in a manner that does
not worsen symptomologj43, 9497]. Only once a patient has been suffering from rrEited

symptomology for several weeks pégjury are furtherphysiotherapy, neuropsychologynd/or

occupational therappptioni O2y daARSNBR® ¢KS&S aél Al YR aSS¢ ez
previous estimates that 890% of mTBI patients would spontaneously recover in less than two j@gks

97]. However, more recent estimates suggest that up to nearly half of all pakights in New Zealand may
experience symptoms beyond this milestofirecluding spororiginated and norsport injuries)10, 33}

meaning a large proportion of individuals suffer debilitating symptoms for weeks before they can be

enrolled in the ACC service. Due to scheduling constraints several weeks can elapse before patients receive
specialist evaluatin, and if further referral is required even more time can pass before treatments are
initiated. Population and qualitative research has indicateelag frustrationon the behalf of mTBI patients

with the lack of early initiatives and wait times within therrent systemn New Zealan{34, 119] This

process is the same from all mTBIs whether caused by a workplace injury did)laspault, or motor

vehicle collision.

In an effort toaddress the shortcomings in the current New Zealand mTBI model, ACC funded a pilot
program to evaluate the effectiveness of an evidebhased acute care clinical model for athletes who
suffered a ®BI in Auckland, New Zealafidhe acute care model adhered to the recommendations
described in the previous section of this introduction (additional details can be found in ApAgnritims

pilot took place at Axis Sports Medicine and was led bypkwisciansDr Stephen Kara and Dr Mark

Fulcher, both who have extensive experience working with athletes with SOBI througbxtezisive
experience in sports medicine anoles as team doctors for the Auckland Blues Super Rugby franchise and
0KS bSg %St ftl yR ,eshycivalyDatd ®liedionfot Chapgis 3; 5, 6, and 8 took place
while embedded within thédxis SOBI service to evaluate if neurophysiologigatoaches to assessing and

treating SOBI could further advance current best practice.
16



Rationale and significance of research

Early and intense delivery of neurorehabilitation has been associated with improved functional recovery
following moderate and s&re TB[120]. While current assessment and management recommendations

for mTBI/SOBI are more advanced than theoramendations available a decade ajew Zealandtill
predominantly adhersi 2 I a6l A | yOBectiv&rdthods allduihgRariDidedtification of
patients likely to experience longer recovery trajectories who will need targeted treatmemkisda

Accurate and early prediction of these patients would allow for better allocation of resources to those most
in need. Clinicians, and their patients, would also benefit from objective tools that classify subgroups based
on underlying mechanisms ofmptomology, and to understand differences in recovery trajectories. There

is no current proactive means of reducing the damaging effects of mTBI in a manner that might improve
recovery outcomes and decrease the likelihood of a patient experiencing pertsistmptoms. Where

current treatment strategies react to the clinical manifestations of the neurophysiological consequences of
mTBI, proactive interventionsouldprevent or reduce the development of symptoms by favourably

blunting the ellular damage andysfunctionin the form ofneuroinflammationaltered neuroplasticity

blood brain barrier disruption, et¢hat characterises the secondary injury phasendiBIl. Improvements in
these areasouldreduce the number of patients who experience persistemhgiom burden and expedite
return to normal daily activities and quality of life. Advancements in the field of neurophysiolagyold

the keyto achieving these objectives throughpidly expanding knowledggbout how mTBI triggered
disturbances in cellal and network functions relate to and cause experiential and social burden for
patients affected by these injuriestrerging evidence indicates that measudggunctional cortical
connectivity[121-123], autonomicand postural contro]12, 124128), and biomarkers of neurogsticity

[129] may provideobjective insighato assist clinical mTBI diagnosis, management, and monitoring of
symptom recoveryA concept diagram illustrating how these neurophysiological approaches may add value

to clinicalpractice is provided in Figure 1.2.

The somatosensory cortex of the brain receives stimuli from the periphery and external environment,
processes this stimuli, and rapidly coordinates a motor respfiti¥e]. Changes in cortical connectivity and
function have been reported in the acute stage of mTBI recoenyin individuals experiencing persistent
symptoms[131, 132] A noninvasive technigue to quantify somatosensory function is to measure the
relationship between stimuli applied to sensors in the skin, and the subsequent capacity to respond to
stimuli quickly and accurately. Measurement of this somatotopic reatatiip provides insight into the
information processing capacity of the central nervous system. Somatosensory function can be measured
by a small, portable, easy to use device called a Brain Gauge developed by Cortical[Mti@s8, 133

137]. This Brain Gauge is a sophisticated computer mouse, capable of emitting stimuli in the form of
vibrations to the fingertips of the second and third digit of the fdmminant hand. The Brain Gauge testing

protocol requires aproximately20 minutes and utilises a twalternative forced choice paradigm to track
17



an individua® ability to discriminate betweetwo stimuli. The Brain Gauge testing protocol has been
reported to be sensitive to differences between individuals witd arithout mTBIlandtracking mTBI
recovery ovetime [121-123] Somatosensory assessments delivered byBhan Gaugeppear to be a
potentially usefubbjectivemeansto evaluate the central nervous system following mE&hough the

utility of these assessments to assist clinidatision making has yet to be explored under ecologically valid

conditions
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Figurel.2 Concept diagram depicting how neurophysiological approaches to improve clinical management

of SOBI were investigated in this thesis based on the framework provided by Kenz{@H al.

The combined usage of treadmill stress testing and PSC critesigsallinicians to identify subgroups of

SOBI patients who require different intervention programs. It is hypothesised that symptoms consistent
with physiological PSC are manifestations caused by an uncoupling of the autonomic nervous system and
cardiovasclar systen{12, 61, 75, 124]Conversely, symptoms that characterise vestibdalar PSC are

thought to be due to underlying issues with sensorimotor integration and vestibular furféidor’s, 138,
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139]. Measurement of heart rate variability usietgctrocardiographyas identified differences in

autonomic regulation during exercise, but not at rest, between athletes who thcsunstained a SOBI and
healthy controld12, 124] Similarly, differences in static/dynamic balance and gait have been reported
between healthy controls and injured participants using force platesaccelerometerfl27, 128, 14Q]

These observations highlight thatdienological methods may be sensitive to impairments not detected by
clinical tests, and it is possible that individuals with vestitmdalar PSC may display a greater impairment

in balance/gait than those with physiological PSC, and vice versa for autoregulation. However, these
findings wereprimarilygenerated with laboratory grade equipment and methodologies which limit their
translation. Development of wearable sensors that have been validated against lab equipment offer
potential for transition research from the lab to the clinjt41, 142] The integration of treadmill stress
testing within clinical preticerepresents an opportunitjo investigate whetheelectrocardiogramand
accelerometer data acquired by a wearable sensor during testing can discriminate between patients with
different PSCs. If this were the case it caitghificantly assistlinicia/ & ¢ KSy Of FaaAFeAy3a |
PSC.

Neurotrophic factors are a family of proteins that have demonstrated a profound impact on neurons and
the central nervous system as a whfil29, 143] This family of proteins have been shown to be involved in
regulating neuroplasticity the ability of the bain to reorganize neurons throughout life to strengthen
existing neuronatonnections anareate new connectionfl29, 143, 144]This formation of new

connections can also be extended to include the regeneration of nerve cells after a central nervous system
injury. Neurotrophic factors may potentially serve as biomarkergerstand differences in mTBI

recovery outcomesOf theneurotrophic factors, braktlerived neurotrophic factor (BDNF) plays a key role

in regulating neuroplasticity and its known functions demonstrate potential as gpharmacological
intervention to benefit impaired neurological abilitiEsA5]. BDNF can be collected either through blood
serum or saliva samples. Decreased levels of BDNF have been rdporedodegenerative diseases such

Fa ! f7T KSAYSNRA 54 &SI ,aflin hedrBpsychimyidichndifbisSytlNas deprasaidhl & S
and schizophrenifl 29, 146] To date, there have been limited studies investigating chamgB®NF
concentrations in human subjects after acute mTBI and trer throughout mTBI recovery. Prior
investigations on animal models of TBI reported that levels ofBDNFwithin brain tissuewvere associated

with decreased cognitive performancempased to animals withighertissue levels oBDNH129]. The
association betweechanges iBBDNF concentrations arsymptom reportdollowing mTBI does not

appear tohavebeen explored in human subjectSalivaryBDNF may repeent a norinvasive option to
SELISRAGS 2dzNJ dzy RSNAGFYRAY3I 2F K26 | LI GASydQa dzyR

symptom burden.

Preliminary findings also suggesbdification of dietary intakén the form of fasting147] or a ketogenic

diet [148]and/or supplementing with antoxidants[149], creatine[150], or polyunsaturated fatty acids
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[151] demonstrate potential tgoroactivelyattenuatethe damaging effects of secondary injury following

mTBI Yet there are no reviews which consolidate this infaiorato determine which nutrition
strategy/strategies and methods of implementation would be most beneficial for mTBI/SOBI patients.
While the rationales and initial findings for these assessment methods and potential nutrition interventions
appear promisig, the translational potential and clinical utility of these candidatesuafenown and

require investigation.

Questions, approach taken, and structure of the thesis

The overall aim of the thesis wasdwaluate how a diverse collection @folving neurophysiological

approaches to assessing and managing mTBI might translate from bench to bedside for SOBI. The two main
NE&ASFNDOK ljdSaiArAzya 6SNB agKIG FFEOG2NR Ay ¥FfdzSyOS i
translational potential off SdzNR LIK&@ &8 A2f 23A 0L f | LILIINRBI OKSa (2 | ROl yC

Approach

Due to the complexity of mTBI many researchers focus their efforts in a specific subdiscipline to gain
intimate knowledge about one aspect of pathophysiolagidemiology, psychological burden, etc.

However, holistic research initiatives identifying how to link these valuable works together require
attention to translate this knowledge to the benefit of mTBI patients. This PhD concentrated on evaluating
how/if a diverse collection of evolving neurophysiological approaches to assessing and managing mTBI
might translate from bench to bedside. The purpose of structuring the thesis in this way was to develop a
diverse technical skillset and multidisciplinary undansting of what is required to improve translation of

promising findings from hidycontrolled studies into realvorld clinical environments.

Structure

This document follows a manuscript structure and is comprised of seven studies to address the @bjective
and research questions of this thedisgurel.3). The manuscript for each study represents an article that
has been accepted in, submitted to, or formatted for relat peerreviewed journals. A linking paragraph

is provided between Chapters to develop an overarching narrative throughout the thesis. This linking
paragraph is accompanied by bullet points detailing new technical skills and expertise gained through
conducting each study. While chapters were originally formatted for different journals, referencing

formatting has been standardised throughout the thesis for consistency.

The studies within this thesis are presented in two separate sections, with the stuidiws each section

building towards answering the two main research questions of this PhD. Section 1 is comprised of

/| KILWSNAR H FYR o YR 0dAtRA& (G26FNRa FyagSNAy3a GKS
F2tf26Ay3 { h. LK g the transibtisralpdBentfayoih&usofhisidlbgicaiigsed approaches
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it is necessary to establish the strengths, weaknesses, and gaps in current clinical practice to serve as a
benchmark for comparison. Chapter 2 presents a case study of an indivighegiegrcing persistent

debilitating symptoms seemingly related to a history of SOBI and highlights the consequences that can
occur when patients do not receive comprehensive and thorough assessments. Chapter 3 is a retrospective
cohort study using prospeetely collected data from a dedicated SOBI clinic implementing current best
practice recommendation@&letails in Appendix 1)These data were analysed to determine which aspects of

initial clinical assessment best predict recovery trajectory.

Section2coaiada 2F Gg2 LI NLaA SyOF LladzZ FGAy3 / KIFELWGSNE n
GNIyatlFidAz2ylrt LRGSY(GALrt 2F ySdNRPLKeaAz2t23IAO0FE | LI
Exercise has become a cornerstone in the management of athletes with [&®HRtle is known about
interventions that proactively target the secondary injury phase of TBI in a manner that would assist
recovery. Some symptoms (i.e. headache or sleep disruption) can be managed with pharmaceuticals, but
there is no pharmaceuti¢agent that can blunt thpathophysiological mechanisnisat propagate

symptonology. Lifestyle factors such as diet and nutrition play crucial roles in maintaining neurological
function and overall brain health. In this regard, modification of dietargkietand/or nutritional

supplementation posfBl demonstrate potential to attenuate damaging effects of secondary injury

following TBI by simultaneously acting upon multipieirophysiologicgbathways.In Section 2 Part A the

first systematic review to caolidate the available evidence describing how nutritional interventions can
improve neurophysiological impairments following TBI is presented in Chapter 4. Only animal studies have
evaluated these relationships with no studies conducted to date that kaatiated neurophysiological
outcomes in response to nutrition interventions in humans, likely due to invasiveness, costs, and logistics.
Therefore,Section 2 Part B (Chapters 5, 6, 7, and 8) evaluated the translational potential of
neurophysiologicalipased methods to assess impairments and track recovery-padtl under ecologically

valid conditions. Identification of ecologically valid objective assessments that can assist diagnostic decision
making, predicting recovery outcomes, subgroup classificatiod understanding differences in symptom
resolution are essential to improving more accurate and proactive clinical assessment and to evaluating the
efficacy of novel intervention@=igure 1.2)Chapter 5 evaluated the clinical utility of tactile somaiusory
assessments to assist clinicians when making SOBI diagnosis and management decisions. Chapter 6
investigated whether a machine learning algorithm could accurately classify SOBI patients with
physiological PSC versus vestibular PSC using acceler@nételectrocardiogram data collected by a
wearable sensor during treadmill stress testing. Chapter 7 consisted of a pilot study on healthy individuals
to investigate trends in intrdndividual variations in salivayDNF to understand if saliva may bpractical
biological sample for the measurement of BDNF in clinical populations. Chapter 8 built on the findings of

Chapter 7 by assessing salivBHNF concentrations at multiple timepoints over the course of clinical
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recovery and how BDNF relates to @dijve symptom reports at each timepoint in patients presenting

with SOBI to a specialised outpatient clinic.

At the outset of this PhD the plan was to link Chapte8st8gether with an eighth study that would
evaluate the feasibility of integrating a mitional intervention (as determined by Chapter 4) into current
clinical best practice for the management of SOBI. A research protocol was devédppendix 2:
Protocol for. -3 supplemenation feasibility studylogigics were in order, ethical approval had been
obtained @ppendix 3)and the study was set to launch in late April 2020 but was derbéeduse ofhe
COVIBL9 pandemic. Due to the uncertainty around when data collection could take place because of
lockdawvn protocols, combined with the body of work already condugtedecisiorwith the supervision

teamwas made to omit the feasibility study from this thesis.

Finally, Chapter 9 presents a general discussion summarising the overall findings of this thesis.
Contributions to the literature, limitations, and future directions are discussed and a personal reflection of

the PhD process is provided.
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Tablel.1 Research key points and links between chapters.

Chapter and Title

Chapter Content Question / Rationale / Findings

1
Introduction and
Rationalisation.

Main Questions of the Thesis:
1. What factors influence time to recovery following SOBI?

2.

Secondary Questions of th€hesis:

1

1

What is the translational potential of neurophysiological approaches to adv

clinical management of SOBI?

What is the underlying source of chronic symptom complaints for an individ
with a history of multipleSOB3?

Which items in the initial clinical assessmenS@Bpredicted whether an
athlete became asymptomatic in less than 14 days?

What nutrtional interventions introduced postBIl demonstrate the greatest
potential to serve as proactive interventions to blunt the neurophysiological
consequences of TBI?

Do tactile somatosensory assessments demonstrate potential clinical utility|
assistSOBHiagnosis, prognosis, and recovery decisions?

Can a deep learning approach accurately classify SOBI patients with
predominantly physiological versus predominantly vestibodolar symptoms
using wearable sensor data collected during the Buf@dacussion Treadmill
Test?

How do timing of sampling and delays in storage influence Hinlavidual
salivaryBDNF protein concentrations in healthy participants?

How do salivanBDNF concentrations relate to subjective symptom reports
over thecourse of clinical recovery in a cohort of SOBI patients presenting t
specialised outpatient clinic?
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Section 1Factors that influence time to recovery poSOBI

Chapterand Title Chapter Content Question / Rationale / Findings
2 Question:
Is itreally the result of f What is the underlying source of chronic symptom complaints for an individt
concussion? Lessons from ¢ with a history of multipleSOB$?
case study
Rationale:

1 Some individuals with a history 8OBteport symptom complaints and
functional deficits for months or years peisijury. There is aeed to understand
underlying factors that contribute to these persistent complaints.

Approach:
7 Case study.

Findings:

f Despite a history of multipl8OBL X t F NI AOA LI yiG ! Qa LI
were associated with peripheral vestibular dysfunctiow atolithic dysfunction
seemingly unrelated to hiSOBhistory.

Novel Contributions:

i Case study showcasing that increased awareness surrounding SOBI can le
lazy diagnostic approaches for individuals with a history of SOBI who are
suffering symptomshat are comorbid with other conditions.

1 Highlighting current lack of diagnostic precision for S@Bited symptoms that
are also comorbid with other conditions.

1 Example of level of thoroughness and interdisciplinary collaboration require
identify and treat the most likely source of symptoms.

Link between Having identified the consequences of inadequate assessment and the benefits
Chapters 2 and 3 thorough multidisciplinary approach, the next step was to identify what
components of initial clinical assessment at a specialised SOBI clinic predict whi
patients are moslikely to experience longer recovery trajectories.
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Chapterand Title

Chapter Content Question / Rationale / Findings

3

Predicting SRnTBI recovery
trajectory using initial clinical
assessment findings.

Question:

I Which items in the initial clinical assessmenB@Bpredicted whether an
athlete became asymptomatic in less than 14 days?

Rationale:

1 SomeSOBpatients experience symptoms for weeks or months giogiry,
while others recover in less than two weeks.

1 Symptom burden is &ey criterionfor determining clinical recovery.

1 A model that can predict which patients are likely to take >14 days to
recover based on initial assessment findings would assist allocation of
resources to patients most likely to requirdeem.

Approach:

1 Retrospectiveanalysis of prospectively collected data. Development and
validation of prognostic model.

Findings:

1 50% of SOBI patients experiedaymptoms >14 days.

1 Identification of the predominant symptom cluster during initidihical
assessment was predictive of SOBI symptom resolution.

1 A prognostic discriminant model consisting of participant sex, predomin
symptom cluster, and Positive Symptom Total, classified® 148 @y
symptom resolution trajectories witli6-81% accuracy.

Novel Contributiors:

9 This is the first athlete patient cohort assessed using predominant symy,
cluster classification criteria during thaitial assessmentf SOB(rather
than at 21 days poshjury for participants with unresolved sytom
complaints).

1 Identification of predominant symptom clusters associated with worse
recovery outcomes.

1 One of few studies that presented model performance on training data
well as validation data.

1 Modeling may assist better prognosis during initiatical consultation and
result in earlier initiation of referrals and treatment modalities for
individuals predicted to experience >-tidy symptom resolution;
potentially facilitating improve&OBYlecovery times.

Link between
Sections 1 and 2

Having developed a model that accurately predicts which patients are likely
experience longer recovery trajectories and require early access to resourct
and interventions, it was important to identify potential interventions that
might proactively redoe the overall neurophysiological damage caused by
SOBI.
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Section 2 Translational potential and clinical utility of neurophysiological
approachedo advance management c¢OBI

Chapterand Title

Chapter Content Question / Rationale / Findings

4
Nutritional interventions
to improve
neurophysiological
impairments following
traumatic brain injury: A
systematic review.

Question:

1 What nutritional interventions introduced posiBl demonstrate the greatest
potential to serve as proactiviaterventions to blunt the neurophysiological
consequences of TBI?

Rationale:

1 Lifestyle factors such as diet and nutrition play crucial roles in maintaining
neurological function and overall brain health.

1 Modification of dietary intake and/or nutritionalgplementation pos{TBI
demonstrate potential to attenuate the damaging effects of secondary injury
following TBI by simultaneously acting upon multiple neurophysiological (NP)
pathways.

T 'Yy FTRRSR FR@GIyidlr3asS 27F ydziNR itheG2diy (i
accessibility of food and supplements which could benefit patients-pBstas an
affordable means to alter the secondary damage of TBI when availability of
medical services may be limited.

Approach:
I Systematic review

Findings:

1 No studies haw evaluated the effect of a NUT on NP outcomes of TBI in huma

1 The overall reporting of methods and results of included-gieical studies was
poor, limiting the biofidelity of the evidence. Therefore, these limitations prohib
decisive recommendatn about which NUTs will benefit clinical TBI patients.

f Based on animal studies, a®iEA R yi&a> 0N} yOKSR -30KI }
polyunsaturated fatty acids appear to be promising candidates, but more rese
is needed to determinéranslational potential.

Novel Contributions:

1 First review to systematically consolidate all evidence for altineasive
nutritional interventions and their effects on neurophysiological outcomes aftel
TBI.

1 Identification of methodological limitations #t need to be addressed in future
research to increase likelihood of translation.

1 Recommendations on ways to address methodological limitations and which N
appear to be the most promising candidates for potential translation.

Link between
Chapters 4 and 5

Having identified the strengths and weaknesses of the literature for NUTs for TBI
provides a platform to begin to explore the feasibility of conducting clinical trials to
determine if such interventions can complement and improve clinicattice. Yet, no
studies have evaluated how NUTSs influence NP outcomes in TBI patients. This is
due to costs, logistics, and ethical considerations of measuring NP outcomes in
humans. There is a need to identify objective, accurate, affordabkkeanlogically
valid NP measures for SOBI trials Such measures would aid clinical decision maki
while also enabling the evaluation of NUTSs for TBI patients.
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Chapterand Title

Chapter Content Question / Rationale / Findings

5

Preliminaryevidence for
the clinical utility of
tactile somatosensory
assessments of sport
related mTBI.

Questions:

il

Rationale:

f

1 The Brain Gauge is a quick somatosepassessment that may be a useful met
to objectively assess neurophysiological function in a clinical setting.

1 No studies have evaluated the utility of Brain Gauge somatosensory assessn
to provide objective information that might assist diagnosticd management
decisions folSOBpatients under ecologically valid conditions.

Approach:

9 Clinical cohort study.

Findings:

1 The Brain Gauge assessments evaluated poorly discriminated between case
belong to the SOBI sample or a healthy referesample

I These assessments also did not provide prognostic value to identify participal
with different recovery trajectories.

I Two of three assessments evaluated appear to lack sensitivity to differentiate

Novel contribution:

1

1

Do tactile somatosensory assessments demonstrate potential clinical utility tq
assistSOBHiagnosis, prognosis, and recovery decisions?

After mTBI somatosensory function (the brains ability to gather sensory
information, process the information, and coordinate a motor response) can K
impaired.

individuals who recently sustained SOBI performance ctamgisvith healthy of
individuals. While the third suggested neurophysiological abnormalities persis
beyond clinical recovery.

First study to independently investigate clinical utility of Brain Gauge assessn|
under ecologically valid conditions.

Presented a novel approach to pool and simulate a healthy comparison grouj
using control data from previous investigations.

There idimited initial evidence for the use of B&A to assist diagnostic decision
making or to predic6OBtecovery trajectory under ecologically valid conditions
Findings do not provide sufficient justification to recommend the allocation of
time and resource to conduct the Brain Gauge assessments evaluated to ass
clinical management of SOBI patients at this time.

Link between

Previous reports suggested Brain Gauge somatosensory assessments could be ¢
Chapters 5 and 6 ool to aid diagnostic and prognostic decision making for clinicians working with S
patients. Our results suggest limiteliagnostic and prognosticalue of the
somatoseory assessmesevaluated when administered under ecologically valid
conditions. The addition of wearable sensors and machine learning algorithms to
established clinical tests may assist accurate identification of subgroups of SOBI
patients who require dferent management plans.
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Chapterand Title

Chapter Content Question / Rationale / Findings

6

A deep learning approach

to classifying spor
originated brain injury
subgroups using
wearable sensor data
acquired during exercise
stress testing: Aoilot

study.

Question:

1 Can a deep learning approach accurately classify SOBI patients with
predominantly physiological versus predominantly vestibodollar symptoms
using wearable sensor data collected during the Buffalo Concussion Treadmi
(BCTT)?

Rationale:

1 Although injury mechanisms of SOBI may be similar across patients, it is bec
increasingly clear that patients cannot be treated as one homogenous group
several predominant symptom clusters (PSCs) have been identified, each
requiring speific and individualised treatment plans.

1 Exercise stress testing using a treadmill has become a key clinical assessme
SOBhnNd classification of PSCs, but still relies on clinical experience and hong
symptom reporting.

1 This established testing procedure provides an opportunity to acquire
physiological€lectrocardiogram and biomechanical (accelerometer) data durir
treadmill testing using a wearable sensor.

I There is potential for machine learning algorithms, specifically deep learning
techniques, to support medical decision making by automatically detecting th
most important features related to patient outcomes.

I The capacity of a deep learning model trained using time series signals from
and accelerometry during gait to classify PSC subgroups in SOBI patients ha
been previously explored.

Approach:
1 Crosssectional study.

Findings:

9 Utilising a leav@ne-out crossvalidation approach, moderate levels of
physiological versus vestibutrular PSC classification accuracy were observe
when a convolutional neural network was trained using acceleroyraatd
electrocardiographylata acquired during a BCTT.

1 Our results provide proof of concept that incorporation of wearable sensors
during BCTT and deep learning techniques have potential to assist decision
making for clinicians working with SOBI patients.

Novel contribution:

1 This is the first study to explore whetha deep learning approach could
accurately classify PSCs in SOBI patients using sensor data collected during

1 Overall, these findings suggest that with further research the addition of wear
sensors during clinical tests like the BCTT, combividddeep learning models,
may have clinical utility to assist clinicians when classifying PSCs in SOBI pa

1 Recommendations for future studies to determine potential generalizability of
these initial findings.

Link between
Chapters 6 and 7

A combination of wearable sensors and deep learning techniques appear to be a
promising means of supporting the development of individualised treatment plans
that could easily fit within clinical practice. Identification of a iomasive biomarker
than provides insight regarding differences in recovery outcomes would be valuak
Preliminary pilot work is needed to understand the potential to acquire such a
biomarker under ecologically valid conditions.
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Chapterand Title

Chapter Content Question / Rationale / Findings

7
Shortcomings of saliva as
a practical means to
measure intraindividual
variation of BDNF A

pilot study.

Question:

1 How do timing of sampling and delays in storage influence -intavidual
salivaryBDNF proteirtoncentrations in healthy participants?

Rationale:

1 Brain derived neurotrophic factor (BDNF) serves as a biomarker of neuroplas
¢ the brains ability to adapt and change throughout life and after injury.

1 BDNF is typically measured in serum or plasoiected byvenipuncturebut can
also be measured neimvasively via saliva.

1 Acquisition of blood or saliva samples to measure BDNF typically occurs undg¢
strict conditions which are not practically feasible in many clinical settings.

1 A noninvasive and @ctical means to assess BDNF under ecologically valid cl
conditions would provide a useful tool to understand how neuroplasticity is
affected by neurological conditions€., mTBI), and how intréndividual changes
in BDNF relate to recovery outcose

1 Itis necessary to investigate how sampling at different times of day and delay
A02N)F3S YAIKG FFFSOG Ayl S-BRNREohceniratiany
from one timepoint to the next.

Approach:
1 Experimental study

Findings:

1 Findings fron healthy participants suggest that measurement of BDNF protein
concentrations via saliva is not a valid or practically advantageous means of
accurately comparing intrandividual changes in BDNF from one timepoint to
another.

1 While collecting saliva byagsive drool offers a neimvasive means of measuring
BDNF this advantage appears to be offset by the risk of sampling error during
collection.

Novel contribution:

1 Results should not discourage future research into the potential clinical
applications of BDNF as a biomarker to advance understanding of neurologic
conditions; our findings highlight that the best method to measure BDNF in
ecologically valid environments remains elusive.

9 Future studies should replicate the experiments witthirs study using venous
and capillary blood samples or salivamjcroRNAs related to BDNF expression t
determine if clearer intrandividual trends in BDNF variation can be observed.

Link between
Chapters 7 and 8

This pilot study with healthy individls highlights some potential issues that prevent
intra-individual comparisons of salivaBDNF from one timepoint to another when
sampled under clinically representative conditions. These findings indicate that-gr
level analysis is a more appropriatauging point to evaluatevhether salivaryBDNF
concentrations relate to symptom reports over the course of clinical recovery follo
SOBI.
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Chapterand Title

Chapter Content Question / Rationale / Findings

8

Does salivaryBDNF
relate to symptom
burden over the course
of clinical recovery
following sport
originated brain injury?

Question:

il

Rationale:

f

1 Previous research indicates diagnostic and prognostic utility of s&DINF in a
sample of TBI patients presenting to hospitalday of injury.

1 Fear of needles in the general population and logistical challenges of acquirir
blood samples are considerable barriers to furthering our knowledge of the rg
BDNF plays in mTBI/SOBI recovery outcomes.

1 Since BDNF can also be quantifiedativa, this provides aaiternative to allow
greater sampling to expedite our knowledge of how BDNF changes over the
course of clinical recovery after SOBI.

1 No study has attempted to measure BDNF via saliva in a clinical setting unde
realworld conditiors; nor evaluated whether any relationships exist between
salivaryBDNF concentrations and S@8&lated symptom reports over the course
of clinical recovery.

Approach:

9 Clinical cohort study

Findings:

I Our results do not show any relationships between sayhBDNF concentrations
(measured via passive drool under ecologically valid conditions) andr&é@Bd
symptom reports measured across multiple timepoints over the course of clin
recovery.

1 The most plausible explanation for these unexpected findiagise inherent risk
of sampling error when measuring BDNF in saliva.

1 For this reason, we do not recommend investment of time and resources tow

Novel contribution:

f

f

How do salivanBDNF concentrations relate to subjective symptom reports ov
the course of clinical recovery in a cohort of SOBI patients presentiag to
specialised outpatient clinic?

BDNF serves as a biomarker of neuroplastititye brains ability to adapt and
change throughout life and after injury.

the quantification of BDNF in saliva in future studies.

First study to evaluate salig@BDNF in a clinical population under readrld
conditions.

First study to evaluate changes in salivBiYNF concentrations in a clinical coh
with SOBI.

Given the abundance of research demonstrating Bibi¢Hiated neuroplasticity
in neurological conditions, concluding that no relationship exists between BD
and symptom burden over the course of clinical recovery following mTBI/SOE
seems premature.
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Chapter

Chapter Content Conclusions

9
Summary and
Conclusions

1

Insufficiencies in clinical pathways appear to be the greatest modifiabl
factor that influences recovery outcomes p&3DBI.

An acute model of care delivered by clinicians who are experienced w
SOBI can significantly reduce the number of patients gdon to
experience prolonged symptoms.

Patients with vestibulacular symptomology appear particularly
vulnerable to negative outcomes.

Figures claiming the majority of SOBI patients will be recovered Hojayi<
postinjury are out of date and requirepalating as it appears closer to
50% of patients will experience symptoms beyond this timeframe.

Overall, current best practice relies heavily on clinical experience/train
and honest symptom reporting on behalf of the patient and would ben
from moreobjective methods to assist clinical decision making.

Nutritional interventionsappear to have merit as a potential method to
reduce the secondary damage of mTBI/SOBI in a manner that might
reduce the amount of time required to recover but the biofidglif the
animal models providing this evidence is low

Neither salivanBDNF or Brain Gauge somatosensory assessments af
to offer utility to improve clinical assessment of SOBI, nor to evaluate
potential benefit of a nutritional intervention.

Thepotential value of using wearable sensors and machine learning
algorithms to collect and analyse objective data during an already
established clinical test is the most promising finding but requires a gr
amount of development.

Overall, the evidenceaks not suggest that nutritional interventions or
neurophysiological assessments will be coming to the aid of clinicians
their SOBI patients in the near future.

Future studies need to prioritise study designs that emphasise biofide
and ecologicavalidity so that findings are more likely to translate.

In the interim, responsibility falls on healthcare organisations, educati
institutes, and sporting bodies to improve the education, standards, ar
pathways moving forward to reduce the burderusad by persistent
complications following SOBI.
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Chapter 2: s it really the result ofconcussior? Lessons from a case
study.

This chapter comprises the following paper publishe8ports Medicine Open:McGeown, J. RHume, P.
A., Kara, S., Neary, J. P., & Gardner, W. (2019). Is it really the result of asicorrcuessons from a case
study.Sports Med Openy(b), 8.

Author contribution

McGeown, J. P. 80%, Hume, P. A. 5%, Kara, S. 5%, Neary, J. P. 5%, Gardner, W. 5%

Overview

Background Within the last two decades, attitudes have shifted from considering spekated

concussion as an insignificant minor injury with no kbergn repercussions to a potentially serious brain

injury garnering attention from media, cliniciamesearchersand the general publi®bjectives To

conduct a case study tetermine the underlying cause of persistent issues suspected to be associated

with a history of sportselated concussiorProtocol Participant A underwent neurophysiological testing

following the Neary protocol (assessment of cerebrovascular and castialar variables), comprehensive
concussion assessment at a dedicated sports concussion clinic (history, neurological assessment, cervical
spine screening, vestibulocular screening, SCAT and exercise testing), referral to a neurologist,

structural MR scan, and referral for specialised assessment at a dedicated dizziness and balance centre.
Results Despite a history of multiple spot¢ B f | § SR O2y OdzaaArzyas tIFNIAOALIY
reports were associated with peripheral vestibular dysfuntémd otolithic dysfunction seemingly

unrelated to his concussion histoiscussioty [ Sdaz2ya FTNRY t I NIAOALF VYO ! Qa
going symptoms that patients may associate with the effects of concussions may instead be due to

unrelated causethat share similar symptomologgonclusion This research exemplifies the importance of

a multidisciplinary assessment using a repeated testing protocol.
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Introduction

In recent years, the acute and lotgym effects of sportgelated concussion (SR@Gue garnered increased

concern and attention from researchers, medical practitioners, media reporters, athletic organisations
administrators, and the general public. Within the last two decades, attitudes have shifted from considering
SRC as an insignifiganinor injury with no longerm repercussions to a potentially serious brain injury.

Changes in perceptions have been driven by rapidly evolving evidence within the literature regarding SRC
epidemiology, underlying mechanisms of SRC, symptoms, assessetettilitation/returnto-play, and

potential longterm repercussions of a history of SRG]. This evoling evidence has facilitated substantial

rule changes in a variety of sporting codes to decrease the likelihood of an athlete sustaining an impact that
Y& NBadzZ G Ay {w/ FyR LSNaRA&aGSY:G O2yOdzaarzy aéyLd
Compens GA2Y [/ 2NILRNIGA2Y o6!/ /0 KIF&d ¢62N] SR (23SGKSNJ ¢
Sport Performance Research Institute New Zealand (SPRINZ), NZ Rugby Union, NZ Rugby League, NZ
Football, and NZ Netball staff to develop and release national guédefor sport concussions as part of the

ACC SportSmart initiatiy&52]. The intent of these national guidelines is to standardise how to recognise

SRC, remove athletes from play, refer the athlete to proper medical attention, and how to appropriately

return athletes to school/workd subsequent reintegration to sport and activity following $E2].

World Rugby, NZ Rugby, and AUT conducted the inaugural NZ RugbyHealth project to explore the longer
term impacts of playing rugby on general health and cognitive function. Since the initiation of the NZ
RugbyHealt project the investigation into the effects on general health and cognitive function from playing
rugby has expanded into a Global RugbyHealth Research Programme (GRHRP). This GRHRP involves
collaboration between researchers in New Zealand, the Unitegd¢im, Canaddustralia,and the United

States of America, to better understand the leregm health of retired rugby players. Published findings
[153]from the NZ RugbyHealth project generated considerable media attention worldwide resulting in an
increased awareness within the general public of the potential effects of a history of SRC sustained from
participating in different rugby codd40, 33] This media attention led Participant A, age 40, to contact NZ
RugbyHealth project principal investigator Professor Patria Hume of AUT. Participant A shared his history of
10 selfreported SRCs that he sustained from rugby, skiing, and mountain biking, and explained that he felt
as though he was suffering from the loteym consequences of his SRCs on a regular basis, and thus
possibly experiencing P{E8B]. Participant A described a history of symptoms he hadhleeeriencing

over the last eight years including: pressure headaches, nausea without vomiting, feeling foggy, dizziness,
FTSStAyYy3a Fa AF GKS NB2Y 61 & aLAYyAyIedskcbrillsithad = | y R
would leave him feeling disented. Furthermore, Participant A noted that sleep, stress reduction,

hydration, and quality nutrition aided in improving these spontaneous incidents of dizziness and
disorientation. Prior to learning about the RugbyHealth Project, Participant A had effades to try and

determine the cause of the problems he was experiencing by organising referral for a structural MRI and
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consultations with an otolaryngologist, respiratory physician, and orthopaedic surgeon. The findings from
the MRI and specialist csultations all came back negative. Participant A was informed he was in good
health and did not receive any explanation for the symptoms he was suffering. Feeling frustrated due to the
apparent absence of a solution for his symptoms, Participant A exprégsderofessor Hume his desire to

get involved with brain health research. Participant A wanted answers to his own questions, but also

wanted to benefit others who may be going through a similar situation.

Professor Hume informed Participant A of an upawgrsabbatical research visit from GRHRIprawcipal

investigator Professor Patrick Neary from the University of Regina in Canada. Professor Hume informed

t P NODAOALI yiG ' GKFG GKS LldzN1L}2aS 2F t NPTFSaardtocblb S| NB
for brain health assessment in New Zealand. The protocol, which has been published in separate
componentg124, 125, 15457]enables the neurophys2 f 2 3A Ol f FaasSaayvYSyid 2F |y
YR OdzZNNByYy G o6NI AY KSl-reporiedbadkdgraiRiyhe was dtlliiseddte hdvulf gualifyQa  a
as a participant for testing using the Neary protocol. Participant A enthusiastically agrpadit¢gpate and

was scheduled to be the first New Zealand participant to be assessed using the Neary protocol. AUT ethics
#18/45 was gained to enable Participant A to be a case study to evaluate if the neurophysiological

assessment battery could detect impad functions suspected to underlie persistent SRC symptoms.

Protocol

Athletes who experience persistent symptoms after SRC typically experience these symptoms as a result of
one or more underlying impairments in normal physiological, vestibaldar, andor cervical spine

function as a result of the initial SRR, 158] In more rare cases, persistent complaints may be due to
neuropathdogical changes, excitoimmunotoxicity, and/or in rare instances by chronic traumatic
encephalopathy42, 43, 159, 160]The maijority of persistent symptoms occur as a consequence of
physiological dysfunction following SHG1]. The Neary protocol is a battery of tests (requiring

approximately 60 minutes to administer) that assess neurophysiologisponses under a variety of

conditions including: in a resting seated position; during changes in posture; during a cognitively and
Gradzr t & RSYFYRAY3I a2KSNBQa 2Fftfeé¢ GFralT oKAES dzy
15 minute cycle xercise test with workload increases every five minutes. During this testing protocol
measures of heart rate variability, cerebrovascular reactivity, and respiratory gas exchange are collected in
parallel throughout the duration of the protocfl24, 125, 154]The Neary protocol is sensitive to changes

in these neurophysiological functions following acute SRC, allowing for the identification of atypical
physiological responses likely underlying symptoms subjectively reported by concussed §lt2é{€5,

154]. The GRHRP has implemented the Neary protocol in Canada and the UK fraqD&taynber 2017 to
investigate if differences in neurophysiological responses could be observed between retired rugby players

and athletes from nortontact sports with no htsry of SRC.
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Participant A underwent the first Neary protocol testing in New Zealand at SPRINZ located within AUT
Millennium on March 7th2018 Participant A also had a second testing session on March 201i8to

ascertain if any changes in his neurgplological responses were observed between assessments.

Recent recommendations from Ellis et[@b, 98]suggested that isolated dysfunction of the vestibular,

ocular, and/or cervical spine neurological ssystem may be the cause of PCS when impaired

neuNB LIK@ 3A2f 23A0Fft FdzyOlAzy Aa y20 | LILI NByiGd ¢KS NI
not reveal any notable impairments in neurophysiological functions; indicating the possibility that his

symptoms could be a product of vestibedoularand/or cervicogenic dysfunction secondary to SRC as
described by Elliset 98] ¢ 2 FdzNI KSNJ Ay@SadGdA3arasS ¢gKFG YAIKG o685

scheduled for a medical consultation at a dedicated concussion clinic. Assessments included:

clinical examination (consistiraf a thorough medical and concussion history),

physical examination (involving neurological assessment and signs of autonomic dysfunction, cervical
spine examination),

vestibular screening (using vestibtdoular motor screening tools),

neurocognitiveassessment (using SCAT 5 testing),

balance and gait assessment (using Balance Error Scoring System and Tandem Gait 3m Walk time), and
treadmill exercise testing (using a modified Balketocol as per the Buffalo Concussion Treadmill Test)

[89].

=a =

= =4 =4 =

Participant A performed within normative data limits on all assessment tests. During the medical history
component of the consultation Participant A reped unilateral tinnitus on the right that arose after pistol
aK22GAy3 FLIWNRPEAYI(GSte y &SI Na 320 lff 2F tF NIA
Participant A reported that symptoms of these SRCs resolved within days or weeks aftgartye i

t F NHAOALI yi ! Qad Odz2NNBy il aevwLiizvya oS3ty 6KSyYy KS 4t

previous SRCs did not present with similarities to his current symptom complaints.

The conclusion was that the current symptoms appeared to be consisitdna peripheral vestibular
cause rather than persistent complications of SRC; due to the lack of a temporal relationship between the
onset of his symptoms and the previous concussions. Participant A was therefore referred for medical
review with a neunlogist. The neurologist ordered an updated structural MRI scan and conducted a further
neurological assessment. Both the MRI and neurological assessment were normal (except for a minor note
of fluid trapped in the inner ear). Participant A exhibited normeck movements, carotid artery responses,
reflexes, tone, strength, coordination, and a negativelBapike test. Participant A did not present with
GeLIAOLE FSIF{idaNBa 2F aSyASNBQa RA&SIFAS 2Nl ®a@d/ ATy L
intermittent dizziness appeared to be related to the right inner ear and the neurologist noted that these
results were suggestive of disembarkment syndrome and that peripheral vestibular disturbance was the
likely cause. Participant A was referred forther assessment and management at a specialised dizziness
and balance centre where he underwent assessments administered by both a vestibular therapist and
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vestibular audiologist. The specialists noted normal dynamic visual acuity. However, uriiaténas and

an asymmetric hearing profile in combination with otolithic dysfunction as the main finding of the
assessment were confirmed during a gait assessment wherein large head movements reproduced some of
t F NHAOALI yi ! Q& & @ wddindv¥ndedts dariid walkiddihdidal2d/stieSs ofl the K
otolithic organ was responsible for increased symptomology. Accordingly, Participant A received an
exercise programme to increase demand on the otolith to promote adaptation to improve, and hopefully
permanently resolve, the cause of his symptoms. Follpmappointments at the dizziness and balance

centre were planned to progress and review the effect of the exercise programme evene8ks.

Discussion

Current consensus indicates that the majority afiinduals with SRC will experience complete symptom
resolution within 1614 days of their injurj43]. Hawvever, little is known about the loatgrm effects of

SRC, and estimates suggest betwee@% of individuals will experience persistent complications for

weeks or months following SR&3, 162] A major challenge when working witidividuals who have had a

history of SRC is the comorbidity shared between symptoms of SRC and an extensive array of other
conditions such as: migraine, depression, mental health disorders, learning disabilities, sleep disorders, or
OAY t I NI ds€) perifihefdl vestiltular dydfunction and tinnif@8, 98] Further increasing this
OKIFfftSy3aS Aa (GKS aAy@ArAarotSeé ylFradaNBE 2F {w/ IyR (K
are unlike a broken bone or a soft tissue injury that can easily be confirmed or ruled out using validated

clinical tests, xay, or MRI. This is especially evident in cases where an individual who has a history of SRC is
reporting persistent issues for months or years since their most recent SRC. How is the patient or the

clinician supposed to know if the refied persistent symptoms are due to SRC, a comorbid condition

sharing symptoms with SRC, or a combination of the two? To date, differentiating between symptoms of

SRC and other comorbid conditions relies heavily on the level of experience and expdheenetlical
professional(s) assessing these athletes. While media attention surrounding thtetomgffects of SRC

f SR (2 0KS aSNARSa 2F S@Syita NBadzZ GAy3 Ay tI NIAOAL
reason to suggest his periphérgestibular dysfunction and otolithic dysfunction were unrelated to his

history of SRC based on the findings of his clinical evaluations in addition to temporal relationship between

his last SRC and the onset of his symptoms. However, this cannot bedmmhelith absolute certainty due

to the current limited understanding of lorAgrm consequences associated with SRC.

In the past SRCs were not considered serious injuries, therefore were not assessed and monitored

thoroughly by medical professionals thrda@ dziT G KS | G Kf S1SQa NBEO2PSNE D ¢ K¢
increase the risk of secondary injury and potential loexgn deficits and complications for an athld@S3,

42, 43, 153, 159] argely due to improved media reporting of scientific stuches, case studies of current

and retired players having sustained concussion, there is increased awareness of the danger of SRC.
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Athletes may no longer be underestimating the severity of SRC injury. However, fear of persistent
symptoms associated with SR@h as memory issues, headaches, dizziness etc., may lead to athletes with
a history of SRC (and clinicians treating these athletes) to inappropriately conclude all symptoms or
impairments are manifestations due to concussion. These preconceptions amafoire conclusions

before a thorough interdisciplinary assessment can be conducted could be detrimental to thetong
KSIHfGK 2F GKS |GKfSGS o6& YAaaaiy3d GKS GNHzS OF dzasS 2
suggest that a comprehensiamd systematic collaborative effort by an interdisciplinary team may be
essential to determine the cause of persistent symptom reports in current or retired athletes with a history
of SRC. There is no individual testing procedure that can determineitjia of persistent SRC or n@RC
symptoms; rather, an exhaustive process of elimination is necessary to rule out potential causes of
symptoms until only the most logical and realistic cause(s) are left. This process of elimination approach is
theonlymeK2 R | 0 GKA& LRAYG Ay GAYS (2 ARSYGAFTEe I'yR RA
Zealand the public healthcare model includes ACC, which allows injured patients to access necessary
medical services for little to no personal financial c&sten within this healthcare model, it took several
weeks to coordinate appointments with all the medical professionals involved in the assessment and
management of Participant A. In regions without public healthcare, individuals of lowemmi@mic

status may struggle to afford and access the necessary services they require for their injury. Therefore,
there is a need, both in New Zealand and globally, to develop and optimize interdisciplinary clinical models
to streamline the management of patients withmplex injuries such as SRC and related comorbidities.
While this approach requires a substantial amount of communication and coordination between multiple
healthcare disciplines, this effort is paramount to ensure proper management for individualspngse

with comorbid symptoms that may or may not be related to SRC. Once a final diagnosis has been made
then it is possible to design and administer an individualised treatment program to address any underlying
impairments causing the patient distress.tkd¢iut this comprehensive and collaborative process,

individuals may continue to suffer from their respective afflictions, potentially impacting their mental and
social welbeing as well as their ability to perform at school or wig®, 163] Governing and medical
organisations must embrace this challenge to ensure patients with serious injuries/conditions do not slip

through the cracks of the healthmasystem.

The introduction of the Neary protocol to New Zealand was a key component in the process of

dzy RSNBE G YRAY3I GKS LRGSYGAFf LI GK2LKeaAz2t23A0IE YS
Participant A did not demonstrate any abnormalitissieurophysiological function during the physical

elements of the Neary protocol. Additionally, Participant A did not struggle with the cognitively demanding

62 KSNBQa 2Fffeé¢ O2YLRYSyld 2F (KS bSI NE LiN®ided O2¢t =
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assessments were the first step in the identification of peripheral vestibular dysfunction and otolithic
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dysfunction responsible for his sytoms. Intolerance to physical and cognitive loading is indicative of a
symptomatic SRC patient, and improvements in tolerance are used as clinical markers of recovery. In
contrast, a symptomatic patient who exhibits normal tolerance to physical andtoagldading indicates
that referral for assessment by a specialised healile professional may be required to identify the source

of symptomologyf98, 164] This may include referral to:

a neurologist, for a comprehensive evaluation of the central and peripheral nervous systems;
a ps/chologist, to screen for any mental health or mood disorders;

a neuropsychologist, to gauge cognitive function and performance;

and/or a vestibular therapist to assess central and peripheral vestibular systems.

=A =4 =4 =4

t I NIAOALI yi ! Q& IKvalaaiichd\did ndt ifidateSthatN&fairal ©© 1 ieyrdp€ykhologist or a
psychologist was necessary; however, this may not be the case for other individuals suffering frepenific
symptomology which may or may not be related to SRC. Therefore, sigebsi need for individualised management

on a case by case basis.

The GRHRP has three research clinics currently (Canada, UK and now New Zealand) to collect Neary protocol data
from retired rugby players with no history of SRC, retired rugby playersanitatory of multiple SRCs, and retired
athletes who engaged in necontact sports with no history of SRC. The aim of this international project is to
determine if any differences in neurophysiological responses during the Neary protocol are presentméhese

groups of athletes, and if differences are observed, do these differences relate to symptoms or impairments reported
by the athletes. The GRHRP has preliminary pilot data collected in the UK to suggest that regional differences in the
pre-frontal cortex exist between normal healthy control participants (without a history of SRC) and retired rugby
players. Future findings from this GRHRP investigation into neurophysiological responses will enhance our current
understanding of the lorierm effects d playing rugby and/or a history of SRC on how the brain regulates
physiological functions. While the Neary protocol was designed to detect changes in neurophysiological responses
following SRC, the present case study suggests the Neary protocol maybgetive method to assist in discerning
whether persistent issues reported by an individual with a history of SRC are due to SRC or potentially a comorbid
causei.e., otolithic dysfunction. However, we provide a caveat that additional testing using lgeexsure monitoring
(which was not performed on Participant A) is necessary to confirm whether pressure alleviation occurred during the
time of his testing sessiorf$24]. The potential discriminatory utility of the Neary protocol would require additional
research. Nonetheless, improved objective screening protocols may help clinicians decide whether there were
physiological contributions to reported symptoms. The oveaatiwledge gained from the ongoing GRHRP project will
benefit athletes, clinicians, and researchers by assisting in guiding the progression of future research and clinical

practice.

Conclusions

[ Saaz2ya FNRY t I NIAOA LI-gbing synfams iBdt gatentsintagzizsociake Kvghghe G K | {
STFSOha 2F O2yOdzaaizyazr YlIeé y2i4 6S NBfFTGSR G2 02y
peripheral vestibular dysfunction and otolithic dysfunction was made. Increased awareness and changes in
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attitudes/policies in recent years has enabled a major leap forward in terms of protecting the short and
longterm health of athletes following SRC. Nevertheless, caution must be exercised when assessing and
managing an individual with a history of SRGs Thution is necessary to confirm that all possibilities for
contributing factors have been considered for SRC symptoms that are comorbid in nature with a variety of
other conditions. Lack of a thorough assessment for athletes with a history of SRCastntpwith

symptoms that are comorbid with conditions unrelated to SRC may result in missing the true cause of these
symptoms. By missing the true contributing cause of symptoms this may lead to the athlete experiencing
prolonged issues for weeks, montlug,years. To overcome these challenges a clinical model involving the
coordination and communication of a collaborative interdisciplinary team of experts is essential to ensure

the patient receive the best and most appropriate cgg8].
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Personal development aa researcheresulting from Chapter 2

Understanding the pros and cons of raising awareness with a complicated issue such as SOBI.
How to work within a patiententred multidisciplinary research/medical team.

First exposure to a different medical system to what | have beenqusly accustomed to in Canada.
Differences irconductingresearch in New Zealand versus in Canada.

Further motivation to identify more objective assessments and earlier interventions to reduce the
likelihood persistent complications for an individuallwé history of SOBI.

9 The challenges caused by the comorbiditynanySOBEymptomswith other conditions.

= =4 =4 =4 =4

Link between Chapters 2 and 3
Chapter 2 provides a narrative describing how inadequate clinical assessment candgzatient with a

history of SOBI to experiencironic issues that may last for yearkeTcomorbidity shared between

symptoms of SOBI and an extensive array of otie@ditions such as: migraine, depression, mental health
disorders, learning disabilities, sleep disorders, or vestibular conditions present a major challenge when
working with individuals who have a history of SOBIs. This is especially evident in cageamihdividual

who has a history of SOBI is reporting persistent issues for months or years since their most recent SOBI.
Without objective clinical tools, how is the patient or the clinician supposed to differentiate whether the
reported persistent symioms are due to SOBI, a comorbid condition sharing symptoms with SOBI, or a
combination of the twoWhile the Neary protocol did not detect any physiological abnormalities, it did

f SFR (G2 NMHzZ Ay3a 2dzi | LIKe&aAz2f 23 Anslwhich @iggdeddShe F2 NJ t | NI
subsequent referrals for more thorough and muisciplinary assessment. Nonetheless, Participant A
experienced debilitating symptoms from a cause seemingly unrelated to his history of SOBI for years before
receiving any intervendin. The most logical solution to this issue is better acute management of SOBI,

rather than letting months/years elapse befargtiating treatment. Chapter 3 of this thes@alysed

retrospective data collected from a dedicated SOBI clinic that wasngjltiie effectiveness of acute
management for SOBI based gprto-date recommendations from the research. Chapter 3 specifically
focussed on developing a prognostic modsingdata acquiredduring theinitial clinicalassessmento

predict whichSOBpatients were more likely to experience longer recovery outcomes.
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Chapter 3: Predicting SRnTBI recovery trajectory using initial clinical
assessment findings.

This chapter comprises the following paper publishe8ports MedicineMlcGeown, J. RKara, S., Fulcher,
M., Crosswell, H., Borotkanics, R., Hume, RQéayrie, K.LTheadom, A. (2019). Predicting Spaiated
mTBI Symptom Resolution Trajectory Using Initial Clinical Assessment Findings: A Retrospective Cohort

Study.Sports Medicinenttps://doi.org/10.1007/s40279019-012404.
Author contribution

McGeown, J. P. 65%, Kara, S. 5%, Fulcher, M. 5%, Crosswell, H. 5%, Borotkanics, R. 5%, Hume, P. A. 5%,
Quarrie, K. L. 5%, Theadof,5%

Overview

Objectives:To identify which aspects of initial clinical assessment for sgteited mild traumatic brain

injury (SRNTBI) predict whether an athlete achieves symptom resolution within 14 days of the injury.
Research desigrRetrospectie cohort study using prospectively collected ddkethods: Clinical

assessment data were collected from 568 patients diagnosed withT at a single medical clinic

between February 2017 and December 20D8mographic data, medical history, SEAf€sting, and

physician notes were included in the data set. Data were processed and analysed to identify a shortlist of
predictor variables to develop a logistic regression model to discriminate betweamnl8Rsymptom
NB&az2tdziazy U Kdtajys o>®daggNINGdRta ieye rartlomly divided into model development
and validation subsamples. The top 15 models were analysed to determine the predictor variables to be
included in the final logistic regression model. The final model was then applied to itietia
subsampleResults:Half of the athlete participants in this study experienced-gd&% symptom resolution.

The final logistic regression model included sex, symptom reporting at initial assessment and presentation
with a physiological predominanysiptom cluster. The model accounted for 0.90 and 0.85 of the area
under the curve and predicted recovery trajectory with 81% and 76% accuracy for the training and
validation subsamples, respectiveGonclusionsBeing female, reporting a higher Positive Symptom Total

at initial assessment, and being less likely to have a physiological predominant symptom cluster at initial
FaaSaayYSyid LINB R AdayBRABIBymptom@esdikiotrdith XKnvigh level of aecay.
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Introduction

Sportrelated concussion (SRC) results from direct or indirect biomechanical forces to the head, neck, or
body during participation in sport and exercise, resulting in stretching and shearing of n¢Lirod8] This
biomechanical event triggers a neuropathophysiological cascade resulting imdsegampairment in

regular brain functio42, 63] While SRC was the term used in the 2016 consensus stat¢a8ntecent
guidelineq3] recommended adoption of the term mild traumatic brain injury (mTBI) rather than
concussion within clinical practice, therefore mTBI or spmtated mTBI (SBRTBI) is used heire Current
evidence suggestaostadults will achieve spontaneous clinical recovery withirldGays (28 days for
children) after the biomechanical event causingm®RBI[43, 75, 93] Definitions of clinical recovery appear
to differ across studies, although symptom reg@n appears consistently as one of the key components of
determining clinical recoverf9, 43, 165, 166]Estimates of persistent symptoms beyondldays

following mTBI in sporting and neaporting contexts have varied from AG%[ 75, 93]to 40-50% within

the literature[33, 166] Acute symptoms at 14 days pesilBl are predictive of loAgerm recovery that

may require weeks, months, or years to resdii#e7]. Based orcurrent evidence, 14 days pestTBI serves

as a meaningful clinical milestone.

Clinicians face challenges when trying to effectively manage and retuml8Rpatients to everyday

activities. SpofNB f I G SR Y ¢ . L LINBaSyda | &alsighis sock gs@iging,o £ S Ay 2
swelling, or deformation as seen with soft tissue or bony injuries are not present. Standard neuroimaging
techniques do not detect abnormalities following mTBI. To date no objective tools or biomarkers have been
validated for e in clinical practice for mTRI3]. Current clinical guidelines state that physicians should
implementa multifaceted approach to assessing®RBI patients including a comprehensive history and
physical examinatiofd3], standardised evaluation of symptoms, attention, concentration and memory

using the most recent version of the Sports Concussion Assessment Toeb$3AT 3] exeacisestress

testing for symptomatic participants beyond-1@ days postnjury [74], classification of persistent

symptoms into predominant symptom clusters (PE6), and neuropsychological testif43], There is a

need to identify aspects of these assessment tools that can be used in prognostic models to predict
recovery trajectories foathletes based on information collected during initial clinical assessmentof SR

mTBI. An accurate model may potentially assist clinicians in being able to give patients a better prognosis at
the initial consultation. The purpose of this study thereforesvt@ identify which items in the initial clinical

assessment predicted whether an athlete symptomatically resolved in less than 14 days.
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Methods

Study design

This retrospective cohort study used prospectively collected data from a single medical ¢iveere
February 2017 and December 2018.

Participants

The 568 patients diagnosed with-BRBI by a Sport and Exercise Medicine Physician who participated in

the current study sustained their injury during sport. Participants were treated and monitored by a

dedicated SRhTBI service from initial clinical assessment until clinical recovery and subsequent discharge.
The sample in this study included both males and females; as well as children, adolescents, and adults from
a variety of sporting codes. Institutial (ACC and AUT 18/46) ethics committee approvals were obtained

for this investigation and this study was performed in accordance with the ethical standards of the
Declaration of HelsinkRarticipants consented to have their clinical data used for reseand publication.

All clinical data collected from patients and analysed for this study weidatdified to protect the

confidentiality of the study participants.

Clinical SEnTBI variables

Demographic information

Age, sex, years eflucation, the sport/activity resulting in mTBI, number of days between occurrence of
SRmMTBI and initial assessment, number of days missed from work and/or school, and history of previous
TBI (with or withouformal diagnosis from a physician) informatiere collected from participants via

selfreport.

Symptom quantification and management

All participants completed the full SGAT22 item Symptom Scale; Standardised Assessment of Concussion
¢ SAC; modified Balance Error Scoring SystemBESS) duririgitial clinical assessment. Participant
symptoms were quantified during clinical assessments using the Symptom Scale within tHe SCAT
producing a Positive Symptom Total (PST), and a Symptom Severity Score (SSS). A Global Severity Index (G€
= SSS + 22hd Positive Symptom Distress Index (PSDI = SSS + PST) were cflédhegroduce

weighted canposite scores for seteported symptoms. Following initial assessment, participaeteived
education and written guidance regarding controlled cognitive and physical loading to address symptoms
and were scheduled for a folloup consultation approximaly day14 postinjury independent of the

timing of their initial appointment. Participants who were still symptomatic at the follgpawisit

underwent the Buffalo Concussion Treadmill tg&t, 89, 90] upper cervical spine assessment, and

Vestibular/Oculomotor Screening (VOMS) assessifi&®]. An individualised treatment program was
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designed and administered, based on clinical impairments of these systems, in combination with sub
symptam threshold aerobic exercise to address symptoms. Additional fallpwssessments were
scheduled every two weeks while participants underwent treatmengvaluating symptoms and

progression of treatment regimen until participants became asymptomatic.

Clnical observations

All participants underwent a comprehensive clinical examination by a Sport and Exercise Medicine
Physician. Examination results were represented by the categorical variables: PSC, presentation of
autonomic dysfunction, and any pakagrosed psychological condition/iliness (attention deficit

hyperactivity disorder, anxiety, depression, or any other mental health conditions). The physician applied
the criteria published by Ellis et §I'5] to identify whether a predominantly physiological, vestibolcular,

2NJ OSNIBAO23aSYyAO 2NAIAAY t{/ FLIISINBR (2 0SS O2y(iNAOG
presentation during the first clinical visit. Briefly, physiological PSC refers to@yspiue to impairments
resulting from alterations in global cerebral metabolism. Symptoms are often exacerbated by cognitive and
physical loadingj75]. Physiological PSC patients will experience symptom exacerbation during a treadmill
test [75]. Vestibuleocular PSC refers to symptoms due to dysfunction of the vestitar system and
symptoms are exacerbated by tasks that stress these systems such as reading or bpi&hcuegstibule

ocular PSC patients will oftemt experiencesymptom exacerbatioachieving targeted heart rates of 85%
HRmax predicted during a Buffalo Concussion Treadmill Test but will present with abnormal saccades,
disrupted balance, et¢75]. Cervicogenic PSC refers to symptoms due to dysfunction within the cervical
spine somatosnsory system. Symptoms are exacerbated by rapid head movements and prolonged periods
of cognitive or physical activity in poor postural positiprs]. Cervicogenic PSC patients will not typically
experience symptom exacerbation during a treadmill tesbatiined above but will often experience

symptom exacerbation during palpation and/or active/passive movements of the cervical[gp]ne
Participants were classified as mixed PSC if their clinical presentation was not clearly associated with one
PSC.

Outcome variables

The study outcome variable was-8HBI symptom resolutiotrajectory using the symptoms assessed via

the SCAB[73]. Two groups (>HR | & & -Balyg) wenedefined based on whether participants were
asymptomatic after or at/before 14 daySomeparticipantsbecame asymptomatic withimarys of their

injury, but due to scheduling limitations, were not evaluated by a physician until beyond 14 days post

injuy® Ly GKAZ A0SyFNR2S (KS LIKepoitdd Gays uyitil asyinframiz S R G K S
within the dataseti(e.,follow up assessment 16 days pasjury, symptom free at day 12 pestjury,

therefore days until asymptomatic = 12).
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Statisticalanalyses

Participant demographic information, SCBperformance, and clinical observations obtained during initial
SRmMTBI assessment were extracted and used as predictor variables. Differences between continuous
variables for14R | @ | yd&y gri(psnere evaluated using two sample Kolmogo®mirnov tests due

to a lack of normality. Comparisons were made between males and females within each respective group
using the same method. Group comparisons of categorical variables were accomplished usigu@lors
CAaKSNRa 9EIFOG dSadad wStlFIGA2yaKALA 060S0i6SSy Of AyA
LINE RdzOlG Y2YSyid O2NNBflGA2yad 5dzS G2 GKS @FNARIofS

comparisons.

The prospectively collecticlinical data were used to train and validate a logistic model capable of

predicting SRnTBI participants who had higher odds of experiencingdaydsymptom resolution. The

data were randomly split with 50/50 probability into training and validationssubplesTo examine

LINB RA O 2 N& -da¥ Symptgm nesoRitiddfolipwing SRMTB| multivariable logistic regression

models were developed following a defined methodological appr¢&ach] using the traimg subsample.
Collinearity was accounted for in development of the model combinations by eliminating all models that
contained two predictor variables sharing a relationship 3074]. All variable combinations containing&2
predictor variables were generated, producing 14,160 models. A 4isbdf the top 15 models was

determined by a mutual balance between area under the curve (AUC) and Akaike information criterion.
Predictor variakes for the final training model were selected based on clinical relevance and evidence from
GKS fAGSNY GdzNB I ¢ K-doéffientiand staydard ebr@r yadudsacrdSs/iie stistff |

models into account. The final model was chosen ttuohe the least number of variables in order to

increase clinical simplicity/utility and avoid overfitting. The optimal multivariable model was then applied

to the validation subsample, evaluating model performance on a new dataset. Goealfrgsor each

subsample was evaluated using Hosmer and Lemeshow tests. Sensitivity, specificity, AUC, percent correctly
classified, and receiver operating characteristic (ROC) analyses were derived for both the training and
validation subsample. Finally, model restittsm the training and validation subsamples were compared
dzaAy3a 5St2y3Qa wh/ OdaNBS !/ O2YLI NRaz2yd {dFGAadaA
RStudio v1.1.383.

Results

Descriptive statistics and results of between group comparisons are stisgdanTable3.1, with initial
assessment data split by sex, and symptom resolutidraiie3.2. Results are presented as Mean +SD, or
as Median [IQR] for selected variables where extreme values skewed the Mean in a way that was not
representative of the group. Frequencies (%) are reported for categorical variables. Correlatatnzd e

of continuous variables during initial clinical assessment eh$BI are illustrated ifigure3.1.
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Demographic information

Of the 568 participants there were 33emales (23%) and 274 participants under 18 years old (48%).
Participants with >14lay symptom resolution had an average ag@@# +9.1lyears compared t@0.0 £8.0
years for those with symptom resolution {marays p = 0.195). Days until initial assessment was higher in
the >14day group 9.6 +6.9Yi K I y  dd&yQyroofif.8 +4.9p = 0.001), as was days until asymptomatic
(>14day:25.0 [19.0; 38.071 >Haw1v.0 [3.0; 12.0]p =<0.001) Both groups selfeported ahistory of
approximately one previous mTBI (>ddy: 0.9 £1.6;Kmaiay:0.9 £1.4 p = 1.000).

SCAT

¢t KSNB 6SNB y2 RATTSNBY OS adaylayid >A4yay, drbdtwieenfmhlés adO2 NS & 0
females within the groups. Initial P8I14day:14.6 55.3T >Hay16.1 +5.5 p = <0.001)initial SS&14

day:30.0 [18.0; 50.07 >dayr6.0 [2.0; 15.0]p = <0.001)initial GSI compositerl4day:1.6 1.0 Xm0

day:0.5 0.6 p=<0.001) and initial PSDI composifel4day:2.3 £0.8 >Hayrl.3 £0.8 p=<0.001)were
higherinthe >IR I @ I NP dzLJ O2 Y-dily BuR The waiekn8 difféqmmces in initial PST

between males and females within the >4 & I y@&y gridgpa Initial SSS scores were higher in >14

day females (38.5 [24.0; 59.0]) thén >14day males (28.0 [17.0; 46.%]= 0.010), similarly females (11.0

[5.0; 24.0]) reported higher initial SSS than males (5.0 [2.0; P40]; 1 ®m n H U-dag gfoui KS  Xmn

Clinical observations

The majority (85%) of all participants (n = 56@Yye identified as experiencing symptoms of a

predominantly physiological origin. Of the 291 >dal participants, 77% of participants displayed a

physiological PSC, 11% a vestibadalar PSC, 3% a cervicogenic PSC, and the remaining 9% a mix of PSCs.
INO2 y (i NI & (i Zdayfpasticipaht® (n XRi7i7) demonstrated a physiological PSC, 3% vestibido,

3% cervicogenic, and 1% mixed PSCs. Rugby accounted for 60%-of BBISk this study (301 Rugby

Union and 37 Rugby League). Autonomic dysfunctiocnateserved in 41% of >y participants against

g’z Ay -dagKdBoupKRewchological modifiers were reported by 19% of participants in theay14

ANRdzZL) O2YLIH NBR (2 2yfe deygoup2 ¥ LI NIAOALI yGa Ay GKS
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Table3.1 Descriptive statistics and symptom resolution comparisons of clinigalfBRassessment

variables.
Total Resolution Resolution
>14days XKmdays
(n=568) (n=291) (n=277) p
Demographics
Age* 20.2 +8.6 20.4 +9.1 20.0 8.0 0.195
Days until initial assessment 8.7 £6.0 9.6 £6.9 7.814.9 0.001
Days missed from work/school 2.1+4.0 3.1+5.1 1.1+18 <0.001
# of follow up visits* 1.9+1.3 26+1.4 1.1 +0.7 <0.001
5F&a dzydaAft 15.0[7.0;25.0] 25.0[19.0;38.0] 7.0[3.0;12.0] <0.001
5F&a dzy At 24.0[18.0; 37.0] 35.0[26.0;49.0] 18.0[17.0; 23.0] <0.001
# of previous mTBI 0.9+1.5 0.9+1.6 09+14 1.000
Years of education] 12.7 £3.3 12.8 £3.3 12.5£3.2 0.664
SCAT
Initial SAC score] 26.5+2.6 26.2 £3.0 26.8 2.1 0.622
Final SAC score 26.9 2.5 26.9+2.4 26.9+2.6 1.000
Initial PST* 10.5+6.8 14.6 £5.3 6.1 5.5 <0.001
Final PST 2.4 +3.0 3.243.2 15426 <0.001
LYAGALFt aeéy| 17.0[5.0;36.0] 30.0[18.0;50.0] 6.0[2.0; 15.0] <0.001
CAYylf &aevyvyLl 1.0][0.0;4.0] 2.0[1.0; 6.0] 1.0 [0.0; 2.0] <0.001
Initial PSDI composite 1.8 £0.9 2.3+0.8 1.3+0.8 <0.001
Final PSDI composite 0.7 +0.7 0.9 +0.6 0.6 £0.7 <0.001
Initial GSI composite’ 1.1+1.0 1.6+1.0 0.5+0.6 <0.001
Final GSI composite 0.1 +0.2 0.2 £0.2 0.1+0.1 <0.001
Initial MBESS score 3.8+3.1 4.3 £3.6 3.2+2.5 0.017
Frequency (%) Frequency (%) Frequency (%) p
Age
Under 13 44 (8) 18 (6) 26.0 (9) 0.006
13t0 17 230 (41) 136 (47) 94.0 (34)
18 and over, 294 (52) 137 (47) 157.0 (57)
Sex
Female 133 (23) 100 (34) 33.0 (12) <0.001
Male 435 (77) 191 (66) 244.0 (88)
Predominant Symptom Cluster
Physiological 482 (85) 223(77) 259.0 (94) <0.001
Vestibuleocular 40 (7) 33(11) 7.03)
Cervical 17 (3) 10 (3) 7.0 (3)
Mixed 29 (5) 25 (9) 4.0 (1)
Sport
Rugby Union 301 (53) 114 (39) 187.0 (68) <0.001
Rugby Leaguy 37 (7) 17 (6) 20.0 (7)
Football(Soccer) 67 (12) 43 (15) 24.0 (9)
Field Hockey 14 (2) 12 (4) 2.0(1)
Netball 10 (2) 8 (3) 2.0()
Other 139 (24) 97 (33) 42.0 (15)
Autonomic Dysfunctioty
Not present 423 (75) 171 (59) 252.0 (91) <0.001
Present 142 (25) 118 (41) 24.0(9)
Psychological Modifie¥
Not present 483 (85) 234 (81) 249.0 (90) 0.004
Present 82 (14) 55 (19) 27.0 (0.10)
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5 CNXBIj dzSy 0@ eqaalzdlunih 2ofalkdueyfomissing data.
SAC: Standardised Assessment of Concussion; mBESS: modified Balance Error Scoring System; PST: Positive Symptom
Total score; PSDI: Positive Symptom Distress Index; GSI: Global Severity Index.
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Table3.2 Summary of sex differences for S&AaNnd clinical evaluation findings collected during initial SR

mTBI assessment.

LIEND Sy

Female Male
Female Male XKmaays Xmaays
>14days (n=100) >14days (n=191) (n=33) (n=244)
p p
SCATB
Initial SAC score] 26.4 £3.7 26.1£2.5 0.299 274 1.4 26.8 £2.2 0.230
Initial PST* 15.515.2 14.2 £5.3 0.234 8.6 £6.5 5.8+5.3 0.387
Initial ;yg%ogl 38.5[24.0;59.0] 28.0[17.0;46.5] 0.010 11.0[5.0;24.0] 5.0[2.0;14.0] 0.142
Cm‘;‘(');fe?' 2.510.8 2.210.8 0.001 1.6+0.8 1308  0.070
Co'rrr‘]'gg'si(fes*' 1.9+1.0 1.5+0.9 0.010 0.8 0.8 0.5 0.6 0.142
Initial MBESS] 45134 4.2 +3.7 0.935 3.7+2.8 3.1+25 0.905
Frequency (%) Frequency (%) p Frequency (%) Frequency (%) p
Age
Under 13 2.0(2) 16.0 (8) 0.022 0 (0) 26.0 (11) NC
13to 17 42.0 (42) 94.0 (49) 14.0 (42) 80.0 (33)
18 and over 56.0 (56) 81.0 (42) 19.0 (58) 138.0 (57)
Predominant
Symptom Cluster
Physiological 72.0 (72) 151.0 (79) 0.475 28.0 (85) 231.0 (95) NC
Vestibuleocular 14.0 (14) 19.0 (10) 3.0(9 4.0 (2)
Cervical 3.0 (3) 7.0 (4) 2.0 (6) 5.0 (2)
Mixed 11.0 (11) 14.0 (7) 0 (0) 4.0 (2)
Sport
Rugby Union 17.0 (17) 97.0(51) NC 6.0 (18) 181.0 (74) NC
Rugby Leaguy 4.0 (4) 13.0 (7) 4.0 (12) 16.0 (7)
Football (Soccer 13.0 (13) 30.0 (16) 8.0 (24) 16.0 (7)
Field Hockey, 6.0 (6) 6.0 (3) 1.0(3) 1.0 (0)
Netball 8.0 (8) 0 (0) 2.0 (6) 0 (0)
Other 52.0 (52) 45.0 (24) 12.0 (36) 30.0 (12)
Autonomic
Dysfunctiortz
Not present 51.0 (52) 120.0 (63) 0.074 27.0 (82) 225.0 (93) 0.083
Present 48.0 (48) 70.0 (37) 6.0 (18) 18.0 (7)
Psychological
Modifiers
Not present 76.0 (76) 158.0 (83) 0.225 30.0 (91) 219.0 (90) 0.865
Present 24.0 (24) 31.0 (16) 3.0 (9) 24.0(10)
5G4k 'NB LINBaSyusSR | & F}a@l-y5{52v U aéﬁi)l-)[ @wHp ITJSN\DS)/
5 CNXBIljdzSyOeé adzy R2Sa y2u Sldz2t O2ftdzyy G420l f Rdz uz2 YAa

NCStatistic not calculable due to zeros in cells
SAC: Standardised Assessment of Concussion; PST: Positive Symptom Total score; PSDI: Positive Symptom Distress
Index; GSI: Global Severity Index; mBESS: modified Balance Error Scoring System.
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Table3.3 Final multivariable model summary and prediction performance ahBB symptom resolution
for two unique samples.

Training subsample (n= 262) Validation subsample (n= 295)
Variable z p OR Std. 95% Cl z p OR Std. 95% Cl
Err Err
Female Sex 258 0.010 293 042 1.32-6.77| 190 0.057 2.07 0.38 0.99-4.45
Physiological
Predominant -1.33 0.185 046 059 0.14-141| -3.04 0.002 0.26 0.45 0.1-0.6
Symptom Cluster
Initial Positive
Symptom Total 8.27 0.000 133 0.03 1.25-1.43| 7.90 0.000 124 0.03 1.18-1.31
score
Model accuracy Value 95% ClI Value 95% ClI
AUC 0.90 0.860.94 0.85 0.81-0.90
Sensitivity 0.80 0.77
Specificity 0.82 0.75
Correctly classified| 81 76-86 76 71-81
Model evaluations
Hosmer and
Lemeshow .2=8.67,df =8 =10.371 .2=7.71, df = 8= 0.462
goodnessof-fit test
Delong's ROC curv _ _
AUC comparison D=1.58p=0.114

Predictors of symptom resolution

Initial assessment data from the 568 participants was used to train and validate a logistic regression model
02 LINB-Bay @isus Xmiay symptom resolution groups. Correlational evaluation of continuous

variables indicated that only initial PST, $88,GSI shared a correlation coefficient >0.4 with number of

RIFeda dzydAf FaevyLWz2Yl dAO ¢ Aaykubyfoup Whe nGne of tiésSvagabldR | ( | &
exceeded r = 0.4 within the >Xdhy subgroup. The model results for the training andigation

subsamples are presented Trable3.3. Results of ROC analysis are displayé&dguare3.2. Hosmer and

Lemeshow goodnessf-fit test results within both the trainingp(= 0.371) and validation subsamplgs<(

0.462), did not indicate concerns with overall model fit. The final maddglOf dzRS R LI NI A OA LI y i
t{¢x FYyR aSE Ia LINBRA Codesiip@rh medolutiontgfdps. ZHe AUKwas 080G NB& dzi
and 0.85, with 81% and 76% of participants correctly classified within the training and validation

subsamples, respeotely.

54
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10

AUC =0.90

08

06
1

=
=
@
[ =
P
0 < i
o
o™
o
< —
o
T T T T T T
1.0 08 0.6 0.4 02 0.0
1 - Specificity
Accuracy, £14-day vs. >14-day SR-mTBI symptom resolution - Validation
o |
- AUC =085
@ -
o
©
z © 7
=
-
c
D
w

04

02

00

T T T
1.0 08 0.6 04 02 00

1 - Specificity

Figure3.2 ROC curves for final logistic regression model applied to training (top) and validation (bottom)
subsamples to predict >R & @ S Nifily &&nTBKsymptom resolution.

Discussion

Sex, symptom burden, and predominant symptom cluster

In the current studyfemale sex was disproportionately associated with-tdéy¢ symptom resolution

outcomes compared to male3 gble3.2), which is in agreement with existing data relattogelinical

recovery predictor$39]. Females accounted for 23% of participants within the current cohort, yet 34% of
participants who experienced >idhy symptom resolution were female. Early evidence has suggested that
widely reported sex differences in mTBI recovery may be explained by anat¢hri2glhormonal[173,

174], and biomechanicdlL72]factors. At initial assessment, >tly participants indicated greater PST and
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{ { { Q& -dldy payticip#isa Consistent with previous refsd175], female participants within ar

cohort demonstrated greater initial symptom burden than males in bothR14& | &y gri(ps

However, females have been documented to report higher symptoms than males during baseline testing
[176]. In contrast, there were no differences in SAC scores between sexes afll>84 | yda&y gri(pa

at initial assessment. The observed differences in mBESS scores betweRr->&4 | yda&y gri(psiare

likely trivial due to the ceiling effect and questionable validity of the mB&E3Current guidelines

recommend evaluating SRTBI with the full SCAA (Symptom Scale; SAC; mBESS) during both sideline and
during subsequent clinical evaluatiof¥8]. Compared to preseason baseline testing, reduced SAC scores

at the time of SRnTBI and 3 hours po#tjury have been reported, however, SAC performance returns to
baseline levels within-3 days postnjury [88]. Our findings highlight limited clinical utility of the SA@ an
MBESS when administered during initial clinical assessmentraffBRpproximately one week after the

injury. While it did provide a useful framework to guide management, SAC scores did not change as a

LI NI AOALI yiQa aeé YLl 2 Y adichsgnpdri @DIRtior oy asisReledrancé PoriretuknS £ LJ
to sport. Approximately 10 minutes was required to administer the SAC and mBESS components of the
SCAT, which has been shown to be a barrier to use in primary care seftiig$ Based on existing

evidence, continued administration of the Symptom Scale and removal of the SAC and mBESS for initial
clinical assssments of SRTBI that occur more than two days péasjury may be considered to streamline

clinical flow.

To our knowledge, this is the first athlete patient cohort assessed using the PSC classificatioffif&]teria
during theinitial assessmermf SRMTBI (rather than at 21 days pesfury for participants with unresolved
symptom complaints). Participants who presented with complaints consistent with a vestibular

and/or cervical PSC were more likely to experienceddytsymptom resolution trajgories than
participants presenting with symptoms consistent with physiological causgsfimmptoms exacerbated by
cognitive and/or physical activity). This reinforces evidence that identification of vestisular
abnormalities during initial assesemt is predictive of >14lay symptom resolution from SRTBI[165,

178]. Therefore, we recommend integration of experienced vestitmdolar physiotherapists into muiti
disciplinary clinical models withinstitutions tasked with managing SRTBI patients. Initiation of
appropriate vestibuleocular treatment sooner poshjury may reduce the proportion of patients who

recover in >14ays but requires further research.

The recovery prediction model

In this stidy, a multivariable prognostic model to predict-@RBI symptom resolutiotrajectory with high
accuracy was trained and validated using prospectively collected data following current clinical guidelines.
Analysis demonstrated that females, participanighva higher initial PST, and cervicogenic and/or

vestibuloocular PSC were at higher odds of sele SEnTBI symptom resolution. Initial PST was included
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in the final model over SSS and GSI/PSDI composite scores as the strongest predictor of symptom
resoltion trajectory. Based on this observation, number of initial symptoms endorsed may be more
meaningful for predicting symptom resolutidrajectory than the severity of symptoms. However, from a
clinical perspective, continued use of GSI and PSDI coraasites is recommended to provide clinicians

with a brief summary of symptom burden in an easily interpreted format.

Interestingly, patient age was not included in the final model as a significant covariate despite commonly
cited reports that children athadolescents take longer to experience symptom resolution than afiits

75, 93] A 2017 metaanalysis of predictors of clinical recovery reported that out of 31 studies (of varying
size and quality) evaluating age as a predictor, settaties concluded that younger age was predictive of
worse outcomes while the remaining 24 studies concluded the conf8®jy The potential contribution of

age to symptom resolution trajectories remains unclear and warrants further exploration.

Implementing this model into clinical practice may assist clinicians to identify patieh&gittened risk of
>14day SEnTBI symptom resolution. A quick and accurate means to predioct T8 symptom resolution
trajectory during initial assessment, provides clinicians with valuable information to proactively tailor the
LI GASYy(Qa Y legilieArhe Eeyoteryltiheling than is currently possible. The clinicians
involved with this cohort are highly experienced and trained in the managementafT&R allowing them

G2 STFSOGAGStE ARSYy(ATFe GKS LiorNahdiS@miptaln Foal®skores.{ / 0 &
Model accuracy may suffer if clinicians lack education and experience in the managemem ®BSR

Model accuracy also relies on patient compliance, because athletes have been documented to under
report symptoms following SRTBI[6]. If a patient deliberately minimises their sympterduring the initial
clinical assessment the accuracy of the model will diminish. There is a need to identify feasible objective
clinical measures to assess mTBI to compensate for situations where clinicians lack experience and/or
patient symptom discloseris not trustworthy. Ongoing and future investigations into the measurement
and clinical utility of biomarkerd 79-181], neurophysiological parametef$24, 154, 182185],
biomechanic$127, 128, 186, 187hnd somatosermy function[121, 122]may identify the optimal test(s)

to further enhance current clinical assessment and management-of BR. Furthermore, more research is
needed to evaluate generalisability of the currentaeband whether the model may be useful in primary
care settings such as an emergency department to identify patients that may need early referral to-a multi

disciplinary service.

If future research determines sufficient generalisability and transfetglafithe current model it may be
applied to assist clinicians with the identification of patients likely to requiredsl# to achieve symptom
resolution. This may aid clinicians, particularly those less experienced in the managemem©BERy
suppating or refuting their initial clinical impressions to assist in determining the optimal management

plan. For example, if the managing clinician suspects the patient is likely to experience symptom resolution
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in <14days while the model predicts >3y resolution, this may lead the clinician to take a more
conservative management strategy with the patient by ordering additional assessmentsgadmill

testing and/or comprehensive vestibutcular evaluation) and scheduling referrals to specialisedses

earlier postinjury. Presently, in this scenario these assessments and referrals likely would not be initiated
until 14 days followingSR¢ . L ¢ KSy GKS LI G4ASyidQa aeyvyLlizya NBYIF A
time these services are schedulde patient would have been experiencing symptoms for a month or

more before appropriate treatment strategies are initiated, which may result in substantial time missed
from work/school/sport and expose the patient to considerable amounts of psychostreiss s This

becomes a greater consideration if the patient lives in an area where these services are unavailable and
may be required to travel to receive the specialised management they require. Additionally, with many soft
tissue and bony injuries it ssible to establish recovery timeline expectations early in the recovery
process with the use of sensitive and specific tests. Establishing these expectations is not yet possible for
clinicians working with SRTBI. It is conceivable that the opendednature of when to expect symptom
resolution contributes to psychosocial stress for the patient. Therefore, this model may also benefit
patients by providing an indication for when to anticipate symptom resolution in order to set recovery
expectations earlyn the recovery process to combat psychosocial burden durirgg B recovery. Of

course, no model can replace quality clinical judgement and decision making, however, predictive models

can complement clinical practice by providing practitioners with miofermation to guide their decisions.

Limitations

Interpretation of the study findings should consider several limitations. No data were available from the

day the SRnTBI occurred for each participant (apart from gelbort of the event) as data includan this

study were collected approximately® days postnjury. Only PST and SSS of the Symptom Scale and SAC
total score were recorded from the SCBTue to database limitations. The model building process

included an automated component to narrowwn the strongest predictors of SRTBI symptom
resolutiontrajectory which may have yielded oveptimistic findinggd188]. A defined methodological

approach was used that balanced model performance and fit to reduce the risk of overfitting as is common

in automated modeling. Data were randomly split into training and validation subsamplegalioate the

Y2RSt Q4 LISNF2NXIFyOS 2y aSLINIGS RIFEGE G2 6KAOK Al
validated within this study was from data collected at a single clinic. Further model external validation is
necessary to determinethefull &ty & 2 F GKS Y2RSfQa 3ISYySNIfAalroAfAGe
Ot AyAOa sAGK SELISNASYOSR OfAYAOAlya GNIAYSR (2 AR
selfreported symptom profile provided by the patient with-&R'BI.

58



Conclusons

Sex, initial PST, and PSC were variables collected during initial clinical assessmantBf B&at
RSY2yadNI G§SR a0GNRy3 LINE R-Ua 8yt reSdiutidir&ektdrids p@sinTEH m n
Based on inclusion of PSC in the final moalekcommendation for clinicians is to utilise the PSC
classification criteria at the first clinical 8RBl assessment. Exploration of the feasibility of emerging

objective measures to further optimise clinicaH8RBI assessment merits future research
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Personal development aa researcheresulting from Chapter3

Introductionto computer programming.

Learning howo code in Python and RStudio.

First experience conducting thorough exploratory data analysis.
Development of data cleaning skillset and pipelines in Python Pandas.
Importance of database structure for data quality.

How to execute statistical modelling in RStudio.

=A =4 =4 =4 =8 =9

Link betweenSectionl and Section 2 Part AChapter 4)

Based on thdindings of Section,bne of the biggest factors that influence time to recovery p8&iBl is
whethera patient with a history of SOBI receives a thorough assessment that identifies their specific
treatment needs. Using data collected during the initlalical assessment of SOBI the prognostic model in
Chapter 3 enablkearly prediction of patients likely to experience prolonged recoweryhatearlier

referral to specialist servicesan take placand resourcegan be allocatedo those most in needearly and
accurate deliverpf established treatment strategies (i,sub-symptom threshold aerobic exercise,
vestibuloocular physiotherapy, etcghould reduce the tim@atientsrequire torecoverand return to

normal activitiedollowing SOBI However, current treatment modalities react fonctional and
neurobehavioural deficitfi.e., mood instability, impaired cognition and memory, confusion, intolerance to
cognitive and physical loading, vestibuoular deficiencies, andestp disturbances, etcwhich seemingly
develop as consequences of cellular damage and dysfunction triggered by the secondary injury phase of
TBIl.There is a need for both effective treatments to address burden experienced by the patient, and
proactive inerventions that lessen the magnitude of cellular damage that manifests as symptoms.
Advances in our knowledge of the neurophysiological consequences of TBI provide targets for proactive
interventions to blunt the degree of cellular damage caused by S@Bhanner whicttouldsubsequently
reduce theproportion of patients who go on to experience prolonged recov€uyrrently, there is no
pharmacologicainethod to achieve this proactive approach to improving recovery outcomes following TBI
since the consegences of TBI do not occur in a single cellular pathway. For this raasothought that
nutritional interventions may serve as proactive methods to reduce the damaging effect3 Bbby acting
upon multiplephysiologicapathways. Chapter 4 presertise first systematic review toonsolidate

available evidence for podiBI nutritional interventions and their associated effects on neurophysiological
outcomes in both animal and human studidsmodel like the one presented in Chapter 3 could identify
S@I patients with a higher likelihood of experiencing prolonged recoseaping investigatiors into the
effectivenesof nutritional interventiors toattenuate the neurophysiological consequences of SOBI in a

manner that positively alters a patie®trecwery trajectory.
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Section 2:
Translational potential and clinical utility of
neurophysiological approaches to advance
management of SOBI
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Chapter 4: Nutritional interventions to improve neurophysiological
impairments following traumatic brainnjury: A systematic review.

This chapter comprises the following paper publishedoarnal of Neuroscience ReseaibGeown, J. B.
Hume, P. A., Theadom, A., Quarrie, K. L., & Borotkanics, R. (2021). Nutritional interventions to improve
neurophysiologial impairments following traumatic brain injury: A systematic revigsurnal of
Neuroscience Researd@9(2), 573603. https://doi.org/10.1002/jnr.24746

Author contribution

McGeown, J. P. 80%, Hume, P. A. 5%, Theadom, A. 5%, Quarrie, K. L. 5%, Borotké&hics

Overview

Traumatic brain injury (TBI) accounts for significant global health burden. Effects of TBI can become chronic even
following mild injury. There is a need to develop effective therapies to attenuate the damaging effects of TBI and
improve lecovery outcomes. This literature review usingraori criteria (PROSPERO; CRD42018100623) summarised
43 studies between January 1998ly 2019 that investigated nutritional interventions (Nd&)ivered with the

objective of altering neurophysiologic®P) outcomes following THRisk of bias was assessed for included studies,
and NP outcomes recorded. The systematic search resulted in 43 out of 3,748 identified studies met inclusion criteria.
No studies evaluated the effect of a NUT on NP outcomesldhTBimans. Biomarkers of morphological changes and
apoptosis, oxidative stress, and plasticity, neurogenesis, and neurotransmission were the most evaluated NP
outcomes across the 43 studies that used 2,897 animals. The risk of bias was unclearignadlrstudies due to

poorly detailed methodology sections. Taking these limitations into accountpaittants, branched chain amino

acids, and -3 polyunsaturated fatty acids have shown the most promisinggtirécal results foaltering NP

outcomes fdlowing TBIRefinement of preslinical methodologies used to evaluate effects of interventions on

secondary damage of TBI would improve the likelihood of translation to clinical populations.
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Introduction

Traumatic brain injury (TBI) has been referred sassilent epidemic, with an estimated age standardised
global incidence rate of 369 per 100,000 pergaars and an estimated incidence of 27 million new TBIs

per year[23, 189] The true incidence of TBI may be even higher due to reporting and recording limitations
[26]. Injury burden is undeniable; yet due to intricate TBI pathophysiology, clinical strategies to attenuate
damage and assist recovery across the TBI spectrum remain elusive. Mild, moderate, and severe TBIs are
characterised by a primary biomechanical eveherein force is transmitted, injuring the brain as a
consequence of events such as a fall, motor vehicle accident, assault, blast exposure,-alapsatt

activity [25]. TBI severitys primarily determined using the Glasgow Coma Score (assessment of level of
consciousness). Additionally, moderate and severe TBIs are typically associated with skull fracture and/or
positive neuroimaging findings indicating structural damfg: 19] Mild TBI (mTBI) represents the

majority (95%) of TBIs and is generally classified basedzdasgow Coma Score betweenl® symptom
complaints, and the absence of both skull fracture and positive neuroim@nd.9, 27] Within minutes

of the traumatic event (primary injury) neurological homeostasis is disrupted representing the secondary
injury phase of TBI. Neurophysiological (NP) consequences of TBI can inclisd@ndoneurometabolic
dysregulation; neurovascular and autonomic uncoupling; axonal and cytoskeletal damage; impaired
synaptic plasticity; neuroinflammation; disrupted blood brain barrier (BBB) permeability and damaged cell

membranes; and neuronal apopisqsed21] for a recent review detailing TBI pathophysiology).

Improved understanding of NP consequences of TBI provide targets for therapeutic interventions to
improve recovery outcomed 9, 21] On this basis, targeted exercise prescription has been shown to be an
effective intervention to address symptom burden and fuooal deficits that commonly occur as a
consequence of T3, 75, 96, 98, 105, 15890-197]. Some symptoms such as headache complaints,
sleep disruption, and/or mood disorders, that can occur secondary to TBlbeavemanaged with
prescription pharmaceuticals (although greater clarity regarding efficacy of these approaches is needed)
[198-202]. However, there is no intervention to proactively target the secondary injury phase of TBl in a
manner that promotes earlier resolution of a range of symptom complaints and deficits observed clinically
[203].

Lifestyle factors such as diet and nutrition play crucial roles in maintaining neurological function and overall
brain health[204]. In this regard, modification of dietary intake and/or nutritional supplementation post

TBI demonstrate potential to attenuate damaging effects of secondary injury following TBI by

simultaneously acting upon multiple NP pathways. An advantage of puatltinterventions (NUT) is the

G2 A2 dzy 6 SNE F OO0OSaaArAoAtAde 2F I FF2NRIofS F22R | YR
patients postTBI to alter the secondary damage of TBI when availability of medical services may be limited.

Modifying nutriion is potentially useful for enhancing resilience to the damaging effects of TBI for at risk
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populations {.e., military personnel and athletes participating in higbk sports)205, 206] Due to
scalability and implementation limitations, the preventative role aftition is beyond the scope of the

current review.

Cellular damage and dysfunction that characterises the secondary injury phase of TBI manifest clinically as
an array of functional and neurobehavioural defi¢#t&, 61] Previous reviews in the field of TBI have not
summarised relevant NUT literature both comprehensively and systematicallgyerfbcussed on

interventions that target observable clinical symptof@67-215]. This review evaluated the evidence for
treatments to reduce the physiological causes of these clinical symptoms theoqoypring the effect of

NUTs on NP outcomes.
Aim

This review aimed to systematically consolidate evidence from animal and human studies, evaluating NUTs

administered pos{TBI and their subsequent effects on NP outcomes.

Methods

We conducted thiseview according to Preferred Reporting Items for Systematic Reviews and Meta
Analyses (PRISMA) guidelines and followed clear a priori criteria registered with the International
Prospective Register of Systematic Reviews (PROSPERO; CRD42018100628)etRedelogy was
developed according to Population, Intervention, Comparator, and Outcome (P.I.C.O.) guidellves (
4.1).

Search strategy and study selection critari

Table4.1 outlines search terms to identify studies investigating the influence of nutritional and dietary
manipulation interventions on NP outcomes pd®l. We fikred titles and abstracts for nutritional and
diet-related terms within 10 words either side of TiBlated keywords. When permitted by database
functionality, additional filters were applied to limit search results to pestiewed studies, available in

full-text, and published in English. Our systematic database search identified 4,148 drimlee4.1)

available online and published between January 1998 to Ju§ 20dugh MEDLINE [EBSCOQO] (n = 652),

Web of Science (n = 608), Scopus (n = 639), CINAHL [EBSCO] (n = 451), SportDiscus [EBSCO] (n = 245),
PsycINFO [OVID] (n = 1,489), and Cochrane Library [Wiley] (n = 62). Reference lists of included articles were
reviewedbut did not identify any additional results. Once duplicate references were removed, screening

for eligibility by JM of titles, abstracts, and ftékts of 3,748 studies was completed. A 10% random check

of references was performed at each screening stag PHTable4.1 provides detailed inclusion and

exclusion criteria used to guide study selection.
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)

Records identified through Additional records identified
database searchg through other sources
(n =4148 (n =0)

l |

Recordsafter duplicates removed

Identification

[

(n =3748) Records excludd based on title and abstract
(n =3546)
v A Not TB(n=1282)
g A Nointerventionadministeredinterventiondid
= Recordscreened ] inclusi o -16%5
o (n =3748) > ~ notmeetinc u_smrc_nterla(n = )
g A No neurophysiologicalutcome measure
n (n=21)
A No experimental design employéd = 268)
A Reviewgn=175)
A No abstract/results availablgn = 165)
Full-text articles excluded, with reasons
(n =159)
A 4 A Intervention delivered prénjury (n =36)
2 Full-text articles assessed A Pharmaceutickintervention aml/or delivered
2 for eligibility »  invasivelyn=1@) o
2 (n =202) A Nointerventionadministeredinterventiondid
= not meet inclusiorcriteria(n=10)
A In vitrostudy(n=6)
A No experimental design engyed(n= 4
A Timing of intevention delivery uncleagn = 1)
A 4
5 Sudies included in
S qualitative synthesis
E (n =43)
Figure4.1 Prisma flowchart.

Quality assessment

Only preclinical animal studies met all inclusion criteria for this review, so quality and risk of bias (RoB) was
assessed for included studies using the Systematic Review Centre foatbap@dmimal Experimentation

(SYRCLE) RoB tf#i6]. The SYRCLE RoB tool adapted the Cochrane Collabhda too[217]for

randomised controlled trials (RCTs) using harsubjects adjusting for aspects of bias within animal
d0dzRASad® ¢KS Sy aAraylrftAy3a ljdzSatdArAz2ya dzaSR gAGKAY
studies are presented ihable4.2. Quality assessment of all included studies was performed by JM with a

10% random check by PH.
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Table4.1 Search strategy and study eligibility criteria.

Systematic search strategy

TBtrelated search
terms

postconcussion or "postoncussion” or concussion or thi or mtbi or "traumatic brai
injur*" or "cortical impact" or "fluid percussion" or "acceleration injury"

The nutrition & dietrelated search terms below were querigithin 10 words before or after TBtlated search

terms

Nutrition & dietrelated
search terms

diet* or supplement* or "neuroprotective agent*" or creatine or antioxidant* or "ant
oxidant*" or "fatty acid*" or vitamin* or nutri* or nutraceutical or ketoor "amino
acid*" or "complementary and integrative medicine" or "complementary and
alternative medicine"

P.I.C.O. framework & study selection criteria

Exclusion criteria

Inclusion criteria

Participants/population

Humans and/or
mammals that have
sustained TBI

In vitro models of
brain/neuronal/axonal injury

Spinal cord injury

Human subjects with TBI on life
support, in a comatose state, and/o|
subjects that are paralysed

Mild, moderate, and severe TBI

Single or repetitive impacts/injuries

In vivo investigations including:

1) Clinical studies with human subjects
and/or

2) Preclinical studies on animal models of TBI

Intervention

Nutrition and/or dietary
manipulation
interventions

administeredpost
injurywith the aim to
attenuate impaired

neurophysiological

functions due to TBI

Nutrition/dietary interventions
administeredpre-TBI

Acute lifesaving interventions
Administration of nutrition
supplement via invasive means sud
as intravenous, intraperitoneal,
intrathecal, or
intracerebroventricular/intracerebra
injections

Nutrition/dietary interventions
targeting the gut/intestines after
severe TBI

Enteral feeding for
paralysed/comatose subjects
Pharmaceutical/drug/hormone
interventions

Nutrition and/or dietary manipulation
interventions administered noinvasively*

pOstTBI

*exception made for nutrients/supplements
delivered via gavage to animal models to enst
dosage compliance

Comparators/controls

Preinjury baseline
measures, current best
practice, regular diet,
no treatment, sham
injury, control, or
placebo group

Absence otomparison group

Presence of comparison group

Outcomes

Measures of
neurophysiological
function related to

secondary injury phase
of TBI

Neurocognitive, neuropsychologica
behavioural, or clinical outcome
measures only

Minimum of one objective outcome measure t
guantify neurophysiological outcomes and/or
consequences of TBI including: morphologica
changes, cell death/apoptosis/cell survival,
energy metabolism, mitochondrial function,
oxidative stress, glial activatiompmune
response, BBB integrity, cell membrane
homeostasis, plasticity, neurotransmission,
and/or neurogenesis
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Data extraction and synthesis

Studies meeting inclusion criteria were recorded and curated for: study characteristics (study type, number
of study groups, method dffBI induction, TBI severity and mortality rate); animal characteristics (species,
sample size, sex, age, and weight); intervention details (type of intervention, controls used, timing of
initiation of intervention, intervention dosage and duration of intention); and outcomes (NP outcomes
evaluated, biomarkers used, and behavioural/neurocognitive outcomes). Efforts were made to contact
study authors to acquire any key information that was missing or unclear in published articles. A summary
of study charaieristics able4.3), summary of NP outcome$dble4.4) and details of NP andehavioural

outcomes (Table S1) are provided.

Results

Article selection and quality assessment

Application of inclusion and exclusion criteria to titles and abstracts of search resulted in 2@xtfull

articles that were screened for eligibility; 43 joatrarticleg147-150, 218256] met all eligibility criteria.

Most studies (28/43) were conducted since 2013, with dew studies being released eactaysince

2016. All studies were prelinical animal studies with 27/43 studies clearly stating that randomisation took

place. RoB was generally unclear across all stufladsi€4.2) due to limited methodological detail, which
FIAfSR G2 FTRRNBaa aSOSNIf ONARGSNAI gAGKAY GKS {,w
investigators blinded from knowledge which intervention each animal received during the egFitnK ¢
0dzy Ot SFNJ AY nn 2F no aidzRASa0T YR dac0 2SNB (KS I

(unclear in 30 of 43 studies).
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Table4.2 Included studies RoB evaluated using the SYRCLE tool.

generated and applied?

2) Were the groups similar at baseline
were they adjusted for confounders in t

analysis?

3) Was the allocation to the different
groups adequately concealed during?

4) Were theanimals randomly housed
during the experiment?

5) Were the caregivers and/or investigat|

each animal received during the

experiment?

outcome assessment?

7) Was the outcme assessor blinded?

8) Were incomplete outcome data
adequately addressed?

outcome reporting?

10) Was the study apparently free of oth

problems that could result in a high risk

bias?

Prinset al. 2005
Davis et al. 2008
Hu et al. 2009a
Hu et al. 2009b
Prins et al. 2009
Toklu et al. 2009
Bailes & Mills 2010
Cole et al. 2010
Schwartzkroin et al. 2010
Sharma et al. 2010
DengBryant et al. 2011
Mills et al. 2011
Shin & Dixon 2011
Wu et al. 2011
Saraiva et al. 2012
Itoh et al. 2013
Lim et al. 2013
Kumar et al. 2014
Wu et al. 2014
Zhao et al2014
Ozbal et al. 2015
Wei et al. 2015
Cheng et al. 2016
Greco et al. 2016
Schober et al. 2016
Su etal. 2016
Wang et al. 2016a
Wang et al. 2016b
Xing et al. 2016
Jietal. 2017
Jiang et al. 2017
Liu et al. 2017
Xu et al. 2017
Zhu et al. 2017
Elliott et al. 2018
Ozevren et al. 2018
Wang et al. 2018

c c |1) Was the allocation sequence adequa

C
Yes
Yes
Yes
Yes
uc
Yes
Yes
Yes
uc
uc

w»
ax

ucC

w
Qx

Yes
Yes
Yes
ucC
Yes
Yes
Yes
Yes
Yes
ucC
ucC
Yes
Yes
Yes
ucC
ucC
Yes
Yes
Yes
Yes
ucC
Yes

<
D
(%]

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
ucC
ucC
ucC
ucC
ucC

C
C
C
C
uc
uc
ucC
ucC
ucC
ucC
ucC
ucC
ucC
ucC
ucC
ucC
Yes
ucC
ucC
ucC
ucC
ucC
Yes
ucC
ucC
ucC
ucC
Yes
ucC
ucC
ucC
ucC
ucC
ucC
ucC
ucC
ucC

c c c c |plinded from knowledge which interventi

C
o]

C
C
uc
uc
No

ucC
ucC
No

ucC
No

ucC
No

ucC
Yes
ucC
ucC
ucC
Yes
ucC
ucC
Yes
ucC
Yes
No

ucC
ucC
Yes
ucC
ucC
ucC
ucC
ucC
ucC
ucC
ucC

c c = c [6) Were the animals selected at random

Yes
Yes
ucC
uc
uc

b2}
ucC

(Vs
Qx

ucC
Yes
ucC
ucC
Yes
Yes
Yes
Yes
b2}
Yes
ucC
ucC
Yes
ucC
Yes
ucC
Yes
ucC
ucC
Yes
ucC
ucC

Yes
ucC
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
ucC
No

ucC
No

ucC
ucC
No

Yes
ucC

C
o]

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

= c |9) Are reports of the study free of select
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Xie et al. 2018 Yes Yes uc uc uc No uc ucC Yes uc
Zhang et al. 2018 Yes Yes uc No uc UC Yes UC Yes ucC
Gerbatin et al. 2019 Yes Yes uc uc uc UC Yes UC Yes uc
Krishna et al. 2019 uc Yes uc uc uc uc ucC No Yes uc
Rubovitch et al. 2019 ucC Yes ucC ucC ucC ucC ucC ucC Yes ucC
ThauZuchman et al. 2019 Yes Yes uc uc uc Yes Yes Yes Yes uc

Yes 29 43 1 0 3 6 18 12 43 0

Column totals No 0 0 0 5 0 7 2 7 0 0
Unclear | 14 0 42 38 40 30 23 24 0 43

b2GSY W I' AYF2NNIGA2Yy I OljdZANBR o0& O2yidl OlAy3a O2NNBaLRY

We qualitatively appraised studies, aggregating evidence to identify strengths, weaknesses, and trends
suggesting preliminary positive intervention effects from animal studies within this review while identifying
gaps in knowledge. Through identifying tedsends we can begin to develop explanatory theories about
how NUTs may facilitate improved recovery outcomes {dait while generating hypotheses to justify and

inform the feasibility of translating this evidence to clinical patiga&y7, 258]

TBI induction and animal characteristics

TBInduction

Across the 43 included studieBaple4.3), TBIs were produced in 2,897 animals (more animals were used

but the sample size in several studies was uncleargusamtrolled cortical impact (16 CCI studies), fluid
LISNDdzaaA2y Ayedz2NE 6mMH CtL a0GdRASE0T 2N 6SAIAKGE RNR
model (5/15) and CCI are implemented to mimic a mainly focal brain injury that might ocaua &dié

motor vehicle accident (MVA), or spedlated TB[259]® a | NXY I NB dzQa ¢(§Z5Hkoduced N2 L) Y
mainly diffuse brain injury like that following a fall or MVA. To achieve mixed brain injury (with focal and
diffuse consequences) FPI is commonly deliv§288]. No studies used a blast wave model which would

mimic TBI commonly suffered by deployed military persoffieigd, 260] Animals were anesthetised in 42

studies prior to delivery of TBI. Craniotomy or skull surgical alteration occurred in 34/43 studies. The head

of animals was secured during TBI induction in 15/48ists, while freedom of head movement was

unclear or not reported in 27/43 studies (9 CClI, 10 FPI, 8 weight drop).

TBI severity

TBI induction methodsT@able4.3) inflicted mTBI in nine studies (5 FPI, 4 weight drop), moderate TBI in nine
studies (1 CCl, 6 FPI, 2 weight drop), and severe TBI in four studies (1 CClI, 3 weight drop). In 23 studies TBI
severity was not clearly described (15 CCI, 2 FPI, 6 weight drop).T&lveaverity was a key variable of

interest, study authors were contacted for information, or recently released classification criteria was used

to infer TBI severity ifable4.3[259, 261] One study intentionally compared outcomes after moderate

and severe THR20], otherwise investigations focused on evaluating a NUT following a specific severity of

69



TBI. Two studies evaluated a NUT follmywiepetitive TBJ240, 246] In both studies animals suffered three

TBIs by igher FPI or Marmarou weight drop to produce repetitive mild and severe TBIs, respectively.

Animal characteristics

Most studies investigated NUTSs in rat models of TBI (29 used Sprague Dawley rats; six used Wistar rats), the
remaining studies used mice (sised C57BL/6 mice, two used ICR mi@le4.3) as an animal model of

TBI. No interventions were evaluated for utility across multiple species using comparable metieslo

Fasting was studied in both mice and rats following TBI, however, TBI induction and severity modeling was
considerably different between studies preventing results comparison. TBI was modelled in only male
rats/mice except for one stud48]that included male and female Sprague Dawley rats to evaluate DHA

supplementation aftei~PlI.

Animal maturity

Age and maturity of rodents varied across included studiesle4.3). Animal age was commonly indicated
based on the number of days pesatal PND) at which animals were subject to TBI or sham injury. Insights
into the interaction of age and TBI are gained by conducting experiments with animals at differing stages of
maturity. Adulthood in rats and mice is considered to begin after-B8lBnd PNE12, respectively262].
Included studies used PNDto 17 and PNE35 to 55 to define immature/juvenile and adolescent rats,
respectively Juvenile and immature rats were used in three studies;gul@escent/adolescent rats in

eight studies, and adult rats in 18 studies. All mice studies used late adolescent and adult mice. Animal
weight was the only measure of maturity reported in 12 $tsd Due to a variety of unreported
environmental factors that could affect weight, animal age could not be inferred in these studies. Four
studies compared how a ketogenic diet attenuated NP impairments pBsbetween multiple age groups
(primarily preadolescent rats versus adult rats), and identified a trend for the benefits of ketogenic diet
post-TBI being age specific and limited to fadolescent rat$148, 222, 232, 233]
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Table4.3 Study desigand intervention details.

. Method
Animal
of TBI o
study : Initiation of
Author delivery, . . .
type (# Animal . intervention
(year) TBI . Intervention Controls : Dosage
of . details (N) (duration of
country severity, . .
study ; intervention)
roups) Mortalit
group y rate
Anti-oxidants
Sham +
Rando . vehicle; First dose 30
Toklu et m pre- MIAI, 3(.)03509’ h-lipoicacid & K| Y- t min postinjury 100 mg/kg per
al. (2009) . " : Wistar rats . - .
Turkey clinical  Mild, UC (64) via gavage lipoic acid;  then 1 dose 24 day
(n=4) TBI + hr later (48hr)
vehicle;
Fler Astaxantin i postniy
Jietal. Pre weight 28-32g; diluted in ~ Sham + olive thenpl dos:a ):ar
(2017)  clinical 9 ICR mice | olive oil (1 oil; TBI + - PEr 25 mg/kg per day
; _ drop : ; . 24 hr until
China (n=3) (UC) mL/kg) via olive oll o
model, avage sacrifice (7
Mod, 8% gavag days)
. . Dose 1: 1 mg/kg
Jiang et Pre ccl, Adult; 290 Catech.ln ' One dose. per Dose 2: 5 mg/kg
- 240g; supp via Sham; TBI + day until i
al. (2017) clinical  Mod*, ] I Dose 3: 10 mg/kg
. B SDrats | gavage at5 vehicle sacrifice (24 hr :
China (n=7) NR (UC) dosages or 28 days) Dose 4: 20 mg/kg
9 Y Dose 4: 30 mg/kg
I 0
Krishna Pre PND70; o% Sham + Std  Immediately
et al. - FPI, Mod, Blueberry . o -
clinical SD rats . diet; TBI +  postinjury (14 Fed ad libitum
(2019) 7_5  NR (UC) enriched " 4 diet days)
USA - diet 4
Sham +
Rando ) regular .
ltohetal. m pre CCl, Mod  PNDAZ; ) . EGCG . drinking Imme_d|ately 0.1% EGCG
L to 120-140g; | dissolved in . postinjury (24 S .
(2013)  clinical . o water; TBI + drinking water;
_ severe*, Wistar rats drinking hr, 72 hr, 7 L
Japan (n=23) regular Drank ad libitum
NR (123) water e days)
*x drinking
water
PND56 to First dose 3 hr Low €)-
PND84; (- postinjury then epicatechin: 5
20-260; epicatechin 1 additional per mg/kg/day;
Cheng et rlianrc;o CC:;)MOd 151 wild supp via Sham + 24 hr for 3 or7 Moderate €)-
al. (2016) P type, 31 gavage in  vehicle; TBI days (72 hr epicatechin: 15
. clinical severe*, ; )
China (n=6) 7% Nrf2 low, + vehicle dosage mg/kg/day;
- knockout; | moderate, differences or 7 High ¢)-
C57BL/6 high dose days moderate  epicatechin: 45
mice (182) dose only) mg/kg/day
- First dose 30
Rando Juvenile; min postinjur
Ozbalet ~°%°  Weight PND7;20 |, . . .. Sham St B 00 malka ber
al. 2015) TP grop, NR,  30g; P diet; TBI + o g’kgp
clinical . via gavage . additional dose day
Turkey _ NR Wistar rats Std diet
(n=3) 24 hr later (48
(42)
hr)
Sham +
Wei et al. Rando Fe_eney 250280g: | - lipoic acid Vvehlcle, F_wst do_sg 30 [ 2 &lipdic E?Cld.
(2015) m pre- weight- SD rats in low and a K I Y t min postinjury 20 mg/!<g, _
China clinical drop, NR, (150) highdose lipoic acid; then 1dose 24 | A 3-Kpoidacid
(n=5) NR via gavage TBI + hr later (48 hr) 100 mg/kg
vehicle;
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Branched chain amino acids

. Rando PND35 t.o Tap quter . 100 mM of each
Lim et al. . PNDA49; containing Sham +tap  Immediately . .
m pre-  FPI, Mild, ; . ) e BCAA dissolved i
(2013) L 2 20-25¢g; valine, water; TBlI +  postinjury (4 )
clinical 0% : tap water; Dank
USA _ C57BL/J6 | leucine, and tap water weeks) o
(n=3) ) ; . ad libitum
mice (19) | isoleucine
Rando PND35to | Tap water I;gAOAmg?szgﬁ/ae%hi
Elliott et . PNDA49; containing  Sham +tap Initiated 48 hr .
m pre-  FPI, Mild, ; . ) o tap water; Drank
al. (2018) ." 2 20-25g; valine, water; TBlI +  postinjury (5 o
clinical 0% : ad libitum
USA _ C57BL/J6| leucine, and tap water days)
(n=3) ) X : (approx 35
mice (24) | isoleucine
mL/day)
Tap water
containing
PND35 to valine,
Cole et Rando Latergl PNDA49; leucine, and Sham +tap Initiated 48 hr 100 mM of each.
m pre-  FPI, Mild ; ) . ) o BCAA dissolved i
al. (2010) .- 20-25¢q; isoleucine;  water; TBI +  postinjury (5 .
clinical to Mod, tap water; Drank
USA _ C57BL/6 | or tap water  tap water days) o
(n=4) 0% : o ad libitum
mice (UC)| containing
phenylalanin
e
Creatine
Sham + .
Saraiva Adult; 250 : vehicle; '.:'rSt dos_,e_30
Pre FPI, ) Creatine mins postinjury
et al. - " 300g; . sham +
clinical Mod", . supp via . then 1 dose per 300 mg/kg/day
(2012) _ Wistar rats creatine .
) (n=2) 18.07% gavage _ 24 hr until
Brazil (~24 to 40) supp; TBI + e
. sacrifice (72 hr)
vehicle
Gerbatin  Rando ) . S.hém + St Imtme_d 7 days
PND9O; Creatine diet; sham + postinjury then
et al. m pre  FPI, Mod, , ., . .
L Wistar rats|  supp via creatine 1ldose per 24 hr 300 mg/kg/day
(2019) clinical 18.07% i . o
Bragil (n=4) (166) gavage supp; TBI + until sacrifice (4
Std diet weeks)
Fasting & caloric restriction
High energy:
Feeding normal caloric
. Rando ., . _ B+ normal  vinted 610 by MAkeX 13,
Liu et al. m ore- Weight PND84; Caloric caloric ostinjury (24 Caloric
(2017) P drop, C57BL/6 L intake; TBI + P jury restriction: 0.7 x
; clinical . : restriction . hr, 48 hr, 35 .
China _ Mild, NR  mice (45) highenergy normal caloric
(n=23) . days, or 37 . i
intake days) intake; Fed ad
Y libitum according
to energy ratio;
Intermittent
fasting:
Sham + Std alternating 24 hr
caloric periods
intake; sham with/without
Rubovitc . PND42 to | Intermittent + fasting; . access to food;
Pre Weight i . Immediately . -
het al. clinical dro PND49; fasting or sham + ostinjury (30 Caloric restriction
(2019) (n=7) Mid pl\,lR ICR mice caloric caloric P daJ s;/ fed ad libitum
Israel - ’ a77) restriction restriction; y according to
TBI + Std energy ratio: 10%
caloric restriction week
intake 1, 20% restriction

week 2, 30%
restriction week
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3, 40% restriton
until sacrifice

Davis et cIIiDr:iial CC;I;KI;/Iod Adult; TBI + regular Immediately No caloric intake
al. (2008) (n=5) severe SD rats Fasting ad libitum postinjury (24 for designated
USA - NR ' (30) feeding hr or 48 hr) time period
Ketogenic diet
Rando PND60; :
Zhang et mpre  FPIx3, 100140g; | Ketogenic .TI._%I +Su Immggilately -~
al. (2018) . . . diet; Sham +  postinjury (7 Fed ad libitum
China clinical Mild, NR SD rats diet Std diet days)
(n=3) (72)
Ketogenic diet:
PND17 (n 8.4% protein,
=27), 78.8%fat, 0.8%
PND35 (n carbohydrate, 5%
. =29), Immediately fibre, 3.8% ash;
Prins et Er_e Ccl, PND45 (n Ketogenic .Tl_?’l + St postinjury (1 Standard diet:
al. (2005) clinical Mod*, _ . diet; Sham + 0 )
USA (n = 20) NR =27), diet std diet hr, 6 hr, 24 hr, 7 18.6% protein,
PND65 (n days) 6.2% fat, 59.8%
= 26); carbohydrate,
SD rats 4.5% fibre; 6.02%
(109) ash; Fed ad
libitum
PND35
sham + Std Ketogenic diet:
diet; PNB35 8.4% protein,
Pre sham + 78.8% fat, 0.8%
_ Rando adolescent _ketogenic . cgrbohydate, 5%
Prins et m pre CCl, (PND35); Ketogenic diet; PNDB35 Immediately fibre; Standard
al. (2009) clinical Mod*, Adult diet TBI + Std postinjury (7 diet: 18.6%
USA (n=7) NR (PND70); diet; PNDB70 days) protein, 6.2% fat,
SD rats sham + Std 59.8%
(90) diet; PNDB70 carbohydrate,
sham + 4.5% fibre; Fed ag
ketogenic libitum
diet
PND35
sham +5Std
diet; PNDB35 Ketogenic diet:
sham + 8.4% protein,
Pre ketogenic 78.8% fat, 0.8%
Deng adolescent diet; PNDB35 . cqrbohydrate, 5%
Bryant et I?r_e CCl, (PND35); Ketogenic _TBI + Std Imr_ngdlately flbr_e; Standad
al. (2011) clinical  Mod*, Adult diet diet; PNB70 postinjury (6 hr dle_t: 18.6%
USA (n=18) NR (PND70); sham + Std or 24 hr) protein, 6.2% fat,
SD rats diet; PNDB70 59.8%
(Uc) sham + carbohydrate,
ketogenic 4.5% fibre; Fed ag
diet; PNDB70 libitum
TBI + Std
diet
Ketogenic diet:
8% protein, 79%
i?gilea;;[z ria;rio Lateral PND 56; Ketogenic Sham + Std Immgdiately fat (>29%
al. (2010) clinical FPIl, Mod, SDrats diet diet; TBI + postinjury (3 saturated fats),
' _ NR (55) Std diet weeks) 0.76%
USA (n=3)
carbohydrates,
12%
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water/fiber/ash;
Fed ad libitum
Ketogenic diet:

PND35 8.4% protein,
sham + Std 78.8% fat, 0.8%
Rando Pl\l%%—'; (n diet; PNDB35 carbohydrate, 5%
Greco et M ore- CCl, PI\TD?O’(n Ketogenic TBI + Std Immediately fibre; Standard
al. (2016) C“r'?ical Mod ~18) digt diet; PNB70 postinjury (6 hr  diet: 18.6%
USA (n=6) 094 S_D cats sham + Std or 24 hr) protein, 6.2% fat,
- (54) diet; PNDB70 59.8%
TBI + Std carbohydrate,
diet 4.5% fibre; Fed aq
libitum
Rando  Feene Sham + Std Ketogenic diet:
Hu et al. more  wei ht—y 130-140g; Ketogenic diet; Sham + Immediately  protein 17.4%, fat
(2009a) cIilficaI dro g UC SD rats digt ketogenic postinjury (72 69.8%,
China (n=4) ER ' (80) diet; TBI + hr) carbohydrate 0%;
B Std diet Fed ad libitum
Rando  Eeene Sham + Std Ketogenic diet:
Hu et al. more  wei ht—y PND 35; Ketogenic diet; Sham + Immediately  protein 17.4%, fat|
(2009b) cIir?icaI dro 9 UC SD rats digt ketogenic postinjury (72 69.8%,
China (n=5) ISR ’ (25) diet; TBI + hr) carbohydrate 0%;
B Std diet Fed ad libitum
Multi -supplement
Curcumin
enriched Curcumin: 500
diet, DHA m enri(;hed
Wuetal. Pre 200-240g; enriched Sham + Std  Immediately PP .
- FPI, Mod, . e . chow;
(2014)  clinical SD rats diet, or diet; TBI +  postinjury (14 i
NR . . DHA: 1.2% DHA
USA (n=5) (Uo curcumin + Std diet days) . )
enriched chow;
DHA o
: Fed ad libitum
enriched
diet
Thau Rando PND70 to '(::?)rrtliz{r':
Zuchman M ore CCl, PND84; multi- Sham + Std  Immediately
et al. cIilficaI Mod™, 22-27g; supplement diet; TBI +  postinjury (10 Fed ad libitum
(2019) B 0% cs7BLIe| SUPP Std diet weeks)
(n=3) ) enriched
UK mice (30) .
diet
Polyunsaturated fatty acids
Wuetal. Pre FPL Mild 200-240g¢; DHA Sham + Std  Immediately 1.2% DHA
(2011)  clinical NR ' SDrats enriched diet; TBI +  postinjury (12 enriched chow;
USA (n=23) (36) diet Std diet days) Fed ad libitum
All animals fed
same fatfree
chow and 5.5
Sham + . mL/kg PUFA oil
" " Immediately . )
Feeney Moderate western postinjury then mixture: Low
. . .4 A 4 _ r - . _ 0, . .
Suet al. I?rg weight  250-300g; (,1'5) or hl,gh RASU -0 1 dose per 24 hr ratio 4/0. fish .OII
clinical O MY+Ha@-- o k-6 PUFA : - + 96% linoleic
(2016) _ drop, SD rats . A, until sacrifice .
; (n=4) o 6 ratio PUFA ratio; 1:30); acid; Moderate
China Mod, (201*) L (72 hr, 5 days, 7 o . .
** oil via TBI + ratio: 21% fish oil
3.7% " " days, or 19 ) .
gavage western days) + 79% linoleic
diet y add; or High

ratio: 58% fish oil
+ 42% linoleic
acid
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Immediately

Shin & Pre CCI, Mod ~PNDB60"% ostiniury then 1.5 mL/day
Dixon - to 275300g; | Fish oil supp Sham + olive P jury containing 360
clinical ) o 1 dose per4 hr
(2011) (n=4) severé, SD rats via gavage oil; sham until sacrifice (7 mg EPA & 240 m
USA B 0% (~20to 24) DHA
days)
CCl, Mod
Schober Pre to Immatur(.a; DHA Sham + Std Imme@ately 0.1% DHA
etal, clinical severe*, PNDL7; enriched diet; TBI + postinjury (24 enriched chow;
(2016) (n=3) 1.53.0% SD rats diet Stc'i diet hr, 48 hr, 72 hr, Fed ad Iibitum’
USA - across (400) or 50 days)
groups
. ) : Low DHA: 10
Ball'es & Pre MIAL, Adult 3_50 Low or high Sham + Std  Immediately mg/kg/day;
Mills - 400g; DHA s e . ’
clinical Severe?, : diet; TBI +  postinjury (30 High DHA: 40
(2010) _ SD rats enriched . ]
USA (n=4) 0% (40) diet Stddiet days) mg/kg/day;
Fed ad libitum
Initiated 24
Mills et Pre MIAL Adult; 3.50 ITow or high Sham +Std _h_ours post Low fish oil: 10
- 400g; fish oil (EPA s injury then 1 mg/kg/day
al. (2011) clinical Severe, diet; TBI + Y 7
_ SD rats | + DHA) supp . dose per 24 hr  High fish oil: 40
USA (n=4) 0% . Std diet . o
(40) via gavage until sacrifice mg/kg/day
(30 days)
PNDA49; First dose 30
Zhu et al. Rando 3005009; Low or high  Sham + Std min postinjury Low DHA.: 3?0
(2017) mpre FPIl,UC, SD rats; DHA supp diet: TBI + then 1 dose per mg/kg/day; High
China clinical NR 40 male, via gavage Sté diet 24 hr until DHA: 740
(n=4) 40 female gavag sacrifice (15 mg/kg/day
(80) days)
Traditional Eastern medicine
- Sham +
Ozevren Pre 280-330g; Ganc_)derma saline First dose 30
et al. - MIAI, lucidum . . .
clinical : SD rats . vehicle; TBI  min postinjury 20 mL/kg/day
(2018) _ Mild, 0% supp via .
(n =3) (36) + saline (7 days)
Turkey gavage .
vehicle
Sham + Std
Sharma Rando ~PNDB60: Curcumin diet; sham + Immediately Qhow enriched
et al. m pre-  FPI, Mod, . curcumin . with 500 ppm of
L SD rats enriched . postinjury (14 o
(2010)  clinical NR (24) diet enriched days) curcumin; Fed ad
USA  (n=4) diet; TBI + y libitum
Std diet;
Wang et Rando CCI, Mod PNDS6 t.o HYSA supp ) Dose ~20 min Low HSYA: 10
PND70; . . Sham; TBI + L T
al. m pre- to 200-250q: | Vi gavage in saline postinjury mg/kg; High
(2016a) clinical severe*, D ratg’ low and high vehicle (Single dose HSYA: 30
China (n=4) ~10% (96) dosage postinjury) mg/HSYA
Wang et Rando CCI, Mod Adult; 220 I(:)Iz?nql(;rsetﬁehr:
al. m pre- to 280g; RZD supp vie Sham; TBI + P jury
L . one dose per 24 20 mg/kg/day
(2016b) clinical severe*, SD rats gavage vehicle . e
China  (n=3) 10% (88) hr until sacrifice
(14 or 24 days)
Sham + _ First qlose
saline immediately
xing et Rando. CCL Mo 5005500, || XFZYSUPP yehicle; o1 POSHIIUY ER 1 ow xFzY: 9 gikg
al. (2016) MP . SDrats gavage + saline >€ Per - High XFZY: 18
China clinical severe?*, (182) low and high vehicle: until sacrifice alkg
(n=6) NR dosage ’ (24 hr, 72 hr, 7
sham + low days, 14 days
XFZY dose; &> yS:

21 days)
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sham + high
XFZY dose
Rhubarb
(low,
Xu et al. Rando  CCl, Mod 200-300g; | moderate, i
m pre- to . Sham; TBI +
(2017) L SD rats high) or .
; clinical severe*, . vehicle
China _ (108) rhein (single
(n=6) NR
dose) supp
via gavage
PNDA42 to ARRAS Sham +
Xie et al. rF;anr(iLo CC:;)MOd PND56; herbal saline
(2018) P 220-250g; formula vehicle; TBI
; clinical severe*, . .
China (n=3) NR SD rats supp via +saline
- (15) gavage vehicle
Rando Adult; 250 | PN gham + cme
Kumar et m pre MIAI, ) ginseng .
L 300g; vehicle; TBI
al. (2014) clinical Severe*, . suspended
. _ Wistar rats| . . + CMC
India (n=5) NR in CMCQria .
- (50**) vehicle
oral route
Rando PND70 to Sham +
Wang et m ore MIAI x 3, PND77; Berberine saline
al. (2018) P Severe, 260-300g; supp via vehicle; TBI
. clinical .
China (n=3) NR SD rats gavage + saline
- (30) vehicle
Rando Feene vil\a/lsgvzuzpin Sham +
Zhao et M ore wei hty 250-280g¢; ?ow 9 distilled
al. (2014) P 9 SD rats ' water; TBI +
China clinical drop, UC, (50) moderate, distilled
(n=5) NR and high
water
dosage

Low rhubarb: 3

g/kg;
Immediately Moderate
postinjury (8,  rhubarb: 6 g/kg ;
12, 24 hr) High rhubarb: 9

g/kg;
Rhein; 12 mg/kg
First dose ~45
min postinjury

then 1 dose per 3.24 gl/kg/day

24 hr until
sacrifice (14
days)
Panax ginseng:
o 0.5 mL/100g of
Initiated 14 4 weight/day:
days posinjury suspended in
(14 days)

CMC delivered vig
oral route

First dose 24

hours post

injury then 1 200 mg/kg of

dose per 24 hr  bodyweight/day
until sacrifice (4
weeks)

First dose 6 hr Low MSD: 0.5
postinjury then mL/200g;

2 doses per 24 Moderate MSD:
hr until sacrifice 1.0 mL/200g;
(24 hr, 72 hr, 5 High MSD: 2.0
days, 14 days) mL/200g

Note: * = Inferred based on available information and criteria summarisg@38, 261] ** = Additional groups and

6SNE LINBASYd Ay &GdmRe

0 dzi

g SNBE SEOf dzRSR RdzS

i2 0S8Ay3a 2

contacting corresponding author, Mod = moderate TBI, NR = not reported in published article and not obtained by
contacting author, supp = supplementation, UC = unclear in published article and not obtained by contacting author,

Std = standard.

Nutritional interventions and neurophysiological outcomes

Nutritional interventions

Nutritional interventions weredministered to animals by supplementing a standard diet with a specific

nutrient or natural compound, by directly manipulating masror A O N2 y dzii NA Sy

O2yalA G d

diet, or by controlling availability of food @ble4.3). Supplementation allowed for controlled and precise

nutrient dosage to animals, while manipulating diet/water permitted animals to feed/drink ad libitum

when food/water was available. Nutidnal interventions described by included studies fell within one of

eight distinct themes which were:
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1. natural compounds with known antixidant propertied149, 225, 226, 230, 25253255},

2. branched chain amino acids (BCA299, 221, 228]

3. creatine[150, 249]

4. fasting and caloric restrictiof147, 220, 229]

5. ketogenic diet (KO[L48, 222224, 232, 233, 235, 246]

6. multi-supplementd239, 243]

7. . -3 polyunsaturated fatty acids (PUFA&)8, 234, 237, 238, 242, 248, 258i1

8. natural compounds used in traditional eastern medidid27, 231, 236, 240, 241, 244, 245, 247,]263

Neurophysiological outcomes

Biomarkers of morphological changes and apoptosis (24 studies), plasticity, neurotransmission, and
neurogenesis (18 studies), indicators of oxidative stre8s(ddies), cellular energy imbalance (12 studies),
cytokines representative of immune response p@8&l (11 studies), BBB integrity (11 studies), cell
membrane homeostasis (8 studies) and glial activation (6 studies) were NP outcomes evadlabtedi 4

and Table S1). Additionally, 29/43 studies included neurocognitive and/or behavioural outcome measures.
Neurocognitive and behavioural outcomes were outside the focus of this review and are only discussed in

subsequent sections if relevant. An overvieweasults for each study are available in Table S1.

Anti-oxidants

Eight studies administered compounds with known antidant properties to animals by gavage (an orally
inserted tube to administer food/supplement directly to stomach) or by enriching thhe ¥t f Q a
diet/drinking water with the compound. Ang EA R y (i  O#poitdgidAAIR{R30,251, 254]
catechin[255], (-)-epicatechif253], and astaxanthifi225] were delivered via oral gavage. In the remaining
studies, animal receiveddq)-epigallocatechin gallate (EGCG) dissolved in drinking \Wizt8t, and a diet
enriched with blueberrief226]. In each study the intervention was initeat within three hours of TBI. In

7/8 anti-oxidant studies, delivered compounds were associated with decreased markers of oxidative stress
versus control. Two studies reported reduced BBB disruption following ALA delivery. Both ALA and
astaxanthin demonstited capacity to attenuate morphological changes and apoptosis versus contrel post
TBI. Phenols (catechin and EGCG) elicited arapafitotic benefit. Increased markers of plasticity were
reported following a blueberry enriched diet and astaxanthin supgletation versus control. Specifically,
two doses of ALA after weigllrop TBI reduced BBB disruption, apoptosis, and oxidative stress within the
first 48 hours after injury, although longer term outcomes were not expl¢28@, 251, 254]Collectively,
animals gavagedith phenols (catechin and EGCG) beginning the same day as moderate to severe TBI
displayed less apoptotic damage and oxidative stress and increased BBB integrity compared to controls
[149, 253, 255]
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Branched chain amino acids

Three studies provided tap water mixed with BCAAs valine, leucine, and isoleucine to be drankrad libitu
by mice pos{TBI[219, 221, 228]Two studies provided BCAA infused water 48 hours-ipggty while the

third made BCAAs available immediately pogtiry. Only biomarkers mresentative of neurotransmission
were measured postBI; where administration of BCAAs (valine, leucine, and isoleucine dissolved in tap
water and drank ad libitum beginning 48 hours after mild to moderate FPI and lasting for five days)
improved synaptiefficacy[219, 221] These BCAA associated benefits supported the restoration of
excitatory (glutamatergic) and inhibitory (GABAergic) neuron balanceTistGreater excitatory

inhibitory balance was related to impred regulation of sleep and arousal/wakefulness versus control at
four weeks postPI in two studief221, 228]

Creatine

Two studies interrogated the effect ofeatine supplementation, delivered by oral gavage, on NP outcomes
post-TBI[150,249] Creatine reduced oxidative stress and cellular energy imba[2d&and there was
reduced cells lost within the hippocampus and increased inhibitory neuron action versus ¢b5@pl
Increased inhibitory action associated with creatine supplementation also had a protective effect against

drug-induced seizures (to simulate epileptic seizures {3k vesus control in one studj50].

Fasting and caloric restriction

Two studies investigated fasting and caloric restriction in isoldfigf, 229] while a third study evaluated
both interventions to determine if one was more efficacious pbBi[147]. Rats that were acutely fasted

for 24 hours after induction of moderate TBI demonstrated increased tissuemgong with reduced
oxidative stress and cellular energy imbalance compared to cof#®§. Tissue sparing was not observed
at 48 hours following moderate TBI, nor at either timepoint for severe TBI. Data were not available for
oxidative stress and cellular energy imbalance outcomes following 48 hours of fasting. Adult mice assigned
to caloricrestriction demonstrated reduced glial activation, preserved cell density, and increased
autophagic activity postBI compared to contro[229]. Mice assigned to a high energy diet (130% of
normal caloric intake) did not demonstrate any of the same benefits as seen following caloric restriction
[229]. Both chronic intermittent fasting and caloric restrictidrable4.3 shows specifiparameters)

improved neurometabolic outcomes in the cortex of mice with TBI 30 daysimasy. Only intermittent

fasting produced this neurometabolic benefit within the hippocampus for TBI versus cfmtigl

Ketogenic diet

The ketogenic diet represents the most researched NUT to attenuate secondary damage ladte it Tas
NELZ2NISR FT2NJ SAIKOG &a0dzRAS&® L-hydrdxgbhtyraieretichdn@dtonaY 5 A Y
and glial reliance upon glucose as a primary fuel source. Four of eight KD studies compared effects of this

diet postTBI between pradolescent and adult ratfll48, 222, 232, 233Following moderate TBI,
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adolescent rats receiving a KD demonstrated a reduction in cellular energy imbalances and markers of
apoptosig148, 222224, 232, 233]However, these NP befits did not appear to extend to adult animals.
The remaining KD studies only measured piBL outcomes in adult rats and presented mixed results in
regard to antiapoptotic, preservation of BBB integrity, and mitochondrial energy metab¢ad, 224,

235, 246] Whilst KD was associated with reduced glial activation versus control, this finding was not

replicated across multiple studies for paglolescent or adult ratf235].

Multi-supplement

Two studieg239, 243]provided multisupplements as the intervention. Michat were provided with 10
weeks of a multsupplement enriched diet (Fortasyn® Conngcbntaining DHA, EPA, uridine
monophosphate (UMP), choline, folic acid, vitamins B12, B6, C, and E, and selenium) exhibited reduced
lesion size and glial activation cpared to control§239]. Mice on the multisupplement diet had

improved cell membrane homeostasis and increased markers of plasticity and neurog28@kigvhile
these positive outcomes associated with a Fortasyn® Connect enriched diet were encouraging, it was
unclear which constituents within the supplement facilitated these outcomes. Both a curcumin enriched
diet and a DHA enrichedat reduced oxidative stress, supported cell membrane homeostasis, and
increased markers of plasticity pesBI in rats compared to control at two weeks pgtiry [243]. All

these benefits were observed to a greater extent whercamin and DHA were combined within the same

diet, suggesting an additive advantage of combining these supplei248i

. -3 polyunsaturated fatty acids

Of seven studies investigating PUFAs, three studies provided rats with a docosahexaenoic acid (DHA)
enriched dief218, 234, 242yhile the others delivered DH]848], fish 0il[237,252F 2 NJ | -0 & ESR
PUFA 0i]238] via gavage. Treatment with PUFAs was initiatechédiately posinjury in six studies, with

the remaining study delaying initiation until 24 hours pogtry[252]® 5 St A @BWNFAs 2 T
demonstrated capacity to attenuate apoptosis and oxidative stress, while promoting cell membrane
homeostasis and BBB integrity, and upregulate markers of plasticity across the TBI sjadé8u@Bs4, 238,
242,243, 248, 2581 ¢ K-8 BUFA associated NP benefits betwedi3lays posTBI followed both an
enriched diet fed ad libitum or delivery via gavage. Delivery of DHA reduced Bbapoptosisithree

[218, 234, 248pf four studieg252]S G t dz GAy I GKAA 2dziO2YS® CdzNI K S NI 2
0 K-6 ratio PUFA oil exhibited reduced oxidative stress compared to cga88), and following a DHA
enriched diet in two studief234, 242 { A Y A -0 & ratia PWNFA ail supplementation resulted in
reduced BBB disruptiof238], and two studie$218, 242]showed a DHA enriched diet assisted cell
membrane homeostasis. Two studies obh&s improved neurotransmission due to a DHA enriched diet or
fish oil supplementatiof218, 237] DHA reduced the number of injured axaongwo studieq218, 252]
however, there were mixed results of a Diated benefit on neurotransmission measured by magnetic

resonance imaging in one stuf334]. The potential influence of DHA/fish oil dosing was considered in
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three studieq218, 248, 252]a low and high dose of DHA improved apopt{ls8, 248]Jand cell

membrane homeostasis while reducing axonal daniad8, 252jcompared to control, with the higher

dose demonstrating greater benefit than the low dose in two stufiés, 248 Ly |y SELISNRAYSy
0 K-6 ratios where compared, rats that received a high ratio (1:1) demonstrated reduced BBB disruption

post¢ . L O2YLI NBR (2 a6Sa0GSNYy RASHE 106 MYDBRO6DEEDHNE f &4 @

did not alter BBB disruption versus the same contf288].

Traditional Eastern medicine

Ten distinct traditional eastern compounds were examined for gt utility, including: curcumii236],

panax ginsen{R27], modified Shengyu decoction (MSD; nkirbal supplement)247], Hydroxysafflor

Yellow A (HYSA,; flavonoid extracted from Saffloy@#}], Xuefu Zhuyu decoction (muherbal
supplement)245], ganoderma lucidum (mushroom polysaccharid28}], berberine (compound within
Barberry roots]240], Astragali Radix and Radix Angelica SinensiR BRmultiherbal supplement)244],
rhubarb and rhein (an active compound within rhubg250], and Rhizoma drynariae (RZD; anwvecti
compound with roots of Drynaria Fortun¢d56]. Rats that fed ad libitum for two weeks on a curcumin
enriched diet, beginning immediately after moderate FPI, displayed reduced oxidative stress whilst markers
of cell membrane homastasis and neuroplasticity were amplified at 14 days fiujsiry [236, 243] Overall,

the traditional eastern interventiondemonstrated capacity to influence multiple aspects of secondary
injury postTBI in a beneficial manner compared to control. Due to heterogeneity and lack of replication for
9/10 traditional eastern interventions, results were not summarised; howeverlrasverview of these

benefits please se€able4.4 and Table S1.
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Table4.4 Summary of biomarkers assessed and neurophysiological outcomes

Intervention Biomarkers measured Neurophysidogical Brief summary of results
specifics outcome evaluated & main takeaways
Anti-oxidants
Evans.blue . Blood brain barrier
extravasation, brain . . 1)
integrity
water content '[! @ 2EAREF
Toklu et " -ipoic acid (ALA) - Luminol & lucigenin @ blood brain barrier
| 2809 delivered via chemiluminescence,  Oxidative stress @ RAANHZLIGA2Y S
al.( ) gavage TBARS, GSH, MPO response vs control @
48hr postinju
NaK-ATPase activity Cgllular energy P ary
imbalance
TNFh Z-mL [ Immune response Q@
8-OHdG, 4HANE
positive cells; & MDA  Oxidative stress Q@ 9D/ D @ 2EiR
levels PRDANN
. . . g @ FL}2LIW2a
Itoh et al. EG_CG_dlssoIved il NeuN, ssDNA. Bzl Morphological @pidv 3 oT 9
(2013) drinking water o changes & MIX o
positive cells . activation vs control @
apoptosis pid 7
GFAP positive cells Glial activation @
Neuron density; Morphological PP @ Y2NLI
caspase3, & TUNEL changes & Q@ changes & apoptosis vs
positive cells apoptosis control in the cortex &
h-lipoic acid (ALA) KA LILXR Ol Y Lz
Ozbal et delivered via oxidative stress vs contrg
al. (2015) gavage in low and @ 48hr postinjury;
highdose GPX, Slglzl’sand MD/ Oxidative stress Q@ benefit limited tocortex;
greater benefits
associated with higher
dosage
Caspase,
Cytochrome C, Bax Morphological | |
h linoi . expression; Nissl bod' changes & Q@ < [I-. (QA VY2 NJ.ﬁII
Wei et al. ';p;;seizg\sgm) staining, TUNEL apoptosis OQKE A)/REII_SﬁaA @5 8
(2015) gavage positive cells- : — edema vs control @ 48h
MDA & GPx activity ~ Oxidative stress 0} postinjury
. Blood brain barrier
Brain watercontent . .
integrity
Fluorcjade, Nissl . . C oA s
body & propidium Morphological ()-S LJ_)\ Ol SO
oo . changes & @ morphological changes §
iodide staining; TUNE : PR
) , o apoptosis FLI2LI2aAdz
(-)-epicatechin positive cells SGNESAS 5 @
supplementation Brain water content Blood brain barrier oT @ Y&S&t Ay
Cheng et delivered via integrity b control @ pic28: greater
al. (2016) gavage in low, MPO, H@L, oxidized benefits agsoci:altged with
moderate, high hydroethidine, Perls ~ Oxidative stress Q@ higher dosage within
dose VEBP sLtau;Ingt bi acute phase; dosing not
L U_X ast biue Cell membrane compared for all
staining; MMP2 & homeostasis o outcomes
MMP-9 activity
. | X 4L A\ 3 %
Jietal. Astaxanthin lesion volume, cell Morphological e ! EAI yuK Av
(2017)  diluted in olive oil  density (mm) changes & @ @2idvysS: n O
apoptosis m YINJ] SNA 2
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delivered via

Synapsin, GAP43, SY Plasticity,

neurotransmission, &

gavage neurotransmission, neurogenesis astaxanthi
BDNF : .
& neurogenesis vs control @ pid 7
o . Morphological
Bral\r/10||:frirectlon changes & @ / RS Of< AY @
apoptosis pg2f dzySz @ 9
Catechin Brain water content, 0l NNA SN RA
Jiang et  supplementation Evans blue Blood brain barrier immune response vs
al. (2017) delivered via extravasation, integrity b control @ 24hr post
gavage occludin, z&l injury; greater benefit
. iat ith high
Ibmi = A-B.h { associated with higher
. Immune response Q@ dosages
arginase
Plasticity, Blueberry enriched diet
BDNF, CREB, & CaM neurotransmission, @ 2EARIGAD
. & neurogenesis O2yGNRBET o
Krishna o -
ot al 5% Blueberry markers of plasticity vs
(201é) enriched diet control @ ~ pid 22; these
4-HNE Oxidative stress @ m 6SNBE | aaz
improved behavioural
outcomes
Branchedchain amino acids
Tap water BCAA concentrations [L: . /! 1a&a m
containing valine, net synaptic efficacy, Plasticit efficacy vs control @ pid
Cole et leucine, and Glutamate, GABA, neurotransm)i/ésion TT ¢.L Q@
al. (2010) isoleucine; ortap BCATc, BCATm, BCk & NeUrogenesis I transanimation and
water containing GAD, GDH, AAT1, 9 enzymes responsible for
phenylalanine AAT2 glutamate metabolism
11 3 S
Tap water - LLtbam EN‘B.
. g . . . Plasticity, neurons vs control @ pig
Limetal. containing valine, Orexinactivated S . i
. neurotransmission, Ty 28, restoring regulation
(2013) leucine, and neurons :
; . & neurogenesis of arousal and
isoleucine
wakefulness
/11 m SEO
signalling in presynaptic
terminals of
Tap water Plasticit KeLIRGKEE Y]
Elliott et  containing valine, Glutamate and GABA Yo excitatory signalling in
. . neurotransmission, . .
al. (2018) leucine, and labeling . presynaptic terminals of
; . & neurogenesis X
isoleucine cortex vs control @ pid 7
no difference in inhibitory|
signalling in
hypothalamus or cortex
Creatine
_ Creatine TBARS levels, proteit ;- ive stress @ I NBIFiAYS @
Saraiva et supplementation carbonylation )
l. (2012) delivered via stress vs control @ pid
al. ( Na+-K+ ATPase Cellularenergy &8
gavage activity imbalance
Morphological
Cell loss changes & Q@
Gerbatin Creatine apoptosis @ OStf 232
supplementation ~ GABAergic inhibitory KA LILR Ol YL
et al. . . - L . .
(2019) delivered via neurons, GAD, Plasticity, inhibitory action creatine
gavage GAD67, & neurotransmission, vs control @ pid 35
[3H]flunitrazepam & neurogenesis
binding
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Fasting & caloric restriction

Morphological HNKNJ FlFad m
Tissue sparing changes & MX g @ 2ZEARLF (A
apoptosis control @ 24hr post
. C&+ load & moderate TBI; no
Davis et . ; . Cellular energy . o
Fasting mitochondrial . @ differences in tissue
al. (2008) . imbalance :
complex function sparing 24hr fast post
ROS production, severe TBI; nor 48hr fas
protein carbonyls, &  Oxidative stress Q@ @ 48 hr post moderate
lipid peroxidation or sevee TBI
Morphological It 2NARO NB
Nissl bodies changes & ) I dzi 2 LK 3 & 5
Liuetal. .o oo apoptosis I OGAQBLEGARZY S
(2017) GFAP positive cells  Glial activation @ compared to control &
MTOR, LC3B & Beelil high energy group @ pid
1 positive cells Immune response 36
Caloric restriction &
AYGSNNYAGGSY
Rubovitc Intermittent energy metat_)ohsm_ vs
: . . Cellular energy control @ pid 30 in
het al. fasting or caloric SIRT1 expression . MIX = PR
- imbalance O2NIUSET 2Vy{
(2019) restriction .
energy metabolism vs
control in hippocampus
@ pid 30
Ketogenic diet
fluoro-jade staining, Morphological YSG23aSyA0 R
contusionvolume, & changes & MIX  degeneration vs control
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Discussion

State and limitations of the evidence

The purpose of this review was to consolidate available evidence fofTiRISNUTSs and their associated

effects on NP outcomes in both animal and human studies. The aim was to identify NUTs that

RSY2YyaG N §SR {KS-the&®a dzy (1.J6 NH1a ikitide SIy dysuddiianat a cellular level)

after TBI in a way that may reduce downstream deficits experienced by clinical patients. Our review

revealed that no studies have evaluated NP outcomes-p8dtin response to a NUT in humans. Several
post-TBINUTSs were investigated for efficacy on clinical outcomes only, since these studies did not provide
insight into how the NUTSs interacted with pathophysiological mechanisms of TBI they are beyond the scope
of this review[264-273]. Therefore, knowledge of how NUTs may promote favourable NP outcomes after

TBI relies entirely on prelinical evidence. Aninhatudies provide valuable insight into the molecular
underpinnings and safety of emerging interventi¢2g4]. However, methodological inconsistencies

between animal studies and clinical investigations often lead to failed latimis [258, 274, 275]A main

review finding was the number of methodological caveats (and their relation to the biofidelity and validity

of the evidence) that need to be considered before interpreting tlamslational potential and salient
FAYRAY3IAa 2F AYUGSNBSyiAz2ya NBDGASHGSRD . A2FARStEAGE N
FYAYEFE Y2RSt FyR KS KdzYlFy RAaShHaS 2NJ O2yRAGAZ2Y o
confirmation of expemental results across different animal models with clinical findings in humans (

g1 f A RLB]pgE8) Aspetts of study design including characteristics of animals used, method of TBI
induction, intervention parameters, and measurement of outcomes in many of the included studies

threaten biofidelity.

Animal characteristics

Males haveypically accounted for a higher proportion of recorded TBIs than females in clinical practice,
however, females have typically experienced worse symptom burden and longer recovery timelines than
males[172, 176, 276]Only one study within our review included both male and female anigialg no

sexrelated results were presentel@48]. This male bias has been extensively reported across multiple
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disciplines and is particularly prevalent within neurosciej2d]. Exclusion of female rodents was often
justified by the assumption that female rodents demonstrate higher variability than males due to the

estrous cyclg277]. However, a 2014 review consolidated data from 293 articles and concluded that

females were not more variable than males across a range of physiological, morphological, and behavioural
measureq277]. There is a need to ensure inclusion of females in futurecpinécal and clinical

investigations to understand if sadifferences exist and to increase the likelihaafdranslation and

generalizability.

Neurophysiological outcomes across multiple maturational stages in response to-8BdstUT were only
evaluated in four studies, all of which administered a ketogenic[tié8, 222, 232, 233]The beneficial

effect associated with ketogenic diet was limited to younger animals. Evidence suggests maturational
differences in NP consequences and recovery-p&[50]. Therefore, interactions would likely be shared
between maturational stage and influeno€ NUTs on NP outcomes after TBI. Expanded knowledge of such
interactions would contribute to identification of nutritional candidates likely to translate to clinical

practice.

All the interventions investigated within this review were administered to rigeand no investigations
evaluated the benefit of the intervention across multiple species. Concordance of results across more than
one animal species has been shown to increase the likelihood of translation to humans in pharmaceutical
toxicity studieg278]. While financial and logistical challenges may make adgt multispecies

methodology difficult, such efforts would inform the design of future RCTs that would potentially provide

information that may benefit TBI patients sooner.

TBI induction

In most reaiworld TBIs the head moves freely and results inld aiosed head injuryf19, 279]for

reviews). Most included studies performed craniotomy to deliver a traumatic force directly to exposed
dura. Freedom of head movement was prevented or unclear during TBI modeling in many studies. In a
clinical settiig, patients rarely require anesthetic following TBI, yet for ethical reasons, nearly all studies
anesthetised animals while TBI was modeled. Anesthetic has been reported to effect behavioural and NP
outcomes following TBI and may produce artefacts that glicate interpretation of study finding$1,

274]for reviews). Therefore, differences in the type and level of anestheéiligaled between

laboratories during TBI induction require consideration when interpreting study outcomes. Since these
factors are inconsistent with clinical mTBI (representing 95% of all TBIs) there is a need to adopt next
generation TBI modeling technigs that more accurately replicate the injury conditions experienced by the
bulk of clinical patientf274, 279] Preclinical studies evaluating the effect of a NUT following biekstted

TBIls, commonly seen during military service, are needed.
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Most of the evidence consolidated within this review has been gained from animal studies replicating
conditions of moderate to severe TBI. While these animal models aim to serve as surrogates for clinical
presentations of TBI, differences in criteria used to ascertain TBI severity in animal stadiesr{ical
deformation or velocity) versus clinical praetigGlasgow Coma Score and neuroimaging findings) must be
considered when considering potential translation of study findings. Given the differing severity of
pathophysiology across the TBI spectrum, it remains to be seen whether an intervention that shows

promise within one severity of TBI severity is beneficial in more/less severe[286¢s

Intervention parameters and outcome measurements

Animals were either fed ad libitum or gavaged to deliver the NUT in studies within this review. Animals fed

ad libitum maybe representative of humans prescribed a supplement or altered diet as an intervention
following TBI; however, these methods of delivery may lead to high variability in the amount of
nutrient/compound ingested across subjects. Additionally, adherencebaan issue in clinical

LJ2 LJdzf F GA2ya AF GKS LINBaAaONAROSR RASGO Aa @Qraidte RATFT
gavage allows for precise dosing but is invasive and involves bypassing the early stages of digestion and
absorption. Delivey of a supplement orally would be more representative of what would be viable for

clinical patients with mTBI, while gavage replicates tube feeding that may be necessary in humans following
moderate or severe TBI. Future research should investigatdefatifces in posT Bl outcomes exist if the

same NUT is fed ad libitum or delivered via gavage.

Evidence from pharmaceutical studies show that discontinuity between timing and mode of drug
administration in animal and clinical studies contribute to fatlehslation[203, 281] These shortcomings
may be due to our limited understandimg physiological and pathological temporal differences between
humans and rodentf281]. For example, the lifespan of a rat is highly accelerated to that of a human; with
one rat day equatig to ~27 human days, and ~13.7 rat days being comparable to one humd2§&lar
Based on these figures initiating a NUT 24 hours-pgsty in a rat may be representative of ~21 daystpo
injury in humans. Measuring outcomes at seven days-p@&dtin rats could possibly be indicative of
outcomes at six months for humans. Research is needed to elucidate the possible temporal discordance
between rodent and human TBI pathophysiology to éase the likelihood of intervention translation from
the lab to clinical practice. Future studies should consider delivering a NUT in separate groups of animals to
compare NP outcomes under ideal conditions.(immediately postinjury) and under delayedonditions

that are clinically representative.

A distinct advantage of animal studies is the ability to collect invasive outcome measures that would be
dzy SGKAOFE YR AYLINY OGAOLFE G2 | OljdZANB Ay KdzYlyao |
clinical researchers should also prioritize incorporating methods/outcomes that are applicable in both the
SELISNAYSY Gl | y[#4]0404).WibsOstutlies & $his tevieyt theoked biochemical assays on
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slices of braiissue postsacrifice to quantify NP biomarkers. While this provided an accuraterpogem
measurement of outcomes within the brain, it may not be representative of the amount of circulating
biomarkers while the animal was still alive. Incorporatioflobd biomarkers and neuroimaging in animal
studies would expand understanding of the relationships shared between biomarkers measuraddgre
post-sacrifice. Incorporation of biomarkers in animal studies would allow comparisons anevatiosgion

agairst the growing number of biomarkers that can be measured in human clinical populg2ittis

Taken together, the examples in this section illustrate methodological factors that limit the biofidelity of
the available evidence FANUTSs to improve NP outcomes pddl. These factors need to be carefully
considered when interpreting study results. Researchers must find ways to account for financial and
logistical constraints in order to improve the biofidelity and validity of ingasions in a manner that will

benefit clinical patients with TBI.

Risk of bias

There is difficulty with assessing RoB in systematic reviews of animal studies due to poor methodological
reporting[216, 258, 275]Studies within this review were often missing (or did not clearly communicate)
key methodological details, including: blinding procedures, severity of TBilethdnortality rate following

TBI, age of animals used, sample size, number of animals used for each outcome measure, and whether
animals were randomised for outcome measure assessii2&2, 283] As a result, determination of RoB

was limited without these key methodological detail@ble4.2 and Table4.3). In some cases, authors of

the original studies may have assumed that the reader had prior knowledge of commonly used
methodologies in TBInimal studies, and thus these details weren't explicitly stated. For example, random
selection of housing may not be possible in a TBI study because uninjured control animals may overpower
the TBI animals in competition for food. To overcome this issimala belonging to the same study groups
may have been housed together. To enhance methodological transparency, it is recommended that future
studies incorporate a figure/diagram that clearly depicts key aspects of study design as shown in some
studies[149, 150, 227, 235, 239, 245, 249]

The quality of results reported was low in many studies where only simple figures-wathigs were

published. Values orescriptive statistics for outcomes were rarely provided in tabular format or within

text, preventing meteanalysis to evaluate the size and meaningfulness of effects attributed to the

delivered NUT. However, all studies reported a positive benefit of thé aldministered on NP outcomes
compared to control. The absence of negative findings may be indicative of potential publication bias,
possibly skewing the NUT associated benefits reported. Registration of animal studies to prevent
publication bias, innovain of TBI models to improve biofidelity, thorough and transparent reporting of
methodologies and results, and clinically relevant intervention timing and delivery are the focus of ongoing

initiatives[16, 203, 216, 279, 28285].
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Implications for clinical TBI patients

Unfortunately, due o limitations of the evidence, this review could not definitively recommend a single

bl ¢ a GKS -thehiR\dry/NE N& 2 @$ NORA R (i S-TBI. FNtheOrbskaych shoufd LI G A S
focus on antioxidant compounds (ALA, curcumin, phenols), BCAAshjoed leucine, isoleucine, valine),

|y R3 PUFAs (specifically DHA) which appear to be the most promising supplementation candidates that

might facilitate improved clinical outcomes for TBI patients in the future.

Following TBI, patients often endure array of functional and neurobehavioural deficits which seemingly
develop as consequences of cellular damage and dysfunction triggered by the secondary injury phase of TBI
[42, 61] Functional consequences of TBI often include mood instability, impaired cognition and memory,
confusion, intolerance to cognitive and physical loading, vestibaldardeficiencies, and sleep
disturbanced28, 33, 61, 98, 18 286] Cellula disruptions impair neurological networks and subsequently
manifest in symptom complaints and deficits at the experiential and social [®lglApproximately 50%

of patients experience sleepake disturbances after TBI86]. Excessive glutamate release po&l

creates an imbalance ind¢hglutamate/GABA pool and contributes to impaired neurotransmission which in
turn dysregulates networks responsible for restorative slpgj. Without restorative sleep the patient

may experience impaired executive function, mood instability, and leigtls of stress that further

compound sleepvake disruption{61]. In this regard, prelinical evidence suggests patients with po&
sleepwake disorders may experience a positive benefit from BCAA supplementation via improved balance

of glutamate/GAA pools within orexin neuroj219, 221, 228]

lonic dysregulation and subsequent mitochondrial dysfunction are hallmarks of TBI that contribute to
oxidative stres$42, 287] Excessive free radical production can trigger apoptosis and lipid peroxidation of
cell membrane$42, 288, 289]Moderate and severe TBI can elicit considerable amounts of neuronal death
severely impairing neuroconnectivity and transmisqu®, 61] Across the TBI spectrum, mitochondrial
dysfunction and impaired cell membrane homeostasis within neuronal, axonal, and gliahoells ¢
exacerbate neurotransmission impairment. Biomechanical forces deforming brain cells during TBI can
damage axons and increase BBB permeability, both of which can be further aggravated by unregulated free
radicalg[290, 291] Compromised tight junctions between endothelial cells within the BBB results in
cerebral edema further compromising neurotransmisgieh, 292] Globally impaired neurotransmission

can affect TBI patients through diminished sensorimotor integration, executive function, and working
memory while manifesting clinically as mood instability, cognitive fatigue, and inability to complete
activities of aily living[61]. Introduction of antioxidants such as ALA, curcumin, or phenols early after
moderate or severe TBI may promote tissue sparing and combat oxidative stress to blunt the overall
cellular damage and downstream impairments experienced byptitient[149, 230, 251, 25255]d -3.

PUFAs have demonstrated the same -aoptotic and antoxidant benefits as antixidantcompounds
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but with additional advantagej14, 293] DHA is a major constituent of cell membrarmethin the central
nervous systeni294]. At a cellular level, delivery of DHA pd®l may proactively combat oxidative stress
while providing the necessary building blocks to repair phospholipid bilayers damaged by lipid peroxidation.
Preclinical evidence suggests tredministration of DHA after TBI upregulates brdarived neurotrophic
factor (BDNF) expression. Expression of BDNF plays a crucial role in the regulation of neuroplasticity and
neurogenesis so that injured cells/networks can repair and/or reorganisasbtreqd295, 296]

Upregulation of BDNF by DHA supplementation (or other means) creates an internal environment that
promotes recovery at the cellular and network lettedt may further alleviate functional deficits and

symptom burden for patients. A prdinical study demonstrated that combining curcumin with DHA led to
an additive benefit that exceeded the benefits observed following administration of either compound in
isolation[243]. Thereis a need to better understand how constituents of msitpplement interact with

outcomes.

Outside of the neurotrauma literature, reviews of NUTSs to improve outcomes following musculoskeletal
injuries and softissue wounds have concluded that evidenopsorting a single intervention in humans
remains elusivg297-299]. These reviews recommended a whedllanced diet of whole foods that are

minimally processed and abstaigi from alcohol consumptiof297, 298] Supplementation is likely only

F LILINBLINAF GS AF GKS AYRAGARIZ f Q& KI 0AZA2RS]. RASG Aa
Physiological responses to injury such as inflammation and apoptosis are important biological processes for
recovery under normal conditions and complete elimination of these mechanisms would be unfavourable
[298]. These general recommendations appear appropriate for patients with TBI in the interim while the

biofidelity and validity of NUTs for TBI continue todbecidated.

Future directions

Modification of lifestyle factors, such as diet and exercise, are considered safe for investigation in human
subjects given contraindications are considered and accounted for. This presents a unique opportunity in
the case oNUTSs for TBI to potentially conduct peknical and clinical studies in parallel to accelerate the
identification of strategies that might benefit clinical patients. Such study designs have begun to be
adopted in other areas of translational research @edve as an innovative approach to account for the
innate ethical and logistical limitations of both clinical and-pligical study design800]. Although studies
evaluating NUTs have been conducted in humans with TBI, none were included in this revieve diaek

of NP outcome measures. Future clinical investigations of pB§NUTSs should make efforts to include NP
measures within their outcome batteries. Due to the difficulties of running RCTs, it is imperative to include
NP measures alongside clinftahavioural measures in order to maximise the data acquired during a given
collection. Inclusion of NP measures in human trials would improve our understanding of why interventions

evaluated in RCTs fail or succeed, while providing aralgs$ation of bienarkers acquired in prelinical
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studies. Preliminary evidence suggests a positive effect of delivering exercise and DHA in combination after
TBI on NP outcomd801]. Given exercise has become a pillar of TBI rehabilitatidare investigation into
the relationship of exercise and NUTSs is warranted. Finallyclprieal studies investigating

diets/supplements that may be detrimental for peEBlI NP outcomes would be highly informative.

Conclusions

Our objective was to identify NUTs introduced pd&l demonstrating potential to improve NP outcomes

after TBI. Available evidence regarding the efficacy of NUTs delivered to attenuate NP outcomes secondary
to TBI was from 43 prelinical animal studiestilising 2,897 rodents. No studies evaluated the effect of a

NUT on NP outcomes of TBI in humans. The overall reporting of methods and results of includadgate
studies was poor, limiting the biofidelity of evidence. Decisive recommendations altich WUTs most
effectively combat secondary injury following TBI in a manner that would benefit clinical patients could not
be made. Initial evidence from animal studies provides a platform from which future investigations can be
launched to determine whitaspects of nutrition (particularly arti EA R+ y i 02 YLJ]2 daBRa sz . /
PUFASs) could be manipulated to promote better recovery outcomes across the TBI spectrum for humans.
With TBI complexity and heterogeneity of outcomes, innovative and collaboetfives are needed for

the identification of interventions to reduce the global health burden of this injury.
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Personal development aa researcheresulting from Chapter4

1 How toconduct a systematic review and critically appraise evidence.

1 Thorough urerstanding of the strengths and weaknesses of animal studies.

91 Deeperknowledge ofT Bl pathophysiologyand biomarkers that provide insight into different cellular
pathways

1 Greaterinsight into why so many promising findings from animal studies do noska#e to humans.

Link betweenSection 2 Part AGhapter 4 and Section 2 Part BChapters>-8)

Chapter 4summarisel the strengths and weaknesses of the literaturerartritional interventionsfor TB)
providinga platform toimprove the biofidelity of future animal studies andliegin to explore the
feasibility of conducting clinical trials to determinaiftritional interventions can complement and
improve clinical practiceNone of thestudiesconducted to datéhave evaluted hownutritional
interventionsinfluenceneurophysiologicabutcomes in TBI patients. This is likely due to costs, logistics,
invasivenessand ethical considerations of measuringurophysiologicabutcomes in humansSince
current clinical practice isighly reliant on clinical training/experience and honest symptom repottiege
is a need to identifpbjective, accurateand affordable measurethat perform under clinically realistic
conditions From myown clinical experiencavorking with SOBI patientspnversations with practicing
cliniciansand gaps in the current evidenteere arethree main areas of the clinicalanagemenbf SOBI
that would benefit identifying more objectivessessment methodacluding:1) diagnosti@and prognostic
decisionmaking 2) accurate classification 80Bbkubgroupghat havedifferent underlying impairments
responsible fosymptomology; and 3) understanding why some patients recover faster than others.
Advances in our understanding of tineurophysiologicaprovide targets for novel interventionandfor
new methods of assessing SOBI patieDtge to the heterogeneity of SOBI symptom reports and recovery
outcomes, it is likely that differenteurophysiologicabutcome measurswill be necesary to address each
of these clinical need3.hereforeSection 2 Part B is comprisedfofir chapters, each evaluating the
translational potential ofineurophysiologicahpproachto address theneedsof cliniciansvho work with
SOBI patientsThe studiesvithin Section 2 Part B were conducted with two specific objectives in mind.
First, to explore the translational potential of sevemaurophysiologicahpproaches to promote more
accurate clinical management of SOBI. Second, to evaluate the potentiglsaf &pproachet® serve as
neurophysiologicabutcome measures to evaluate the feasibility and effectiveness of nutritional
interventions to improve SOBI recovery outcom@hapter 5 evaluates the clinical utility of a
somatosensory testing device calladBrain Gauge (produced by Cortical Metrics) to assist @alosis
and management decisions. Marketing for the Brain Gauge suggests it can be used to monitor and track
recovery postSOBI and to guide retuto-play decisionsNo available publishedtudies have evaluated

the utility of the assessments delivered by the Brain Gauge under ecologically valid conditions.
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Chapter 5: Preliminary evidence for the clinical utility of tactile
somatosensory assessments of spaglated mTBI.

This chaper comprises the following paper submitted &ports Medicineg Open:McGeown, J. RHume,
P. A, Kara, S., King, D., & Theadom, A. Preliminary evidence for the clinical utility of tactile somatosensory

assessments of sperelated mTBI
Author contribution

McGeown, J. P. 80%, Hume, P. A. 5%, Kara, S. 5%, King, D. 5%, Theadom, A. 5%

Overview

Objectives:To evaluate clinical utility of tactile somatosensory assessments to assist clinicians in diagnosing
sport-related mild traumatic brain injury (SRTBI) classifying recovery trajectory based on performance at
initial clinical assessment, and determining if neurophysiological recovery coincided with clinical recovery.
Research desigriProspective cohort study with normative contrddethods: SRmTBI patiats (n=79)
completed the SCATF symptom scaland Cortical Metrics Brain Gauge somatosensory assessments (BG
SA; TOdtemporal order judgement; TO&cTOJ with confounding condition; DdRuration

discrimination)at admission and discharge (n= 45/79). To assishBBR diagnosis on admission-BG
performance was used in logistic regression to discriminate cases belonging to-thEE3Rample or a

healthy reference sample (pooled EX2\data for healthy participants in previous studies). Decision trees
evaluated how accurately B&A performance classified-8R Bl recovery trajectorieResultsBGSA TOJ,
TOJc, and DUR poorly discriminated betweersa®longing to the SRTBI sample or a healthy reference
sample (0.54.70 AUC, 47.464.71 PPV, 48.481.11 NPV). The B&A evaluated did not accurately classify
SRmMTBI recovery trajectories (>Idays resolution 48%M 4-days resolution 54%, lost to etal/follow-up
45%). ManAVhitney U tests revealed differences in-8& TOJc performance betweeniSRBI

participants and the healthy reference sample at initial clinical assessment and at clinical repa@ed$ ).
ConclusionsBGSA TOJ, TOJc, and CdpBear to have limited clinical utility to assist clinicians with
diagnosing SRTBI or predicting recovery trajectories under ecologically valid conditions.
Neurophysiological abnormalities persisted beyond clinical recovery given abnorrsh BGJc

performance observed when SRTBI patients achieved clinical recovery.
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Introduction

Mild traumatic brain injuries (mTBIs) sustained during sport or physical activity represent an estimated 20
25% of all traumatic brain injuri¢s0, 302] mTBI is commonly described as an inviditjley because
structural abnormalities are not detected pestTBI using standard neuroimaging technig[i 19] The
invisible nature of mTBI requires that diagnosis to be made via clinical examination whaapeeiéd
symptoms are one of the key indicators used by clinidia@s43] Reliance on seteported symptoms can

be problematic because of the nepecific nature of mTBI symptoraad delayed symptom onset in some
patients[43, 8286]. In the case of sporelated mTBI (SBTBI) some athletes underreport when they

have sustained an mTBI and/or minimise related symptomdlbgi]. Taken together, these limitations
highlight the need for objective measures that can assist clinical decision making when symptom reports

may be umrustworthy.

Many widely used tools to assist clinicians in the assessment@iTBRrequire or recommend pigeason
baseline testing to use as a reference for subsequent evalugtr@isComprehensive baseline testing may

be possible at the elite and professional levels of sport, but logistical constraints limit the feasibility of this
approach for most athletes engaged in the recreational or amateur sporting environment. Recent evidence
guestions the clinical utility of commonly implementedH8RBI assessment tools even if a baseline

reference is available due to suptimal testretest reliability[76]. Objective measurement techniques
including advanced functional imaging, transcranial magraticulation, and electroencephalography

have identified abnormalities in functional connectivity post Bl[134, 135, 30813]which appear to

underlie a wide eray of symptoms observed clinically due to altered neurotransmission and information
processing61]. Whilst valuable insights are gained utilising advanced techniques, logistical constraints such
as accessibility, cost, ease of use, and time to adtemnégain limit the likelihood of their widespread
integration into the clinical management of mTBI. To advance currentdyastice mTBI management, the
identification of objective, affordable, quick, and easy to administer neurophysiological tools d&atorg

discriminative or predictive capacity without the need for a baseline reference is required.

Sensorimotor processing represents one domain of functional connectivity that can be impaired following
mTBI. Tactile somatosensory assessments (SApthkantage of the highly organised structure of the
somatosensory cortex providing one means of evaluating sensorimotor processing in individuals with
neurological conditions, including those with mTEB1-123, 133137]. The computer mouse shaped

Cortical Metrics Brain Gauge is a portable, quick, and easy to administer tool able to evaluate tactile
somatosensory function. Mechanoreceptors in the fingertipthe nondominant hand detect light

vibrations delivered by the Brain Gauge, transmitting resultant sensory information to corresponding areas
of the contralateral somatosensory cortex. Here the sensory stimulus is processed before being relayed

throughcommissures, such as the corpus callosum, to the motor cortex in the opposite hemisphere. A
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motor response is coordinated in the form of using the dominant hand to indicate an answer to a question
about the stimulug314]. Studies have indicated that aspects of the Brainggs5A (BGA) protocol can

detect differences between individuals diagnosed with mTBI when compared tinjusad controlg122,

123, 135] However, to date, no studies have evaluated the feasibility and utility of SA via the Brain Gauge
to provide clinicians with objectivinformation that might assist diagnostic and management decisions for

SRmMTBI patients.

Study purpose and research questions

The purpose of this investigation was to evaluate the clinical utility of tacti&B8&@ assist clinicians when
making SRnTBI diagnosis and management decisions. Specifically, this study aimed to address four

guestions:

1. Can performance on tactile B&Aduring initial clinical assessment accurately discriminate between
patients with SEnTBI and a healthy reference sample;

2. Can performance on tactile B&A during initial clinical assessment alone, or in combination with
symptom burden accurately classifgcovery trajectory;

3. Do SRnTBI patients perform differently on B&A at initial clinical assessment and/or clinical recovery
compared to a healthy reference sample; and

4. Does BGSA performance in SRTBI patients change between initial clinical assessnmsymhgtomatic)

and clinical discharge (asymptomatic)?

Methods

2.3" ) Duration Challenge

Decide which vibration lasted the longest

4.3"

Figure5.1¢ KS W. NI Ay -digit dbB&eile étimdlaticihh@rihelddevice (Brain Gauge. Cortical
Metrics, Chapel Hill, NC, Us#&w.corticalmetrics.comand (B) example of visual cueing test screen.

Research design

A prospective cohort design enabled evaluation of the clinical utility eBB® provide objective

information to assist clinians when diagnosing SRTBI, predicting recovery outcomes based on initial
98


http://www.corticalmetrics.com/

assessment performance, and determining if neurophysiological recovery coincides with clinical recovery.

Data collection took place at a single dedicateen8BI clinic between Ap2019 and July 2019.

Participants

A total of 79 consenting patients diagnosed withr8RBI by a sport and exercise medicine physician during
their initial clinical assessment were recruited for the study. The sample was inclusive for age and sex. BG
SAdata collected during initial clinical assessment was available for all 79 participants.-&plBGSA

data were collected from 45/79 (57%) participants once they met clinical recovery criteria. foplidata

were not available for the remaining parpeints because they were referred to a different service (4/79),

lost to followup (12/79), or declined to complete their second-B& (18/79).

Procedures

Ethical conduct

Institutional (AUTEC 18/374) and health and disability committee (HDEC 18/NTA/li08) apiprovals

were obtained, and this study was conducted according to the ethical standards of the Declaration of
Helsinki. Participants provided written consent (participant assent and parental consent was acquired for
participants <16 years old) to hiag their data used for research and publication. All participant data were

de-identified prior to extraction/data analysis to ensure confidentiality.

Clinical management and definitions of recovery
Patients received usual clinical care as per a previaesgribed service protocol which is briefly
summarised in this paper. Additional details about the criteria/assessments used to identify EHRind

treatments participants received have been publisfigt5, 316]

As part of routine care, partigants completed the Sports Concussion Assessment Tool-{GyuTiptom
scale at the beginning of each visit, followed by a consultation with the supervising physician. During the
initial clinical assessment, the physician completed a thorough history laysigal examination.

Participants received treatment in line with international recommendations in the form of education,
written guidance, and individualised management to target the underlying causes of their signs and
symptoms. Participants were scheddlfor followrup assessments everylZ days to evaluate their

progress and, if necessary, to modify their treatment plan.

Before departing the initial assessment, participants completed tactikSB@quiring ~10 minutes. To
control for environmental naie during BE&A, participants underwent testing in a private area of the clinic
free from visual distractions while wearing noise cancelling headphones. Once patrticipants achieved all
clinical recovery criteria, they began a graduated rettorplay protool and, before departing the clinic,

completed the BE&A battery for a second time.
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Participants in this study were deemed to be clinically recovered once they achieved recovery criteria: (1)
asymptomatic (definedasS8S p F2 NJ Y I f S & [83) B) dénoostrafed dkkrdiss tolerdn&ea
and (3) any abnormalities identified during the initial physical examination had reg@BH For this

study neurophysiological recovery was defined as participants demonstratk®ABierformance similar to

that reported in studies evaluisng BGSA performance in neimjured healthy controls.

Instrumentation

SCA® symptom burden

Participants completed the SGAT73] symptom scale during all appointmentsdaantify subjective SR

mTBI symptom reports. Participants were queried about 22 symptoms commonly relateendBRand

asked to rank each symptom on a Likert scale from 0 (no symptom) to 6 (severe symptom). A Positive
Symptom Total (PST; number of syomps reported out of 22), and a Symptom Severity Score (SSS; sum of
severity reported across the 22 symptoms out of 132) were composite scores derived from the symptom

scale to represent the SCATsymptom burden.

Brain Gauge somatosensory assessment

The Catical Metrics B&Aprotocol[121-123, 134, 135, 31%jas adapted to reduce administration time
from the typical ~225 minutes to ~10 minutes to preserve clinical flow. Participants placed their non
dominant hand on the BG with the tips of D2 (index finged B8 (middle finger) aligned with two 5 mm
probes that delivered a vibrotactile stimulus. AaRernative forced choice testing paradigm was employed
wherein participants responded to the stimulus, via computer interface, with a mouse in their dominant

hand by clicking on whether the left (D3) or right (D2) stimulus came first or lasted longer.

Somatosensory processing was quantified utilising three vibrotactile tasks: 1) temporal order judgement
(TOJ); 2) temporal order judgement in the presence of aarording stimulus (TOJc); and 3) duration
discrimination (DUR). To assess TOJ two sequential vibrotactile pulses were delivered randomly to D2 and
D3 and the participant was queried as to which digit was stimulated first. TOJc employed the same testing
procedure as TOJ with the addition of a 25 Hz concurrent stimulus that lasted the length of each trial.
Previous researcfi22, 133, 137has indicated that the concurrent stimulus during T{@ads to worse
performance than TOJ in healthy individuals, whereas this performance drop is not observed in samples of
individuals known to have a neurological condition. DUR was assessed by delivering sequential stimulus of
different durations randomlyo D2 and D3 and the participant had to discriminate which of the two stimuli
lasted longer. Before each test began, participants had to correctly respond to three training trials (with
feedback) to ensure they understood the testing protocol. Then twémys, without feedback, were

completed for each testing component. If the participant responded correctly to a given TOJ or TOJc test
trial the inter-stimulus interval of the following trial was reduced to increase difficulty. Conversely, the

inter-stimulus interval was increased if the participant responded incorrectly to make the following TOJ or
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TOJc test trial easier. The duration of test stimulus was decreased following correct responses to DUR test
trials and increased after incorrect responses. Smwsensory processing for each task was measured in
milliseconds (ms) and is presented as the average of the three best trials to which the participant

responded correctly.

Healthy reference sample

To understand how a patient performs on a given outcomesuee, healthcare practitioners commonly
consult literature describing how healthy samples perform on the same measure. Therefore, for research
guestions 1 and 3, we implemented a novel approach where comparisons for the patient cohort were
made against siulated healthy distributions generated using pooled-8&lata (TOJ, TOJc, and DUR
performance) for healthy participants extracted from studi#®2, 133, 135, 318keeTable5.1).

Table5.1 BGSA and SCAIsymptom burden data pooled to create healthy reference samples.

Study Participants Age TOJ TOJc DUR SsS
(years)
H(ialthy young women 4[0-78p
Lovell n =355 o
~1324 - - -
2006 Healthy young men 2 [056]
n=1391
Nguyen Healthy adults 46.4 + 251+ 84.7 £ 65.0 =
2013 n=19 2.4 13.9 mg ™ 58.4 mg™ 33.1mé™
Female high school
athletes 3 [0;9F
2’;{50” n = 14,668 1?-; * : i i
S Male high school athletes ' 1[0:6F
n=17,290 '
Jones Healthy adults 23.0+ 48.8 + i i i
2016 n = 16 (6 females) 5.2 15.2 mg ™
Tommerdahl Healthy college athletes 20.1 + 36.4 + 95.2 + 64.6 + i
2016 n=58 1.2 21.3 mg™ 32.7mg™ 28.2 mg ™
Pearce Healthy adults 37.7+ 238+ i 48.7 + i
2019 n =20 (4 females) 8.07 10.1 m$ "~ 19.1msg*”
. Healthy community
sggg ! volunteers 31632; - - - 4 [0-31]P
n = 60 (22 females) '
Healthy reference pooled sample size n=113 n=77 n=101 n = 33,764
340+ 92.6 + 615+ 3
Healthyreference pooled results 17.0 ma 40.4 ma 27 0 mé (2-4y'
. 31.3 87.4 56.9
Healthy referencadjusted pooled results [21.9:43.3]  [65.1; 115.0] [40.9: 75.81

Notes:2Mean + SD? Median [MinMax], “Median [IQR]? Median (95% ClYage inferred as not explicitly reportet,
controls were age and gender matched to patients with migraine in this study, age details for controls were not rept
* age was reported for n = 89 participants, data were presented fopry=T Yy I' Ho ¥F¥2NJ (iKAa&
O2yTARSYOS AyGSNBIfa 6KAOK ¢6SNB (NIyaFT2NN¥SR AyaG2 ai
transformed into standard deviation.
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The means and standard errors of somatosensory performance for healthy participants were presented in
three studieq122, 133, 318]A fourth study{135] presented healthy data as means and 95% confidence
intervals. This information was extracted from each article, then standard errors and confidence intervals
were subsequently transformed into standard deviations (Bable5.1). The resultant standard deviations
and accompanying means were pooled to provide an estimate of how healthy individuals perform on the
BGSA TOJ, TOJc, and DUR tasks basptewious research. Transformation of standard errors/confidence
intervals to standard deviations and pooling of results followed the methods described in the 2011

Cochrane Handbook for Systematic Reviews of Intervenfirty.

The reporting of means in previous studies suggests that performance @ABEe normally distributed in
healthy individuals. However, previous reports highlight that measures of sensorimotor function (i.e.,
reaction/response times) were commiynpositively skewef320-322]. A previous study comparing
baseline BE&A performance to that observed within 7 days offSHBI presented histograms
demonstrating positively skewed distributions both pamd postinjury, although measures of central
tendency were not reportetl23]. Positive skew was also obged for the BE&SA data obtained from
participants with SRnTBI in our clinical cohort. Therefore, the distribution of&&performance in

healthy populations is likely positively skewed and only contains positive values.

Healthy reference samples for TADJc, and DUR were randomly simulated based on a gamma

distribution with shape (meafstandard deviatiod) and rate 1/(standard deviatidimean) parameters

based on the pooled means and standard deviations from previous studie$dbts.1). Gamma

distributions are characterised by pdsi skew and values greater than zero. Simulation of healthy

reference samples foreachHG! @ NAF o0f S 4 a | NBE2YWYLORYRAQAIKASR/ dkayA yiK Si |
package. Sizes of the healthy reference samples were dependent on the research questipevadiated.

For research question 1 a random gamma distribution was generated for TOJ, TOJc, and DUR with a sample
size of 79 to simulate a healthy comparison group for each variable with the same number of observations

as those collected from SRTBI péients at initial assessment. Performance on TOJ, TOJc, and DUR was
acquired at initial assessment as well as clinical discharge from 45 participants who sustaméBISso

the sample size of random gamma distributions generated for research quesiias 3Iso 45. Since the

central tendency and dispersion of skewed distributions are more appropriately described using medians

and interquartile ranges, the procedure described above was used to simulate 100 samples of 45
observations for TOJ, TOJc, and DidBpectively, to approximate the pooled median and average

interquartile range for each variable. These adjusted pooled values are preseritedleb.1.

Whilst the purpose of this study was to evaluate the clinical utility oSBGclinical best practice utilises
subjective symptom reports as one indicator to determine when-an$RI patient has achieved clinical

recovery[39, 43] However, at clinical recovery a-8RBI patient may not be completely symptom free
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(PST =0, SSS = 0), tluthe nonspecific nature of mTBike symptoms. This has been shown in several
studies investigating mTH#ke symptom reports in healthy individud&3-86]. Data from these studies
were also pooled as a reference (Skeable5.1). For consistency, symptom endorsement data were only
pooled from studies reporting medians and interquartile/minimunaximum range$323] because
symptom reports also appear to be positively skewed in healthy individuals, and oncenafiBSRatient

achieves clinical recove[85, 86, 316, 324]

Data analyses

Data distribution and neparametric statistical techniques

Exploratory data analysis revealed skewed distrimgicontaining outliers for both clinical (age, days until
initial assessment, days until asymptomatic, PST, and SSS) and somatosensory variables (TOJ, TOJc, and
DUR; ShapirdVilksp X.001 for each variable). Since the purpose of this investigationavdstermine

the clinical utility of B&SA in a realvorld clinical environment, outliers were not removed from the data,

as these cases are representative offSRBI patients that would present clinically. Due to the shape of the
distributions, as well alseterogeneity of variances/covariances between-gmbups, norparametric

statistical techniques were implemented for each research question. Krugallis and ManaWhitney U

tests were used to assess between group differences for continuous variables.

Lagistic regressions

Logistic regressions enabled evaluation of TOJ, TOJc, or DUR accuracy to discriminate betwiégin SR

versus healthy reference samples for each variable. A single random gamma distribution was generated for
TOJ, TOJc, and DUR to serva asalthy reference sample (n = 79 to match the futh8BI sample size).

Due to a modest sample size, leasee-out-crossvalidation (LOOCV) was undertaken to evaluate the
modelonnam LI NGAOALI yiax FyR (G2 GS&ai thekssortheReiitQa OI LI
case. This process was repeated for each participant and accuracy metrics including sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV), percent correctly classified, area under the
curve (AJC) and receiver operating characteristic (ROC) were derived for each somatosensory test. This
approach is representative of how well a model trained on the current data would perform at classifying a
new patient presenting with an SRTBI. Training and @ssvalidation of logistic regressions was
LISNF2NYSR dzaAy3d GKS WOFINBIQ YR WLwh/ Q w LI Ol 3Sa

Decision trees

Recursive partitioning in the form of a classification tree was utilised to explore if TOJ, TOJc, DUR and/or
intra-subject difference between TOd&TOJc alone, or in combination with PST and/or SSS, at initial
assessment were indicators of participant recovery trajectory. A classification tree approach does not rely
on the assumptions of normality and homogeneity of covariance, allows for clagsifianto >2 groups,

and presents a statistical representation of how medical professionals rule in/out factors that might
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identify the cause of a conditio325]® / f F Aa&AAFAOlI GA2y GNBSa 6SNB GNIF AyYS
package to determine which variables could correctly classify participants who became asymptomatic in
>14days M 4-days, or were lost to followp/referral. In some cases, participants became asymptomatic in

M 4-days but due to scheduling limitations, were not seen for a follpwisit until beyond 14lays post

injury. In this case, if the participant sedfported becoming asymptomatic at day 11 pesjury then 11

days until asymptomatic was recorded.

LOOCYV was used to tune and evaluate the classification trees. Tree pruning took place during cross
validation to reduce the likelihood of overfitting to the trainidgta. Ten complexity parameters were
evaluated as part of crosslidation to penalise the tree if an additional partition or inclusion of another
variable did not enhance the model predictive accuracy as measured byvalatasted error. The final
decison tree was determined by the complexity parameter that produced the simplest model (least
number of partitions) that demonstrated the greatest classification accuracy. The sensitivity, specificity,
balanced accuracy, and overall accuracy were calculzdsdd on the predictions made by the final model
for each iteration of LOOCV.

Between and withingroup comparisons

Mann-Whitney U tests were used to compare if differences in somatosensory performance existed
between SRnTBI and healthy reference sampleseTable5.1). The points of reference were when
symptomatic at initial assessment and/or when clinically recovered at discharge. A random sample was
simulated for each comparison using the process described in Section 2.5 and a/Niténey U test

between the reference samples and-8RBI data was performed. To reduce the risk of Type 1 error that
could occur because of the distribution of a single @ndsample this process was repeated 100 times and
the distributions of the 100esultantp-values are visualised using boxplots for TOJ, TOJc, and DUR at each
variable and timepoint. The percentage of comparisons that yieldegtaue <0.05 are reportedat

indicate the likelihood that observed differences in-B& performance between SRTBI participants and

the healthy reference samples are due to chance.

Changes in somatosensory performance and symptom endorsement for the 45 participants when
symptomatt at initial assessment, and clinically recovered at discharge, were tested using the Wilcoxon
SignedRank test. Due to variability of clinical data, a priowas set to 0.05 for comparisons. Statistical

analyses and visualisations were performed usiipéh v3.6.10 and RStudio v1.1.456.

Results

Descriptive statistics grouped by recovery trajectory are summaris€dbie5.2 (top panel shows data for

the 79 participants who completed the BE3\ at initial assessment; bottom panel shows data for the 45
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participants tested at both initial and discharge). Distribusiari continuous variables were highly skewed

therefore descriptive results are presented as Median [IQR].

Demographic and clinical information

Females accounted for 25% of the total sample (n = 79) and 50% of participants were between 16 and 23
years of ge. Playing rugby union or rugby leaguas the inciting factor of SRTBI for 68% of the

participants.

Participants with >14lays symptom resolutioriL(.0 [6.0, 17.0]and those who were lost to
referral/follow-up (L1.0 [6.0, 14.0]took longer to presenfor their initial assessment than those wid§4-
days resolutiong.5 [4.0, 10.0] Participants lost to referral/followap reported the highest level of

symptom burden at initial assessment (PST: 16.0 [10.5, 18.0]; SSS: 36.0 [23.5, 48.3]) followedblyg >14
resolution (PST: 14.0 [7.0, 17.0]; SSS: 25.0 [13.0, 47.0f &rthys resolution (PST: 6.0 [3.3, 7.0]; SSS: 8.0
[5.0, 14.3]). Participants who experienced >days resolution required a median 30.0 [20.0, 45.0] days to
become asymptomatic compardd.5 [6.0, 12.0] for those in théd4-days group.

Demographic and clinical data for the 45 participants with data from both initial assessment and discharge

followed the same trends as described above and are presentédhbfe5.2.

Discriminative utility of somatosensory assessments

Univariable logistic regression and ROC analysis were performed using TOJ, TOJc, and DUR, respectively, to
evaluate how accurately any one of these-86& can discriminate picipants with SEnTBI when

compared with a healthy reference sample simulated based on published resulfEgsies.2). TOJc

demonstrated the bestidcriminative performance by correctly classifying 63% of cases to the correct

group with an AUC of 0.70, 64.71 PPV, and 61.11 NPW¥ifrae5.2). Limted discriminative accuracy was

observed for TOJ (48%, 0.54 AUC, 47.46 PPV, 48.48 NPV) and DUR (56%, 0.61 AUC, 56.92 PPV, 54.84 NPV

Prognostic utility of somatosensory assessments

Two classification trees were developed using LOOCYV to determine thegstagcapacity of BGA alone

or in combination with symptom reports to correctly assign-eld4s resolutiony{ 4-days resolution, or

lost to referral/followup recovery trajectory membership to the 79-8RBI participants (se€able5.3).

The first decision tree was developed using®&alone. The final somatosensory decision tree used TOJ
¥pn Yasz ¢hwO xc y asYecisionlthyesholds and @emenstrated¥ad%%, 54%, and 45%
balanced accuracy results for >tldys resolution}{4-days resolution, or lost to referral/followp,
respectively. The second tree was developed usinggB@nd symptom reports to see if greatieree

group classification accuracy could be obtained (Batele5.3). The final combination decision tree used

SS3R0 as the lone decision thresholdsidting in better balanced accuracy for classifying-ddys
105



resolution (63%)K 4-days resolution (79%), or lost to referral/follemp (50%) recovery trajectory

membership.

Table5.2 Descriptive statistics guped by recovery trajectory f@RmTBI patients assessed using8&at initial
clinical assessment only (n=79) and at initial and discharge assessments (n=45).

Descriptive statistics for patients assessed with 5@ at initial SEnTBI assessment only

Days until initial assessmeént
Days until asymptomatic
Initial PST

Initial symptom severity

TOJ performance (nfs)
TOJc performance (ns)
DUR performance ()

10.0 [5.5; 14.5]
20.0 [12.0; 34.5]
11.0 [6.0; 17.0]
20.0 [8.5; 42.0]
29.0 [20.3; 40.2]
59.9 [34.1; 84.4]
50.0[29.2; 66.7]

6.5 [4.0; 10.0]*
10.5 [6.0; 12.0]
6.0 [3.25; 7.0] ®
8.0 [5.0; 14.3]*
26.5[17.1; 32.9]
57.8 [40.7; 77.5]
50.0 [41.7; 72.9]

11.0 [6.0; 17.0]
30.0 [20.0; 45.0]
14.0 [7.0; 17.0]
25.0[13.0; 47.0]
29.0 [20.5; 40.6]
63.9 [32.0; 86.2]
50.0 [25.0; 66.7]

Total wS &2t dzidayg8 Resolution >14lays  Lost to followup
(n=79) (n=22) (n=41) (n=16)
Sex
Male 60 (76%) 21.0 (95%) 28 (68%) 11.0 (69%)
Female 19 (24%) 1.0 (5%) 13 (32%) 5.0 (31%)
Sporé
Rugby codeg 54 (68%) 20 (91%) 26 (63%) 8 (50%)
Other 15 (19%) 1 (5%) 10 (24%) 4 (25%)
Football 10 (13%) 1 (5%) 5 (12%) 4 (25%)
Agé 19.0 [16.0; 23.0] 19.0 [16.0; 23.0] 19.0 [15.0; 23.0] 20.5 [16.8; 30.8]

11.0 [6.0; 14.0]
16.0 [10.5; 18.0]
36.0 [23.5; 48.3]
32.7 [22.5; 53.8]
54.9 [42.2; 84.1]
45.8 [25.0; 72.9]

Descriptive statistics for participants assessed with48@ at initial and discharge SRTBI assessments

TOJ performance (nts)
TOJc performance (ns)
DUR performance ()

27.2[18.2; 36.8]
55.6 [34.9; 82.5]
50.0 [25.0; 66.7]

24.7 [15.7; 31.9]
51.3 [42.3; 60.5]
41.7 [29.2; 54.27

Total wS &2t dzidayg8 Resolution >14lays
(n=45) (n=15) (n=30)
Sexr
Male 35 (78%) 14.0 (93%) 21 (70%)
Female 10 (22%) 1.0 (7%) 9 (30%)
Sport
Rugby codes 33 (73%) 13 (87%) 20 (66%)
Other 8 (18%) 1 (7%) 7 (23%)
Football 4 (9%) 1 (7%) 3 (10%)
Age 19.0 [16.0; 23.0] 19.0 [15.5; 23.0] 19.5 [16.024.0]
Days until initial assessmént 10.0 [5.0; 12.0] 10.0 [4.0; 10.0f 11.0 [6.0; 16.5]
Days until asymptomatic 20.0 [12.0; 32.0] 10.0 [5.0; 12.0] 27.5[20.0; 42.5]
Initial PST 7.0 [5.0; 14.0] 5.0 [2.5; 7.0 11.0[6.25; 17.0]
Discharge PST 1.0 [0.0; 2.0] 0.0 [0.0; 1.0¥ 1.0 [0.25; 3.0]
Initial symptom severity 15.0 [7.0; 29.0] 7.0[3.0; 11.0F 22.0 [10.5; 44.5]
Discharge symptom severity 1.0 [0.0; 2.0] 0.0 [0.0; 1.0¥ 1.0 [0.25; 4.0]

28.3 [20.2; 40.4]
66.1 [32.7; 85.3]
50.0 [29.2; 66.7]

Notes:2Frequency (%¥Median [28" percentile; 78" percentile] *5 dzy Y Q-&oc tdnpaiison of KruskVallis tests

LJ r

n daypvs XM days resolutiols, dzy’ y Q-&oc tdnpaftison of Kruskal I £ £ A &

G Sadaysvel ¥

lost to followeup, 75 dzy” Y Q-&oc bdnpatison of Krusk®Vallis tests >14 days resolution vs lost to follops "Mann-

2 KAGYy S8 |

LJ-days vs $1A daysTesdilktiorKm n
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Healthy Median ~ SR-mTBI Median . I Correctly
[OR] [IQR] Sensitivity  Specificity classified, % PPV NPV AUC 95%CI
TOJ 31.3[21.9;433] 29.0[20.23;40.2] 035 061 48 47.46 48.48 0.54 045-0.63
TOJc 87.4[65.1;115.0] 59.9[34.1; 84.4] 0.56 0.70 63 64.71 61.11 0.70 0.61-0.78
DUR 56.9[40.9; 75.8] 50.0 [29.2; 66.7] 047 0.65 56 56.92 54.84 061 052-0.70

b 2 (i $¥diak IQR for healthy reference group in this figure is from a single randomly simulated skewed distribution
based on the process described in the Healthy reference sample section of the Methog©ddR ratio, PPY
Positive predictive value, NR\Megative predictive value, AUCArea under the curve.

Figure5.2 Discriminative performance of TOJ, TOJc and DUR.
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Table5.3 Prognostic utility of BGA to classify patient recovery trajectory (n=79).

Variables included anc Balanced  Overall

o . 0
decision thresholds Sensitivity - Specificity Accuracy accuracy 95% Cl

Three group classification using Brain Gayggrformance only
>14-days resolution ¢ChW xpn 0.83 0.13 48%

YXMdaays resolution ¢thwO xcy 0.14 0.95 54% 47% 36-58%
TOJc <47 ms 0 1 45%

Lost to followup
Three group classification using Brain Gauge performance combined with clinarébles

>14days resolution 0.68 0.58 63%
Xmdays resolution {{{ XHn 0.86 0.72 79% 60% 48-70%
Lost to followup 0 1 50%

SRMTBI somatosensory performance at initial assessment and discharge
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Figureb.3 Results of comparing SRTBI TOJ, TOJc, and DUR performance against 100 simulated healthy
reference samples. Datapoints represent resultamalpes of each experiment. The dashed line represents
p = 0.05.

Betweengroup differences in TOJc performance (consistent path.05) were observed in 100% of the
comparisons between SRTBI participants and simulated healthy reference samples both at initial
assessment and discharge ($égure5.3). Statistically significant differences in TOJ and DUR performance

were observed in 23% and 37% of comparisons at initial assessment, respectively. At clinical di8éharge
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of TOJ and DUR comparisons between participants with BB and healthy reference samples yielded a

p-value <0.05 (seEigureb.3).
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Note: Dashedlack lines represent the pooled median performance in healthy individuals shoWable5.1. Grey
bands represent the average IQR from 100 simulations of healthy distributions shdwableb.1.

Figureb.4 Initial assessment versus discharge®&performance (TOJ, TOJc, DUR) andS&Aiptom
burden (SSS and PST).
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Change in somatosensory performance and symptom burden across timepoints

Figure5.4 visualises changes in somatosensory performance and symptom endorsement from initial clinical
assessment to discharge. There were no wiiiaup changes in BGA between initial assessment and

clinical discharge when participants were clinically recovered at dischargg€D@¥4, TOJg=0.170, DUR
p=0.234). A considerable drop was seen between timepoints forgr81001) and SSF<0.001).

Discussion

The purpose of this study was éwaluate the clinical utility of BSA to provide objective information to

assist clinicians when diagnosingt8RBI, to predict recovery outcomes based on initial assessment
performance, and to determine if neurophysiological recovery coincides witkallirgcovery. While

previous studies have demonstrated aspects of8Gcan identify differences or discriminate between
individuals with known neurological conditions and controls; none have evaluated the prognostic capability
of BGSA, nor evaluated B&A performance once participants met clinical recovery criteria. To our
knowledge this is the first study to evaluate 8@ in an ecologically valid setting and to independently

assess BGA outside the group responsible for its development and commeastialis

Marginal utility of somatosensory assessments assist diagnostic decisions

SRmMTBI diagnosis must be made by a physician based on a comprehensive clinical examination, but
previous research suggests @& may provide physicians with additionaleaitive information to guide

their evaluation and potentially assist when establishingr8mI diagnosis. Such information would be
particularly useful if there is delayed symptom onset or when-ocompliant patients appear to be
underreporting their symptmology[4-7]. Favorov et al. evaluated whether BBAcould be used to

discriminate between praseason baseline performance versus performance within one week-ofiT&ER

and reported that reaction time variability yielded the greatest accuracy (0.91 AUC), followed by amplitude
discrimination (0.83 AUC), DUR78 AUC), mean reaction time (0.69 AUC), and TOJ (0.53128)

Results for TOJc were not available in that study andB@action time variability was notauated in

the present study because of a lack of studies reporting how healthy controls perform on this measure,
preventing pooling and simulation. Our findings suggest limited discriminative accuracy of-& BGJ,

TOJc, and DUR to assist cliniciated with the challenge of diagnosing#®RBI when patients present for
initial assessment ~1.5 weeks after the suspected injury. Our results indicated that only TOJc
demonstrated marginal discriminative accuracy of&&Gassessed (0.70 AUC, 64.71 PPY16NPV). The

low to moderate PPVs and NPVs observed for TOJ, TOJc, and DUR suggest that these measures would offer
little assistance to clinicians working under similar clinical conditions as those in this study when

establishing SRTBI diagnosis.
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Differences in outcomes between the current study and previous reports may be explained by the
conditions under whichBE! 6 SNB LISNF2NX¥SR® t I NIAOALI yda Ay CI ¢
assessed under highly controlled/laboratory conditions which peeaithe collection of prénjury

baseline data, assessment of a greater number o8BGasks, and earlier pasjury evaluatior{123]. Our

study was embedded within a busy-8RBI clinic which meant the number of @ tasks had to be

limited to preserve clinical flow. Participants were members of the public presenting withiT&Rfrom a

variety of sports, lesls of competition, and geographic areas meaning baseline testing was not possible

and comparison to previously published data from healthy individuals was necessary. Participants
underwent initial clinical assessment a median of 10 days-ipjuaty becaus of the realities of clinical

scheduling constraints. While previous reports suggest promising potential ARG assist diagnostic
decisions there is a lack of ecological validity. For these reasons, our findings are likely more representative
of howTOJ, TOJc, and DUR would perform at discriminating between healthy individuals and those who
have suffered SBATBI under conditions which many clinicians operate. It is possible that a greatly reduced
BGSA protocol (<5 minutes) may be useful in high m&wenvironments where patients present on the day

of injury such as emergency departments and walklinics, but research into this potential application is

needed.

Limited prognostic utility of somatosensory assessments

While a screening tool that carceurately discriminate between cases with or without a given condition is
certainly useful, an optimal tool would pair discriminative and prognostic capabilities. In the case of SR
mTBI, early and accurate prediction of recovery trajectories would possithlice the need for patients

likely to recover quickly to attend followp appointments, subsequently, keeping limited folloyw
appointments available for the patients who require them most. Our analysis evaluated whettehA BG
performance at initial atiical assessment (regardless of days until initial assessment) could classify
participants who would become asymptomatioitmaays, >14days, or those who were lost to follew
up/referral. Early identification of those lost to referral/follewp would beparticularly useful to identify
patients requiring referral to a different service early on, or to begin to understand why some patients do
not present for followup. Our data suggest limited utility of BS2 to classify participants accurately into
their respective resolution trajectory group. The lack of classification accuracy can likely be explained by the

overlap in BE&A performance across the three groups at initial clinical assessmerfigbiss.2).

Neurophysiological abnormalities still present at clinical discharge

A growing body of literature highlights that some individuals with a history of mTBI present with persistent
neurophysiological albrmalities for weeks, months, and years pagury when compared to healthy
controls[308, 311, 326329]. Several studies have reported that these abnormalities still exist once an mTBI

patient becomes asymptomatic and/or meets clinical recovery crif{é82, 140, 33@B33]. It appears that
111



TOJ and DUR lack sensitivity to detect grmyel performance differences between individuals who have
recently suffered SRiTBI and performance consistent with healthy individuals, as shown by the lack of
difference in performance when participants were symptomatic at initial assessmenF{ges5.3 and
Figureb.4). In contrast, TOJc performance was impaired both at initial assessmexiay&@ostinjury and
remained impaired at clinical discharge in individuals withn8BI $eeFigure5.3 andFigure5.4). Our

findings support the notion that clinical reeery precedes complete neurophysiological recovery based on
the dissimilarity of B&&A TOJc performance betweeni8RBI participants at clinical discharge and healthy

reference values.

The impact of these persistent neurophysiological abnormalities begbnidal recovery remains to be
understood. This phenomenon may be analogous to managing an athlete after a fracture. The athlete may
report being pain free during clinical examination, whilea)X images may suggest the athlete requires

more time for frature union before returning to play. In this scenario the objective information gained

using Xray may assist the clinician in refining an individualised management plan that reduces the risk of
the athlete returning to play when they may be susceptildedinjury. Future longitudinal cohort studies

are needed to quantify BGA postmTBI, through clinical recovery, and the weeks/months after clinical
recovery to determine the utility of BGA as an objective means to track neurophysiological recovery in a
clinically useful manner. Overall, reports of lingering neurophysiological disruption across multiple
independent studies utilising a variety of objective outcome measures raises the question of whether

definitions and expectations of recovery pasil Bl equire further revision.

Limitations

This study was embedded in a busyr8RBI clinic that required several compromises to preserve clinical
flow and ecological validity of study findings. These compromises led to limitations that should be
accounted for when considering the findings of timgestigation. A shortened version of the {538

protocol had to be implemented because the complete battery required too much time and burden on
behalf of the participants. It is possible that the-B& components omitted from the current study may

have yelded greater discriminative or prognostic accuracy than TOJ, TOJc, or DUR. In pranfiéd SR
patients commonly do not present for clinical evaluation until days after sustaining the injury because of
delays in seeking medical treatment and/or due taickl scheduling constrainf203]. Collection of B&A

data on the date of injury may have been more favourable to understaadnimediate consequences of
SRmMTBI and how performance changes between onset of injury and initial clinical assessment. Collection

of BGSA data on the day of injury may potentially have enabled development of a better prognostic model.

The current invetsgation only evaluated the clinical utility of B3\ in relation to SCATsymptom burden

because resolution of symptoms was a main criteria used to determine clinical recovery. It is possible that

112



performance on BE&GA may have related to specific sympwaor predicted outcomes for other aspects of
the SCA®B such as cognitive and balance assessments. It is worth noting that the cognitive and balance
assessments within the SCBTack clinical utility to detect meaningful differences at the time which most
participants presented for initial clinical assessment in this sfdy88, 316] Nevertheless, more
independent research into the reliability and validity of-B& under clinical conditions, and their relation

to clinical outcome measures are needed before integrating the use 8A@to clinical practice.

We adopted a novel approach pool and simulate healthy reference data to replicate clinical decision
making conditions. Assumptions were made during the simulation of healthy reference samples used for
research questions 1 and 3; particularly the skewness of healtigMB@erformane and the use of gamma
distributions during simulations. There may be issues with representativeness of the pooled healthy
reference data due to the relatively low sample size. A more traditional approach would have included the
recruitment of a healthy aatrol group but issues with representativeness can also be a common limitation
of such designs due to matching issues. Since th88G a standardised and computerised testing

protocol we argue that pooling of healthy data from multiple independent &sidnay have provided a

more representative comparison group than a convenience sample of healthy individuals. Given the
preliminary nature of this investigation and the conservative findings presented these assumptions and
limitations seem justifiable. Ounodest sample size included unbalanced resolution trajectory subgroups
which may have prevented the development of an accurate prognostic model. Furthermore, due to sample
size it was not possible to perform further subgroup analysis based on age, @gxpspredominant

symptom clustef75]. Acquisition of BE&A requires sustained attention and screen time exposure.
Disruptions in attention during BGA and/or intolerance to screens due to18RBI may have influenced

testing.

Conclusions

Our findings sggest that the discriminative and prognostic utility of-B& TOJ, TOJc, and DUR to assist
diagnostic decision making and to predict recovery trajectory under ecologically valid conditions appears
limited. Abnormal BE&A TOJc performance was observed whamicipants with SRnTBI met clinical
recovery criteria. This finding adds to a growing body of literature reporting that clinical recovery is not
necessarily indicative of complete neurophysiological recovery. Given the realities of time and budget
congraints in clinical practice, our findings do not provide sufficient justification to recommend the
allocation of time and resources to acquire-B& TOJ, TOJc, or DUR to assist clinical management of SR
mTBI patients at this time. Further expansion anglication of these preliminary findings would determine

whether BGSA is a tool that clinicians could integrate into regular practice.
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Personal development aa researcheresulting from Chapters

How to poolpreviously published data and simwuaeference samples for statistical comparisons.
How to deploy decision trees and leawre-out-crossvalidationin RStudio

Importance of independent research.

Importance of reportindhe most appropriateneasure of central tendency for a given distribution.
How study desigdirectly influencesstudy findings and how this can hinder translation of findings into
clinical practice.

= =4 =4 =4 =4

Link between Chapters 5 and 6
Previous reports suggestdtain Gauge somatosensory assessments could be a useful tool to aid diagnostic

and prognostic decision making for clinicians working with SOBI patientsir knowledge Chapter 5
presents the first study to evaluate components of the Brain Gauge tgstotgcol in arealworld clinical
environment and is the first independent assessment of this protocol outside the group responsible for its
development and commercialisatiom the context of thighesis,it was hoped that Brain Gauge
somatosensory assssients would offer prognostic value equal to or greater than the model presented in
Chapter 3. Had such results been observed it would have proeiddénce for anore objective means of
identifying patientswith greater likelihoodo experience longer @overytrajectorieswithout the need to

rely on symptom reports. Such a finding would have valuable clinical applications, particularly in
environments where clinicians with experience managing SOBI are lacking. Additemaltgurate

prognostic model sing BGSA would have provided a more objective method to identify SOBI patients who
might benefit from a nutritional interventiorlhe results presented in Chapter 5 suggdsimited

accuracy andlinical value of an abbreviated battery of Br&lauge somatosensory assessments when
administered under ecologically valid conditiolbese findings highligad the importance of independent
researchinto products thathave been commercialised angarketed towards clinicianseeking tools to

assist then manage SOBI. In Chapter 6 the potential to objectively classify different&&Bt PSCs using
wearable sensor data acquired during treadmill stress testing and analysed using machine learning
algorithms was explored. In Chapter 3 we highlighted ptatsiological PSC was most prevalent within in
our cohort followed by vestibulocular PSC. Given that findings in Chapters 2 and 3 both indicated that
vestibuloocular symptomologyvere associated with worse outcomes in patients with a history of SOBI,
Chapter 6 specifically focused on developing a machine learning model that could accurately classify these

two clinical groups.
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Chapter 6: A deep learning approach to classifying spantiginated
brain injury subgroups using wearable sensor data acquired during
exercise stress testing: A pilot study.

This chapter comprises the following papere submitted toArtificial Intelligence in MedicindlcGeown,
J. P,Hume, P. A., Theadom, A., Kara, S., & Russell, B. A deep learning approach to classiying sport
originaed brain injury subgroups using wearable sensor data acquired during exercise stress testing: A pilot

study.
Author contribution

McGeown, J. P. 80%, Hume, P. A. 5%, Theadom, A. 5%, Kara, S. 5%, Russell, B. 5%

Overview

Aim: To investigate whether a deep learning approach could accurately classify between SOBI patients with
physiologicapredominant symptom cluster (PS@ysus vestibulacular PSC using wearable sensor data
collected during the Buffalo Concussion Treadmgit TBCTTMethods: A crosssectional design enabled
evaluationof a deep learning model trained withectrocardiography (EC@ydaccelerometry (ACC) data

to classify patients with physiological PSC versus vestimtar PSC hree temporal slices ohe ECG and
ACC signals were defined to standardise data inputs into the model. These slices included the first 60
seconds of testing, the latest common time for all subjects (third minute), and the final 60 seconds before
the BCTT was endeResults:Hypeparameter tuning revealed the best classification occurred with a
window size of 256 and an overlap of 128 between windows for the firghird-minute slices of the BCTT
data.Using a Kolds approach to implement leav@ne-out-crossvalidation the conalutional neural

network correctly classified 3 of 5 (60%) vestibotwular cases and 11 of 12 (92%) physiological cases using
ECG and ACC data from the third minute of each participants BRd $ame classification accuracy was
observed using only ACCtddrom the third minute ConclusionOur results provide proof of concept that
incorporation of wearable sensors during BCTT and machine learning techniques have potential to assist
decision making for clinicians working with SOBI patients. With furdearch the addition of wearable
sensors during clinical tests like the BCTT, combined with deep learning models, may have utility to assist
management decisions f@OBI patients.
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Introduction

Traumatic brain injuries (TBIs) occur as a consequenceogare to sudden physical trauma from external
forces resulting in deformation and damage of neuronal and vascular tissues within th¢Zdraiin
SatdAYIFIGSR op>r 2F ¢. L LIGASYyda KI@S adzFFSNBR YAfR
absence of skull fracture or positive neuroimaging, and associated withtegmapesulting from impaired
neurological functiof20, 22, 24, 27]Approximately\20% of TBIs are a result of a sport/physical activity

related mechanism of injury, with 98% of these spataited mTBI considered to be mild TB)]. Given

the various terms used for brain injures resulting from spantticipation such asport-related concussion
andsportrelated mTBland theCenters for Disease Control and Prevention recommended single use of
mTBI over concussidB], yet needing a word easily said and understood by the public (e.g., strains,

sprains, and SOBI), the tegport-originated brain injury (SOBI) is used in this pdfaf.

Until recently, recommendations for the management of SOBI followed esimedits-all model, where all

patients received the same care regardless of their specific symptom b{88grit was thought thaB85

90% of these SOBI patients would experience spontaneous clinical recovery and resolution of symptoms
within 1014 days posh y 2 dzNE T G Kdza | daél AG FyR aSS¢ | LILINRBIF OK ¢
interventions was consequently limitgd3]. However, updated reports from large epidemiological studies

of the general population have indicated that nearly ldlmTBI/SOBI patients experienced prolonged

symptom burden beyond this windof&0, 315] Although injury mechanisms of SOBI may be similar across
patients, it is becoming increasingly clear that patients cannot be treated as one homogenous group as
several predominant symptom clusters (PSCs) have been identified, each requiring apdcific

individualised treatment planig5, 96, 98, 161, 334, 335riteria have been developed to identify different

PSCs to determine whether a predominantly physioklgiestibuleocular, or cervicogenic origin appears

to contribute to unresolved symptoms a¢H M R | -jdry [15)2 Théi criterigto determine the PSC utilise

GKS LI GASYyGQa OtAyAOlf KAAG2NE |yR SEFYAYIGAZ2Y | f
referred to as the Buffalo Concussion Treadmill Test (BZ3,19991]. A framework has been provided to

help understand the pathophysiology responsible for each PSC, and how to approach prescribing

individualised exercisbased interventions to address and resolve these underlying mechafuémnas]

It is hypothesised that symptoms consistent with physiological PSC are manifestations caused by an
uncoupling of the autonomic nervous system and cardiovascular sy&é@nel, 75, 124]Previous
laboratoryresearch has identified differences in autonomic regulation during exercise, but not at rest,
between athletes who recently sustaineds®Bland healthy controls as measured by heart rate variability
using threelead electrocardiography (EC[&2, 124] Conversely, symptoms that characterise vestibulo

ocular PSC are thought to be due to underlying issues with sensorimotor integration and vestibular function

[61, 75, 138, 139] Static balance and gait differences between healthy controls and participants with SOBI
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have been found using force plates and acceleromdte2g, 128, 14Q]Individuals with vestibulecular

PSC may display greaimpairment in balance/gait than those with physiological PSC, and vice versa for
autonomic regulation. Presently, even when the BCTT is used, the process of identifying PSCs relies on
FiKESGiSQa K2y Sald aevYLIizyY NBLR Netasyvih SOBUATOd0dthed 'y A &
training/experience bthe supervising clinicial336-338]. Previous observations with laboratory grade

equipment highlight that technological methods may be sensitive to impairments not detected by clinical
tests[12, 124, 127, 128, 140However, restricted accessibility to laboratory grade equipment in clinical

environments limits the translation of these findings.

Development of warable sensors validated against laboratory grade equipment offer an opportunity to
transition research from the lab to the reaorld [339]. Integration of the BCTT within clinical practice
presents an opportunity to use a wearable sensor to collect ECG and acceler¢f@C) data under
ecologically valid conditions. The addition of objective measures to this testing protocol might assist
accurate PSC classification when symptom reporting may be untrustworthy and/or when clinicians have
limited experience working with nBI/SOBI patients. Machine learning models are an increasingly popular
approach for analysing time series data like that collected by EC@cartérometry339-343]. There is
potential for machine learning algorithms, specifically deep learning techniques, to support medical
decision making by automatically detecting the most imtant features related to patient outcomes i.e.,
high versus low risk for a given conditii@40, 344] The capability of a deep learning model trained using
time series signals from ECG (as measure of autonamteot) andaccelerometryduring gait (as a

surrogate of sensorimotor integration) to classify PSC subgroups in mTBI/SOBI patients has not been
previously explored. Therefore, the aim of this pilot study was to investigate whether a deep learning
approachcould accurately classify SOBI patients with physiological PSC versus vestillaitd®SC using
wearable sensor data collected during the BCTT. A second question investigates the hypothesised

connection between the two conditions and two data types.

Methods

Study design and participants

A crosssectional design was adopted to evaluétte accuracy of a deep learning model trained with ECG
and ACdata to classify patients with physiological PSC versus vestibular PSC. Data collection took
place at aimgle dedicated SOBI clinic between April 2019 and July 20tfal of43 consenting patients
diagnosed wittmTBIby a sport and exercise medicine physicdampleted a BCTT during the data

collection period for this studyThe sample was inclusive fayeaand sex. Institutional (AUTEC 18/374) and
health and disability committee (HDEC 18/NTA/108) ethical approvals were obtained, and this study was
conducted according to the ethical standards of the Declaration of Helsinki. Participants provided written

consent childassent and parental consent for participants <16 yearsfoldheir datato be used for
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research and publication. All participant data wereidentified prior to extraction/data analysis to ensure

confidentiality.

Procedures

Timing of BCTT

Participants received SOBI management as part of usual clinical care, the details about this clinical pathway
have been previously describgsil5]. Clinical scheduling constraints meant that not all patients completed

a BCTT. Testing was completed if requested by the supervising physician to confirmeslB®ctbased on
patient history and clinical examination and/or to inform an individualised treatment plan. The
FLILRAYGYSY(d RdNAYy3I gKAOK (GKS ./¢¢ 61 & FRYAYAA(HSNB
initial clinical assessment to the date ofuinj. Efforts were made to administer a BCTT approximately two
weeks postinjury to aid in developing a targeted and individualised exercise treatment plan for participants
with unresolved symptoms based on their PSC. Participants presenting for imidlcdissessmentl0

days postinjury completed a BCTT on the day of their first visit if requested by the physician. Treadmill
testing was performed during the first folleup appointment if participants initially presented within 10

days of their injuryand had not reported improvement in their symptoms between the first and second

Visit.

Treadmill testing protocol

The BCTT protocia safe and reliable method to assist patient prognosis, PSC identification, and
management decisions for SOBI patientthwinresolved symptomfg’5, 8991, 345] Contraindications
including inability to exercise because of orthopedic injury or increased cardiorespiratory risk were
consider@ when deciding whether a participant completed a B{90]. Pretesting symptom burdemas
established by participants rating their current symptom burden orl® &cale (1 = minimal/no

symptoms; 10 = severe symptoms), and spesiffaptoms wergecorded[90].

Participants walked on a treadmill at 5 km/h at 0% incline for one minute then the incline was increased to
2% and a further 1% every minute thereafter with the epeemaining at 5 km/If90]. Participants were

asked to walk normally, without restirigeir hands on the rails of the treadmill. After every minute of the
protocol, participants were asked to report any changes in their symptom burden and rating of perceived
exertion (scale 08-10; 10 representing maximaffort) [346]. Heart rate was monitored anecorded at

the end of each minuteTesting proceeded in this way until either participants experienced symptom
exacerbation (increase of +3 from their initial reports) or volitional fatigue (rating of perceived ex#dion
[90]. If the participant did not experience symptom exacerbation or fatigue by the time the maximum
incline of 15% waseached, speed was increased by 1 km/h while maintaining the 15% incline to a
maximum testing duration of 20 minutes. All BCTTs were delivered by a clinician and/or researcher with

training in exercise physiology.
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Expert labelling

Thephysiciansvith training and experience managing SOBI athlé&lestified the PSC using published
criteria[75]. Given that physiological and vestibwdoular PSCs were the most prevalent in our previous
research{316] combined with the novel nature of the current study, we etstto focus specifically on
these two groupsData from 26 participants (18 physiological PSC; 8 vestidmultar PSC) who completed a
BCTT were eligible for the current study. For analysis purposes, vegiitular PSC was considered the

positive classiace it is less prevalent and a predictor of worse recovery outcomes.

Instrumentation

Duringthe BCTT heart rateasrecorded using Zephyr BioHarness (Medtronic, Dublin, Ireland) that
contained threelead ECG and taixial ACC {axis = vertical, y =tlral, zaxis = sagittal). The BioHarness

has been shown to be a valid and reliable tool for physiological monitoring irbfsked applications with
military, first responders, and athlet¢$42, 347, 348]Data were transmitted in redgime via Bluetooth to

a smartphone application (loTool sensor platform from SenLab). Raw data were stored within local memory
and davnloaded after recording. The BioHarness was worn the same way as a typical heart rate monitor
where the electrodes were lightly dampened with cold water and the strap was placed snugly around the
torso at the level of the xiphoid process. Two BioHarnéshfterent sizes were used for all testing based

on subject chest size (sizesM%ind MXL). Preservation of clinical flow and ecological validity of findings
was a priority of this study. Once a consistent heart rate registered on the smartphone #pplicarmal
procedures for explaining and administering the BCTT were initiated without further adjustment of the

BioHarness. All BCTTs were performed on a Life Fitness Engage 95T treadmill (Hamilton, New Zealand).

Deep learning pipeline

While there areseveral deep learning methods, previous findings indicate a convolutional neural network
(CNN) trained with ECG or ACC time series data can accurately classify patients with/without cardiac
dysfunction[343] and different human activitie339, 341, 342]respectively. Notable advantages of CNNs
include computational efficiency antttlle to no manual feature engineeriri§41, 349] For these reasons,

a CNN appeared to be a good starting point to explore if deep learning could automatically identify features
in ECG and/or ACC signals that differentiate between SOBIR@{e6.1 showsthe data pipeline from

patient identification through the experimestxecuted in this study. All data ppocessing and deep

learning models were completed in Pyth(u3.8.5) using the Sklearn (v0.23.2), Tensorflow (v2.3.1), and
Kerasy2.4.0) packages.

Dataset preparation and pygrocessing
The BioHarness sampled ECG and ACC signals at 250 Hz and 100 Hz, respectivednatyiis tACIENne

series data were time alignethbelled and upsampled using linear interpolation to match the sampling
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frequency of ECG data. After upsampling, three temporal slices of the ECG and ACC signals were defined to
standardise data inputs to the CNN across participants due to the symgémandent variation in BCTT

duration. These slices included the first 60 seconds of testing, the third minute, and the final 60 seconds
before the BCTT was ended. The first minute was chosen to explore if different PSCs could be classified
using sensor data dlected early in the protocol without the need to push the patient to symptom

exacerbation, whereas the final 60 seconds should coincide with the onset of symptom exacerbation or
volitional fatigue. The third minute slice was selected as the latest comimanfor all subjects because

the shortest BCTT collected for this study was four minutes. The third minute provided a standardised
timepoint to evaluate all participants while under physiological load (5 km/h, 4% incline), but prior to
symptom exacerbatio or fatigue. When administering the BCTT the speed of the treadmill gradually
increased to 5 km/h, and the first minute of testing began once the treadmill was up to speed and the
participant settled into steady state walking. The beginning of the testisg identified in each

LI NGAOALI yiQa GAYS &ASNARSa FAES o0& LIX20GAy3 GKSANI
participant settled into a repeatable gait pattern defined by 5+ consecutive gait cycles with similar

waveform profiles (se€igure6.2 panel B).

The first minute slice was the next 60 seconds from the manually defined point, and the third minute was
from 180 to 240 seconds. A similar apprbacas used to determine the final 60 second slice. The time
series ACC plots were manually inspected to identify when there was a sudden change in the gait pattern
representing when the participant stepped onto the rails of the treadmill or decreasedtedsor

stopped the treadmillEigure6.2 panel C). The 60 seconds of signal leading up to the timestamp of this

disruption in gait served as the final slice of daté&oexplored.
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Figure6.1. Data pipeline from SOBI to deep learning model.
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Figure6.2 Process of how temporal slices were determined. A) Example of complete signal from time
BioHarness was turned on until turned off with temporal slices shown in grey. B) How ACC waveform were
used to determine start of first minute. C) How ACC waveforms wged to determine end of BCTT.

ECG files were visually inspected to assess if a clean ECG signal with distinct and repeatable QRS complexes

had been recorded within the temporal slices of interest. Clean ECG time series were observed in 17/26

participant files (12 physiological PSC; 5 vestimgalar PSC). The remaining nine files were deemed unfit

for further analysis because they contained large amounts of noise making it difficult to discern the QRS

pattern. Noise was likely due to poor couplingWween the ECG nodes and the skin due to quickly

deploying the BioHarness to prioritise clinical flédm example of the columns included in the final dataset
is provided irFigure6.1.
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Time series data were segmented for training and ckadiglation of CNN models, where n samples were

divided into windows of W samples wide with S overlap producing D rows of data (Equd889]1)
o p — ()

Data were transformed into an arralp (W, | with Drows, width ofW samples, and-features(F= 4 for
ECG + ACC (x,yE¥ 3 for ACC (x,y,2) only)tbey were compatible with the CNJ]S39]. A separate one
dimensional array contained PSC labels corresponding to each row within the array of signal data based on

which marticipant the data belonged to.

Deep learning model
The CNN consisted of four separate 1D convolutinabhorks for each axis of the ACC signal (x,y,z) and

ECG signal (sedgures.3 for CNN topologydombined into a single classifier output stag@ch channel

used twoconvolutional 1D layers and a RelLu activation function with filter and kernel sizes of 64 and 3,
respectively. The convolutional layers were followedarop out layer of 50% for generalizability and a

max pool layer with pool size 0.5. A flatten layer was used to combine the separate channels, followed by a
dense layer with ReLu activation. The output weights from the previous layers were transfortmed i

probabilities for each class using a SoftMax activation function. Learning used an epoch of 50 as@éatch

2F mnnd® /fFAAAFAOLFIGAZ2Y YSUONARO&a AyOf dzRAY 3 | OOdzNI O&
value (PPV), and negative pfe® i A S @I £ dzS obt 0 GSNB OF f Odzf I 6 SR Gz

classifying windows withither physiological labels versus vestiboular labels.
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Figure6.3 Structure of CNN
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Hyperparameter tuning

Window size tuning was performed to optimise PSC classification accuracy. Windows ranging in size from

16, 32, 64, 128, and 256 with a 50% overlap between windows were evaluated. For each set of
hyperparameters, a randomised train tesplit of 0.66/0.33 was selected using Sklearn in Python. During
hyperparameter tuning, classification metrics were calculated based on the performance of the CNN to
correctly classify the label associated with each window in the test set, irrespectiv@af participant the

window came from. RA 2 NRA (& ¢l a LI I OSR 2y G(GKS Ke&LISNLI NI YSiGSN
due to the imbalance in PSC clasSdss process was applied for each temporal slice (first minute, third

minute, final minute) to cresreference optimal hyperparameters within each slice and to evaluate if

differences in classification metrics were evident.

LOOC¥Experiment

Once the optimum hyperparameters were determined the following experiment was conducted to explore
whetherthe Cld  O2dzf R O2 NNBOGf & Of I Buath dikitedsaniplé drayeaved: NI A OA L
one-out-crossvalidation (LOOCW)ethodology was implementetd train a CNNon data fromn-1

participants followed bytestingii KS Y2 RSt Qa Ol Liif@thdPE®fih2 lefthat NdsBshg t & A R
their sensor dataThis process was repeated for each participamd allows exploration ohow well a

model trained on the current datanight perform at classifyinghysiological versus vestibutiwular PSC

following a BCTT imnewSOBpatient.

‘ Original dataset ‘

Partition into k-folds = number of participants

Validation Train and test on data from n-1 participants Class probabilities for each
J l . window of validation data
Participant 1 | 117 | 117 | 127 | 127 | 117 | 127 | 127 | 117 | 127 | 127 | 127 | 127 | 117 | 127 | 127 | 127 | 117 »| Validation | ClassO Class 1
window probability | probability
1 0.3 0.7
l Repeated for

2 05 05 — each
participant

Participant 2 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117

117 0.25 0.75

Mean
probability

0.275

Participant 17 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117 | 117
Observed | Predicted

class class

Participant

1 1 1
2 1 0
17 0 0

Confusion matrix

Figure6.4 Diagram of how LOOCYV was implemented to evaluate potential utility of a CNN to predict the
Of aa 27T dity®lizaed dubng a BONT.
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Use of time series data in this study meant that 15,000 rows (250 Hz x 60 seconds) corresponded to each
LI NI AOALI yiG LISNI GSYLIRNXYt atiaioSo ¢2 STFSOGuA@Ste IO
folds mettod was used, wherein all data were split into 17 equal folds of 15,000 rows of data without
shuffling. The first iteration held out rows1$,999 from participant 1 for LOOCV and trained on rows
15,000254,999 (participants-27), the second iteration heldut rows 15,00€29,999 from participant 2

while training on 614,999 and 30,00@54,999 (participants 1,-B7), and so on. The CNN was trained on k

1 folds using a randomised train test split of 0.66/0.33. A probability for each class was calculated
corresponding to each of thBwindows in the validation fold and these probabilities were stored in an
array. For a given patrticipant, some windows may have had a higher probability of belonging to the
physiological PSC class, while the rest indicated vestimular PSC was more probable. Therefore, the
mean probability across thB windows was calculated for each class and the class with the greater mean
probability was recorded as the predicted class for the participant to which the windows belonged. The
predicted class was saved after each iteration. Once all iterations were conaptetgusion matrix was
produced from which sensitivity, specificity, PPV, NPV, and area under the curve (AUC) of the receiver
operating characteristic (ROC) curve were caledathis process is visualised in the diagram presented in

Figure6.4.

This methodology was first used to explore the potential of a CNN trained with both EG&&nuie

series data to accurately classify the PSC of the 17 participants with clean ECG data. Since noisy ECG data
led to the exclusion of nearly 1/3 of eligible participants (9/26), this experiment was repeated using only
ACC data to see the level of classtf@aaccuracy that might be obtained without the need to collect ECG

data.

Results

Demographics

Of the 17 participants whose data were used to evaluate whether a deep learning approach could
accurately classify SOBI patients with physiological PSC versus vestiniaioPSC using wearable sensor

data collected during the BCTT, 11 were male (8 plogial PSC; 3 vestibuteular PSC) and 6 were

female (4 physiological PSC; 2 vestimdalar PSC) with a median age of 21.0 [IQR: 16.0; 28.0] years. These
participants completed a BCTT with a median of 17.0 [IQR: 13.0; 18.5] daysjpgstand with anedian

BCTT duration (mm:ss) of 14:12 [IQR: 9:12; 17:55).

Hyperparameters and temporal slices

Results of hyperparameter tunirage shownin Table6.1. The best clad&ation performance of windows

corresponding to physiological PSC versus vestibeldar PSC occurred with a window size of 256 and an

2OSNI LI 2F mMHYy 0SG6SSYy 6AyR26ax 4 RSOGSNNYAYSR o8
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observed usinghese hyperparameters using data from both fiirst- and thirdminute slices. This meant
that for each participant their 60 seconds of data (sampled at 250 Hz) fed into the CNN was separated into

D = 117 windows for the LOOCYV experiments.

Table6.1 Hyperparameter tuning results from each temporal slice.

Window size Overlap Accuracy Kappa Sensitivity Specificity PPV NPV

16 8 0.90 0.76 0.84 0.92 0.82 0.93

. 32 16 0.93 0.83 0.92 0.93 0.84 0.97
mFir'Ette 64 32 0.95 0.88 0.93 0.96 0.9 0.97
128 64 0.97 0.92 0.92 0.98 0.96 0.97

256 128 0.98 0.96 0.98 0.99 0.97 0.99

16 8 0.89 0.72 0.7 0.97 0.91 0.88

. 32 16 0.93 0.83 0.88 0.95 0.88 0.95
n;z'l:‘tje 64 32 0.96 0.90 0.92 0.98 0.94 0.96
128 64 0.95 0.88 0.87 0.99 0.96 0.94

256 128 0.97 0.94 0.96 0.98 0.95 0.98

16 8 0.88 0.69 0.7 0.95 0.86 0.88

, 32 16 0.93 0.82 0.8 0.98 0.94 0.92
m':i;]”ui 64 32 0.96 0.91 0.95 0.97 0.92 0.98
128 64 0.96 0.90 0.91 0.97 094  0.96

256 128 0.94 0.86 0.92 0.95 0.88 0.97

Note: Shaded row indicates window size and overlap with best performance for each temporal slice.

LOOC\Experiment

Using a Kolds approach to implement LOOCYV the CNN correctly classified 3 of 5 (60%) vestilbaito

cases and 10 of 1(83%) physiological cases using ECG and ACC data from the first minute of each
participants BCTT. Similar performance was observed when using ECG and ACC data from the third minute
of the treadmill protocol with 3 of 5 (60%) vestibwdoular and 11 of 120@%) physiological cases correctly
classified. Théinal minute performed worse than chance classifying 0 of 5 vestimdolar cases and 8 of

12 (67%) physiological cases. Comparable classification accuracy was seen for each temporal slice when
ECG datardm these participants were omitted and CNNs were trained using only ACGSdafagure6.5

for receiver operating characteristic curves and related accuracy métriesich condition, andable6.2

for individual results.
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Figure6.5 LOOCYV classification performance of the CNN using ACC data with and without ECG data from
each temporal slice.
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Table6.2 Predicted class probabilities for each participant amdgeral slice using LOOCV.

Accelerometer + ECG
Participant 3 5 6 8 9 10 11 12 13 14 15 16 17 #of Phys
PSC vV v P VvV P P VvV P P P P V P P P P P Cg/r?ect correct
Firstminute | 01 01 29 84 00 .09 65 39 62 00 49 ©3 04 22 54 00 00| °° 10712
Third minute | .00 .56 .03 .85 .00 .10 .30 .73 .17 .00 .35 63 .23 .39 .11 .02 .00]| 35 1112
Finalminute| .02 .00 .19 .19 00 .26 .19 80 .15 .16 .83 .46 .16 51 .50 .18 .00]| 95 8/12
Accelerometer Only
Participant 3 5 6 8 9 10 11 12 13 14 15 16 17 # of # of Phys
PSC \Y \Y P Vv P P \Y P P P P \Y P P P P P C(;/r?ect correct
Firstminute | 01 .08 .30 .89 .00 .06 .36 .3 .22 .00 .91 .70 01 52 54 .00 .00| 2/ 9/12
Thirdminute | .05 95 .03 .79 00 .18 38 44 04 01 61 .8 .01 .33 .05 .02 00| 35 1112
Finalminute | 07 01 21 07 00 10 .11 83 34 08 .8 51 .41 28 54 87 00| 5 8/12

Note: Values presented are predicted probability of left out participant belonging to vestilmullar class. Predicted probabilities >0.5 indicated vestioaldar was more likely
and <0.5 physiological was mdikely. Shaded cells indicate correct predictions.
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Discussion

To our knowledge, this is the first study to explore whether a deep learning approach could accurately
classify PSCs in SOBI patients using sensor data collected during BCTTs. UtilisingapirGea@yV

moderate levels of physiological versus vestibatolar PSC classification accuracy were observed when a
CNN was trained using ACC and ECG data acquired during a BCTT. The third minute demonstrated the best
classification performance based orearunder the ROC curve and total correct scores 14/17 for:A&IG

and 14/17 for ACC only, while the final minute performed worse than chance. The poor performance in the
final minute were likely because BCTT duration varied for participants based otogymp
exacerbation/fatigue, thus the demands experienced by each participant within this temporal slice were
non-standardisedThethird minute performed slightlyetter at classification thathe first minute which

may be explained bgreater physical loagenerating more symptomatic behavio®yverall, these findings
suggest that with further research the addition of wearable sensors during clinical tests like the BCTT,
combined with deep learning models, may have clinical utility to assist cliniciansolssifying PSCs in

SOBI patients.

Future directions

It is possible that overtgptimistic findings were observed because of the low sample size, imbalanced
classes, and crosslidation approach used. These results are proof of concept that further wwork t
determine generalisability of this approach appears justifiable. Three key considerations should be

accounted for in future investigations.

First, when optimal coupling between the BioHarness and the skin was achieved (as determined by clean
ECG signad) CNN trained with only ACC data demonstrated similar levels of classification accuracy as a
CNN trained using a both ECG and ACC data. Some studies have shown reliable and valid measurement of
static balance in neurologically compromised participantsgisi@Cs and gyroscopes within smartphones

[350, 351] If future research extends our findings that ACC is sensitive to both physiological and vestibular
oculargroups,then it could make clinical implementation of a wearable sensor during treadmill testing

easier and more affordde as a smartphone application could be developed to predict the most probable

PSC based on data recorded using the internal ACC.

Second, due to the novelty of this study we opted to focus on SOBI patients with the two PSCs
(physiological and vestibulacular) that were most prevalent in our previous reseaf8h6]. Theoretically,
distinct differences in the degree of autonomic uncoupling and impaired sensorimotor integration could be
present between these two clinical subgroups, and such differences would atlourate classification of

these groups as suggested by the results of this study. However, in clinical practice, an important subgroup

are the patients whose symptoms and clinical examination suggest both physiological and vextibafto
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PSCs are prent. These patients with mixed PSC require nmaltidal treatment plans to restore autonomic
function and sensorimotor integration. While the results of the current study are encouraging, they do not
account for this important subgroup. To have true clihigdity, an optimal model would be capable of
separately classifying physiological, vestibobular, and mixed PSC with a high degree of accuracy. If such
a model could be developed using wearable sensor data and expert labelling of this third elasd] it
provide a more objective tool for clinicians to utilise when establishing individualised treatment plans for

their SOBI patients.

Third, an advantage of deep learning models such as CNN is that they automatically detect features in the
data that mximise classification accuracy and may not be apparent to a human analyst. This significantly
reduces the time and expertise required to develop the model compared to machine learning techniques
that rely on manually engineered featurg®4]. Such an approach was appropriate for the current study
since our aim was to evaluate if a model trained using wearable sensor data collected during tleaBCTT
classify different PSCs in SOBI pasi¢3v0]. This approach does not allow inferences tanede as tdow

the model differentiated between groups leading to deep learning techniques like CNNs to be commonly
RS&ONA 06 SR |[340] Bett& oldssifi€ation & Bb@erved usingombination of ACC + ECG data

as well as ACC data alone from the third minute versus the first mi¥ita.the current approach

inferences about why the third minute outperformed the first minute cannot be matséngthe deep
learningapproach may give insight that allows future work using more conventional statistical techniques
and manual feature engimging could allow inferences that may lead to useful clinical applications. For
example, identification of key features could be used to assess the effectiveness of interventions targeting
underlying impairments related with each PSC bgdeinistering BCTT at followap appointments to

assess changes from one timepoint to the next. The findings of this study are the first to showcase that
combining wearable sensors and machine learning algorithms under ecologically valid conditions has

exciting potentiato advance the clinical management of SOBI.

Limitations

Sample size was a limitation of this pilot study as only 17 participants had good ECG and ACC data. The
most plausible explanation for the signal quality issue was suboptimal coupling between iteariies
and the skin. While deploying a BioHarness is very similar to a commercial heart rate monitor, it appears

that additional time needs to be dedicated to ensure optimal coupling and resulting data quality.

The decision to use thefklds method ofiinplementing LOOCYV was due to limited sample gizeore
common machine learning approach would have been to randomly assign 66% of participants (and their
corresponding time series data) for training the model and to test the model performance on thanregha

participants. Utilising a LOOCV approach was an appropriate compromise since our aim was to assess the
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potential clinical utility of how a model trained on the current data might perform if a new patient
completed a BCTT wearing a BioHarness, whilkimg the most of the limited data available. There was an
imbalance in the number of participants with physiological (n = 12) and vestibular (n = 5) PSC in this pilot
study. While this class imbalance is suboptimal for analysis, as it may contributertp @ptimistic
classification accuracy, it is clinically representative of our previous findings. Vestiiér PSC was
considered the positive class in this study since it is less common and a predictor of worse recovery
outcomes. However, physiologicPSC was only labeled as the negative class since most participants
belonged to this class. Even if results were biased towards identifying physiological PSC this could still be
viewed as clinically meaningful as it could assist management decisioascdunt for this class imbalance
results depicted irrigure6.5 could have been better visualised using a Precision/Recall curve rather than a
ROC curvg852]. Because of the aim of this study, afeose to present ROC curves, since both classes are
clinically meaningful and ROC curves are more familiar to clini&8% To address this compromise we

also reported PPV and NPV, as PPV is associated with Precisiof%2¢adind theséerms are commonly
used in medicing354]. Overall, recruitment of a greater sample would account for these limitations, and
efforts to do so appear justified based on our findings. Finally, thesléminary findings are from a sample

of athletes who sustained SOBI, the potential for these findings to be applicable to individuals who sustain

mTBI due to nossportrelated causes is unknown.

Conclusion

This is the first study to explore whether a deep learning approach could accurately classify PSCs in SOBI
patients using sensor data collected during BCTTs. Our results provide proof of concept that incorporation
of wearable sensors during BCTT and maxhearning technigues have potential to assist decision making

for clinicians working with SOBI patients.
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Personal development aa researcheresulting from Chapter6

First experience working witaccelerometer and ECG data.

How to time align andhatch frequencies of signals sampled at different rates.
Introduction to advanced machine learning.

Understanding advantages and disadvantages of deep learning algorithms.

How to tune hyperparameters for a convolutional neural network.

How to deploy Kolds crossvalidation on time series data to accomplish le@ve-out-cross
validation.

1 How to accomplish all of the above using Python libraries.

=A =4 =4 =4 =8 =9

Link between Chapters 6 and 7

The preliminary findings presented in Chapter 6 proyid®of of concepthat applying machine learning
algorithms to wearable sensor data collected during B&TId support the accurate prescription of
AYRAGARZ t AASR GNBIFGYSyd LXIya o0& | aUlsdaivieargbie Of Ay A
sensors and machine leang algorithmamight particularly support clinicians whrave not received

training on how to identify PSCs acannot refer their SOBI patients a specialist clinic due to
geographical or socioeconomic barriers. Instahd,supervising clinician mighe able tosimply

administera BCTT whilthe patientwears a sensor like the BioHarnegke data could be run through a
classifier, and thethe patient could be referred to a local healthcare practitioner with the skiliset (
vestibular physiotheraigt, ophthalmologist, exercise physiologist, etc.) to address their specific needs
Improved classification of SOBI subgroups would also aid the investigation of novel interventions to
improve recovery outcomess some subgroups may respond differentlyrematment than othersthe
effectiveness of a novel treatmentay not be apparent if SOBI patiet® analysed as one homogenous
group. Of coursefurther researchstreamlining of data pipelines, and a large database of sensor data
acquired during BCTain labelled with different PSCs will becessaryor this to become a reality. With a
potential future solution to help clinicians classify subgroups of SOBI patients identified, the next step in
this thesis was to explore the translational potentiaBBdNF-measuredhon-invasively vigaliva as a
biomarker of neuroplasticityto provide clinicians with insighbwardswhy someSOBpatients recover

faster than others. Bt first, Chapter 7 presents an experimental pilot study with healthy participants to
evaluatewhether intraindividual comparisons in salivaBDNF concentrations can be made when timing
of sampling and delays in storage cannot be standardised as would be thie casst outpatient clinical

environments.
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Chapter 7: Shortcomings of saliva as a practical means to measure
intra-individual variation of BDNIE A pilot study.

This chapter comprises the following paper submitte&tandinavian Journal of Clinical and Laboratory
Investigation McGeown, J. RHume, P. A., Quarrie, K.L., Theadom, A., & Dulson, D.K. Shortcomings of

saliva as a practical means to measure kitidividual variation of BDNEA pilot study.
Author contribution

McGeown, J. P. 80%, Hume, P. A. 5%, @u&til. 5%, Theadom, A. 5%, Dulson, D.K. 5%.

Overview

Brain derived neurotrophic factor (BDNF) plays a major regulatory role in neuroplasticity, making it a
biomarker of interest for researchers investigating the pathophysiologyeofodegenerative and
neuropsychiatric conditions. While typically measured via blood samples, BDNF can also be quantified non
invasively via saliva which potentially provides an easier means of quantifying BDNFuarteallinical

settings. In additiotio being nonrinvasive, saliva would have to demonstrate practical advantages for
clinical research to overtake blood as the biological sample of choice for measuring BDNF protein
concentrations. The aim of this pilot study was to develop methodologiepeowide preliminary evidence
regarding how timing of sampling and delays in storage influence-imdiigidual salivanBDNF protein
concentrations. Ten healthy volunteers (286718 years old, and 19.833.5 years of education, five

females) providedaiva samples via passive drool at tHvour intervals between 09:00h and 17:00h (to

mimic clinical operation hours) for a total of five samples each. All samples were processed and stored
within one hour of collection, with a subset of samples kept orfdcseveral hours to evaluate sample
stability under delayed storage conditions. An optimised ELISA procedure was used to quantify salivary
BDNF. No consistent trends in saliv8NF concentrations were observed in relation to time of sampling

or sample &ability as evident in the high degree of variation within and between participants. These results
are most likely explained by the risk of sampling error when trying to measure proteins via passive drool.
This pilot study does not provide evidence to jfystising saliva as a valid and practical means of evaluating
intra-individual variation in BDNF concentrations. These results should not discourage future research into
the potential clinical applications of BDNF as a biomarker to advance understandiegrofogical

conditions; rather our findings highlight that the best method to measure BDNF in ecologically valid

environments remains elusive.
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Introduction

Brainderived neurotrophic factor (BDNF) is a neuropeptide belonging to the neurotrophin fdratly t

collectively play major regulatory roles in neurogenesis, proliferation, neural function, and neuroplasticity

[129, 143] BDNF also contributes to the formation and consolidation of memories by promotingdong
potentiation in response to activitgdependent stimulatiorj129]. Expression of BDNF has been observed

both in humans and animals within the amygdala, cerebellum, cerebral cortex and hippocampus; with the
KAIKS&alG SELINBaairzy LINBaSyid Ay GKS fI GOSN [MBFIAZ2Y S
The known functions of BDNF have garnered great attention from researchers investigating the
pathophysiology of neurodegenerative and neuropsychiatric conditions[{&83for a recent

comprehensive review). Abnormalities in circulating BDNF concentrations have been observed in a diverse
O2ttSOGA2Y 2F ySdzNRt23A0Ft O2yRAGA 2[126, 355)8dpresyiadt Sa 2
[356, 357] schizophrenig358], bi-polar disordef359], autism[360], and traumatic bain injury[65].

Expanded knowledge regarding the presentation of BDNF in these conditions has led to the identification of
intervention strategies to upregulate BDNF in an effort to promote neurogenesis, neuroplastiaity

improved memory performance. Intervention strategies utilising environmental enrichment and exercise
programs have demonstrated improved BDNF levels associated with better performance on functional
outcome measures in both animal and human studiie9]. This growing body of evidence highlights BDNF

as a promising biomarker to not only understand pathophysiological characteristics of neurological

conditions at a group level, but also as a potential means to track-imtlimidual changes throughout the

recovery/treatment process for neurologically compromised patients.

Previous studies have commonly measured BDNF in humans under laboratory conditions using plasma or
serum collected via venepunctuf&29, 361, 362]Animal studiesuggest these peripheral measures relate

to some degree with tissue levels of BDNF within the brain, although the strength of this relationship is
inconsistent across studi¢363, 364] Investigations on human participants have provided valuable insights
regarding the role BDNF plays in neurological function but acquisition of blood by this invasive method
requires a trained phlebotomist, a sterile environment, and specialist equipmenedder, participants

are commonly required to fast overnight before blood draws, repeated measures sampling typically has to
take place at the same time of day, and samples are processed and stored or analysed immediately after
collection[365, 366] These logtical constraints, coupled with the prevalent aversion to needles within the
general populatiof367], increases the difficulty of conducting experiments to understand whether

measurement of BDNF concentrations may translate toweald dinical settings.

BDNF protein concentrations can also be measured in saliva collected by passiy8@8p869] and has
been used in several previous irstigations[370-374] The relationship between salivaBDNF

concentrations and levels of BDNF withinibrassue does not appear to have been studied. The
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correlation between salivarBDNF and serum/plasrBDNF has been previously investigated although the
results are mixed with studies reporting weak relationships in healthy sarig§dés 373, 375]while a
moderate relationship has been observed in individuals who suffered mild traumatic brain[Bij@y

Given that functional outcomes in neurological diions appear to relate to bloebased measures of

BDNF despite the unclear relationship between these measures and levels of BDNF within the brain;
investigating whether salivafBDNF could be a method of assessing these relationships is justifiakle. Thi
non-invasive method could be a meansdgoantify BDNF more easily populations of interest presenting

for clinical assessment. But to overtake blood as the biological sample of choice for measuring BDNF
concentrations, in addition to being nenvasive saliva sampling would need to demonstrate practical
advantages for clinical research. For example, sampling BDNF in functioning clinical environments would be
more manageable, and more useful, if saliva samples could provide a valid and reliable measwfem
BDNF without the need to strictly control for potential confounding factors (i.e., time of sample collection
or when the subject last ate). Many clinics do not have an onsite laboratory where samples can be
processed for longerm storage immediatel after collection. Some analytes measurable in saliva remain
stable at room temperature for weeks or months whereas others degrade rapidly without the addition of
protease inhibitors followed by immediate storafg¥ 6, 377] Because somclinics are not equipped to
collect BDNF via blood samples, investigations evaluating the relationship between BDNF and various
neurological conditions could take place in a greater number of clinics if sahzA were to remain

stable when kept on &for several hours until it can be transported for storage at arsiodf laboratory. If
saliva were to be a valid and practical means of measuring individual BDNF changes in neurological
populations then limited variation, or at least consistent trengdéira-individual variation, in salivary

BDNF would be required to accurately compare concentrations observed at one timepoint to another. To
date, no studies have investigated iniradividual variation in salivafBDNF concentrations when sampling
takesplace at different times of day during clinical operation hours. Additionally, previous research has not

evaluated whether levels of salivaBDNF remain stable if not immediately stored after collection.
Aim
The aim of this pilot study was tievelop methodologies and provide preliminary evidence regarding how

timing of sampling and delays in storage influence unidividual salivanBDNF protein concentrations.

This study investigated intfiadividual salivanBDNF concentrations when:

9 sampeks are collected at different times on the same day within clinical operation hours (09:00h,
11:00h, 13:00h, 15:00h, 17:00h);

1 samples are collected when fasted versus after eating;

1 there is delay in sample processing and storage (10 hr, 5 hr, 3 hr).

If limited or similar trends in intréndividual variation are observed between these factors and saklvary
BDNF concentrations it would provide encouraging evidence towards potentially translating the use of
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salivaryBDNF as a practical biomarker to advanagaal practice and improve individualised care in the

future.

Methods

Research design

To evaluate how timing of sampling and delays in storage influence saBiM{F protein concentrations

two experiments were conducted as part of this pilot study. Instinal ethical approval (AUTEC 18/437)
wasobtained,and this study was conducted according to the ethical standards of the Declaration of
Helsinki. Participants provided written consent to having their data used for research and publication.
Figure7.1 provides a diagram depicting the conditions under which samples were collected and processed

for each experiment.

Participants: Healthy young adults who exercise regularly (4+ days/week) with
post-graduate education

Experiment 1: Time of collection
(n = 10; 5 Males, 5 Females)

Control conditions
throughout sample .
collection: Overnight

No fluids other than water fasted
No food other than provided
No exercise

No brushing teeth

Complete normal work

activities

* Stored 1 hour post-collection

Figure7.1 Diagram depicting study design for Experiment 1 and Experiment 2.

Experiment 1 was designed primarily to assess how the time of day at which saliva samples were collected
contributes to intraindividual vaiation in salivaryBDNF concentrations. Since the aim of this pilot study

was to evaluate the practicality of using saliva to measure BDNF in clinical settings, samples were collected
at two-hour intervals between 09:00h and 17:00h to represent clinipafration hours. Experiment 1 also
assessed the influence of feeding on saliMBBNF concentrations by collecting samples while overnight
fasted, then providing a standardised meal, followed by further sampling. All samples for Experiment 1
were stored asoon as possible after collection and processing. Experiment 2 evaluated the stability of
salivaryBDNF when immediate processing and storage is not possible, by using a portion of the sample

from experiment 1. A subset of samples collected in Experimerdré kept on ice for several hours to
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replicate scenarios where samples are collected over the course of a clinical day and then transported to a
laboratory for processing and storage. Great care was taken during all handling and processing of samples
to ensure that samples were not accidentally mishandled so that samples for Experiment 1 ended up in

Experiment 2 and vice versa.

Participants

Participants in this study were a convenience sample of healthy young adults who are completing/or have
completedpostgraduate education. The average age and years of education for participants in this study
were 28.6%2.18 and 19.381.5 years, respectively. All participants reported regularly engaging (4+
days/week) in moderate to intense physical activity/exegciben participants (five males, five females)
participated in Experiment 1. Half of the participants in Experiment 1 were able to provide enough saliva so
that half the sample could be stored immediately, while the other half was left on ice for Expeé&men
Budgeting constraints determined the amount of consumable materials that could be purchased and

subsequently limited sample sizes for each experiment.

Procedures

Participants were instructed to fast from 22:00h the night before participation, andushbtheir teeth no

later than 07:00h on the day of data collection as toothpaste/mouthwash may disrupt quantification of
salivaryBDNH365, 366] Participants arrived on the day of data collection overnight fasted and remained
fasted for the first three hoursf data collection. Participants received a standardised meal for lunch on the
day of collection between 12:00h and 12:30h. The meal provided was the only food participants consumed
during data collection, they were able to se#lect the number of pontins they ate to ensure satisfactory
satiation to make it through the day. Additionally, participants only drank water throughout data collection
and abstained from all other beverages (i.e., juice, milk, coffee, tea, caffeinated drinks, etc.). Participants
did not exercise prior to or during data collection as acute exercise influences BDNF concerittaions

378]

Before providing each saliva sample, participants were asked to take a small sip of water, to swish this
water around their mouth for a few seconds, and then to swallow the water. This sip + swish technique was
implemented to cleaany food debris that may have been in the mo[8F6]. Saliva samples were

collected via passive drool. Participants were asked to produce the sample with their hedg slight

forward, whilst keeping eyes open and limitiogpfacial movement to a minimum. Once enough saliva had
pooled in the mouth, a small plastic straw and gravity was used to collect the sample into microcentrifuge
eppendorfs Participants were aske provide 1 ml of saliva in 1.5 ml, however, some participants had
difficulty producing this much saliva, so the minimum sample required for analysis was 0.5 ml. A total of

five saliva samples were collected from each participant in this fashion. Atthrssemple was collected it
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was placed on ice until processing and storage. Between saliva sampling timepoints participants were free

to complete regular desk/laboratofgased work activities.

Sample processing and analysis

After each sampling timepointaiva samples were immediately transported on ice to the laboratory for
pre-storage processing. Samples from participants who were able to provide 1 ml of saliva were separated
into two eppendorfs using a pastette. For Experiment 2, one eppendorf wa®kepe for several hours

(as described ifrigure7.1) to evaluate sample stability under delayed storage conditions. All remaining
samples were centrifuged at 4000 rpm for 20 minutes®&.4-ollowing centrifugation 250 aliquots were
pipetted into new eppendorfs, and protease inhibitor cocktail (Sightdrich) was added to a final dilution

of 1:100. Samples were briefly vortexed to ensure mixing of protease inhibitor, and then steB88Gt

until batch processing once all samples were ctégl@dérom all participants. The same process was

repeated for the samples kept on ice for Experiment 2 until the end of the day of data collection. A detailed
plate map was strictly followed throughout all steps of the ELISA to prevent mishandling of safible

samples for each participant, including samples used for Experiment 1 and 2, were run on the same plate.

Previous studies have raised concerns about the validity of BDNF measurement with both saliva and serum
using commercial kitg862, 369, 37Q]Therefore the optimised sandwich ELISA technique developed and
describedby Mandel et al[369]to detect BDNF in saliva was utilised. 100 pl of monoclonal mouse anti
human BDNF (MereMiillipore), diluted to 1 pg/ml in filtessterilized phosphate buffered saline (PBS) at a

pH of 7.4 was added to a 96ell microtiter plate (Nunc Maxisorp) and left to incubate & 4vernight.

The following day, samples were removed freB8°C to thaw orice. The plate was manually washed three
times with tribuffered saline (TBS) plus 5% tween (TBST), soaking for one minute between each wash.
Next, the plate was blocked with 300 pl of 3% bovine serum albumin (BSA) in 0.05% PBST for 2.5 hours at
room temperature. During the blocking period the thawed samples were spun in a microcentrifuge for two
minutes at 13,400 rpm and then 2@ of supernatant was moved to a new eppendorf. These samples

were acidified to 3.0 pH for 20 minutes, after which samples weeutralized. For batch processing 3.1

pl and 3.6ul of 1M HCI and 1M NaOH were used for the acidification and neutralization steps, respectively.
Once reneutralized, 16l of the sample was diluted in 1% BSA buffer in PBST to a ratio on 1:16.
Concentations of BDNF detected within samples were compared to standards, ranging from 15.63 to 500
pa/ml using a fullength homodimeric recombinant BDNF (Peprotech), diluted in the same buffer as the
samples. The original protocol by Mandel et al. diluted sas\p a 1:4 ratio, however, during piloting

many of our samples were well above the top standard indicating further dilution was required. Once
blocking was complete the plate was washed five more times, anqill®Oeach sample/standard was

added to theplate in duplicate. The plate was incubated for one hour at room temperature on a plate

shaker, and then moved td@ overnight. The next morning the plate was washed five times, then 100 pl of
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poly-clonal chicken anthiuman BDNF (2.5 ug/ml; Promega) wdded to each well and left at room
temperature for 2.5 hours. Afterwards, the plate was again washed five times followed by the addition of
100 pl of antichicken Ig¥HRP (1 pg/ml; Promega) to the wells and one hour of room temperature
incubation. Followig this last incubation, the plate was washed a final five times, after which 100 pl of

room temperature TMB One solution (Promega) was added to each well for 10 minutes. Afterwards, 100 pl
1M HCIl was added to stop the reaction, and the assay was readataftometres (hnm). The amount of

BDNF (pg/ml) was calculated using a linear regression fitted to the standards of ead@¢®t&squared
values of 0.94 and 0.92 were obtained from standard curves for the two plates analysed and the mean

coefficient of variance for all samples was 0.10.

Exploratory analysis

Given the preliminary nature of this study, data wepelored to evaluate if similar trends in intra

individual variation of salivarBDNF concentrations were observed between participants for Experiments 1
and 2. SalivarBDNF concentrations (pg/ml) were reported for each participant and whiticipant
coefficient of variance (CV) was calculated for both experiments. Individual results for Experiment 1 were
visualised using point plots and the overall group trend was visually evaluated by fitting a trendline with
95% confidence intervals using a locallyimated scatterplot smoothing (LOESS) technique. For
Experiment 2, the percent change between samples processed and stored under delayed conditions was

calculated against the same samples when stored within an hour of collection.

Results

All participants reported compliance regarding overnight fasting, tooth brushing, and abstaining from
exercise as described in above in the procedures section. No participants reported smoking or consuming
any alcohol the night por to data collection. Participants indicated 7 hours and 17 mint®&sminutes of

sleep the night before participation and woke an average ot=B2Iminutes before providing their first
sample. Raw data for all participants is providedatle7.1 accompanied by the withiparticipant mean,
standard deviation and CV for Experiment 1, and the percent change CV presented for participants who
provided enough saliva to be included in Exmemt 2. Of the 50 samples collected from all participants for
Experiment 1, salivarBDNF concentrations were above the limit of detection (LOD) for the ELISA protocol
for 43 (86%) samples. Five of the seven samples below the LOD were all from onegpeyticis data for

this participant was not included figure7.2 and Figure7.3.
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Table7.1 Within-participant results and descriptive statistics for Experiments 1 and 2.

Sampling timepoints Experiment 1 Storage delays and sample stabilitfexperiment 2

10 hr 5hr 3hr % change

ID 900 1100 1300 1500 1700 Mean SD Ccv (% change) (% change) (% change) cv

1 8110 4881 4851 10014 7797 7131 2235 0.31 - - - -

2 9885 5323 2403 6745 8286 6529 2867 0.44 - - - -

3 LOD LOD LOD LOD LOD - - - - - - -

4 14414 5103 10123 11863 10376 10376 3405 0.33 - - - -

5 LOD 6310 8340 6909 7053 7153 854 0.12 - - - -

6 5017 3607 3546 1725 3561 1185 0.33 5(2132)7 0.62

7 712 3374 1563 12549 4727 4780 1.01 (.Ll(())(?) 0.05

8 9426 9411 7792 10858 9192 1157 0.13 9(855)1 0.53
2909

9 6665 2869 1191 235 2740 2834  1.03 (56) 8.27

10 5089 3730 11969 5558 6622 3180 0.48 5(55'1 2.00

Note: Shaded cells represent corresponding values when a given sample was stored within one hour for Experiment 1 bsestusf sheusame sample used for Experiment 2
that was kept on ice for the indicated amount of time before sg@aUnits are pg/ml.
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Figure7.2 A) Intraindividual changes in salivaBDNF concentrations sampled at different time points for
all participants (n = 9) with a LOESS oveBawlales only; C) Females only.

Experiment 1¢ Timing of sample collection

A considerable amount of intrimdividual variation was observed in saliv@®NF concentrations when
sampled at twehour intervals between 09:00h and 17:00h as shown byldhge standard deviations
(minimum:854 pg/ml; maximum: 4780 pg/ml) and CVs (minimum: 0.12; maximum: 1.03) across
participants inTable7.1. At a group level, the LOESS pldtigure7.2 (panel A) appears to indicate that
salivary-BDNF levels measured while overnight fasted are higher earlier in the morning and fall as the
morning goes on; and that concentrations increase in the-afiernoon after feeding but then return to
levels similar to those observed at 09:00h by 17:G8bwever, the large confidence bands around the
LOESS plot paired with the point plots for each participant indicate no consisteniridieidual trend in
intra-individual changes in salivaBDNF between the hours of 09:00h and 17:00h. Similarly, theicugl
results do not show a consistent trend in salivBYNF changes after participants consumed a standardised
meal between 12:04.2:30h. The inconsistency in salivl@®NF concentrations collected at different times
on the same day remained when mabesd females were evaluated separatdfygure7.2 panel B and C,

respectively).
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Figure7.3 Percent chage between samples storeehbur postcollection and samples kept on ice for
several hours before storage for each participant in Experiment 2.

Experiment 2¢ Sample stability

Experiment 2 yielded similar results to Experiment 1, with a large amountrafindividual variation in
salivaryBDNF stability shown using CV3 @ble7.1 and visually ifrigure7.3. There appeared to be no
consistent trend in stability of salivaBDNF under different storage conditions between the five

participants in Experiment 2. One participant saw a sharp degratatisalivaryBDNF at all delayed

storage timepoints, with both decreases and increases in BDNF observed for some participants depending

on timepoint, and others showing modest increases in concentrations after delayed storage.

Discussion

The aim of thipilot study was to present methodologies and preliminary findings regarding trends in intra
individual salivanBDNF variations from healthy participants to understand if saliva (collected via passive
drool) may be a practical biological sample for the swament of BDNF in clinical populations. Although

the sample size was low, our results do not indicate any consistent trends between participants in regard to

intra-individual salivanBDNF variation related to time of sampling or sample stability.

Thesefindings from healthy participants suggest that measurement of BDNF protein concentrations via

saliva is not a valid or practically advantageous means of accurately comparinigditidual changes in
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BDNF from one timepoint to another. A recent revieighlighted several methodological factors

contributing to statistical and sampling errors in studies evaluating saliva biomarkers in healthy volunteers
[366]. The authors described a detailed protocol to minimise the risk of thesesamoluding: screening
guestionnaires, detailed inclusion/exclusion criteria before sampling, grouping subjects by flow rate, and
strict controls during saliva collecti¢866]. The current study intentionally did not adopt these
recommendations because such strict methods prevent research from taking place under ecologically valid
conditions. For example, it is recommended that participants rinse their mouth with water at least 10
minutes before saliva collectid865], however, adherence from neurological patients presenting for care

in busy clinical environments to this recommendation when collecting saliva samples is unlikely. For this
reason, participants in the current study were instructed twsé their mouth immediately before saliva
collection and to provide the sample after all the water was swallowed. This compromise may explain why
14% of samples collected were below the LOD threshold for BDNF, as it is possible that these samples did
not contain saliva, rather residual water that had not been swallowed by the participant. True absence of
BDNF within saliva due to low concentrations and/or Val66Met polymorphism are also possible
explanationg129], although, tlese seem less likely since two of the samples below the LOD were collected
from separate participants who demonstrated BDNF concentrations at all other timepoints evaluated. This
example presents a considerable shortcoming of measuring BDNF, and otheinfimoimarkers, via

passive drool under clinical conditions; even if necessary controls are put in place there is still a chance that
what we are trying to measure will not be present within the collection tube. While collecting saliva by
passive drool offrs a norinvasive means of measuring BDNF this advantage appears to be offset by the

risk of sampling error during collecti¢866].

If saliva does not offer practical advantages for measuring protein biomarkers over blood for clinical
research, and still requires strict methodological controls during sampling, it raises the question why use
saliva in the first place? While blood draare invasive, they guarantee that the protein of interest will be
collected (given it is present in blood to begin with). The biggest hurdle facing research using blood draws is
the fear of needles. Approximately 20% of adults in the USA avoided vaccidagdo fear of needles

[379], and a recent metanalysis reported that :27% of hospital employees and healthcare workers
avoid vaccination for theame reasoii367]. Furthermore, the metanalysis indicated that most young
children and 2660% of adolescents fear need[@67]. If adults working in healthcare sectors avoid
vaccination due to their fear of needles thasevery low likelihood that these individuals, let alone

children, would consent to participate in voluntary research involving blood draws. A recent[8&8is
guantified BDNF from capillagrawn blood samples acquired by finger prick using a lancet. Perhaps this
method could serve as a practical middle ground for the collection of blood in clinidalgsetiecause it
would not require a trained phlebotomist or a needle, and the normalization of finger pricks to measure

blood sugar, lactate, etc. may mean patients might be more willing to volunteer for res@&icH382]
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Alternatively, microRNAsnon-coding RNAs that play a key role in gene expression and regulation of
neurotrophins such as BDN&7] ¢ can be collected and measuredsily in saliva using swabs and appears

to be a new and more promising technique than measuring protein concentrations via passivigétool
Encouraging findings from studies evaluating the utility of microRNAs to serve as diagnostic biomarkers for
mild traumatic brairinjury suggest that patterns in peripheral microRNAs may overcome limitations
associated with protein biomarkef68, 69] Future work investigating the validity and reliability of

guantifying BDNF protein concentrations in capillary blood or gaining insight iti-Expression through
related salivarymicroRNAs could lead to greater understanding im@ividual changes in peripheral BDNF
within neurologically compromised patients. Advancement of individualised clinical management for these
debilitating conditiors may be possible through greater knowledge of how #rdividual changes in BDNF

relate to clinical outcomes.

Limitations

There are several limitations to consider for our study. First, the low sample size prevents any concrete
conclusions, but pilottadies are necessary to justify whether further allocation of time and resources is
reasonable based on preliminary findings, which does not appear to be the case in this scenario. Second,
strict adherence to the protocol described by Bhattarai §886] may have yielded clearer trends in
salivaryBDNF concentrations in relation to time of sampling and storage. Even if this were the case, results
produced using strict laboratory protocols are unlikely to be reproduced in ecologichdhemaironments.

Third, all samples were collected on the same day, future research evaluatinglideed BDNF

concentrations or salivasgnicroRNASs related to BDNF expression should also evaluate reproducibility of
findings across multiple days. Lasligear regressions fit to the standards were used to estimate
concentrations of BDNF within the saliva samples collected. Highgun&ted accuracy of these standard

curves could have been obtained using four parameter logistic (4PL) regression, howepkr sa
concentrations outside the range of the standards used cannot be approximated using this method.
Adjustments in sample dilution from 1:4 to 1:16 brought most samples within the range of the standards. A
minority of samples were still above the top stiard, and further dilution would have pushed other

samples below the LOD. Since accurate standard curves were obtained using linear regression, we adopted
this approach of extending the regression equation to approximate sample concentrations above the to
standard to avoid losing this data. This approach was not applied to samples below the LOD threshold, as it
is possible that the true value was in fact zero; whereas samples above the top standard were simply
beyond the upper limit of the assay proceduoesome degree. It is possible that extrapolating above the

top standard for some samples could have introduced error when calculating sé8ildfF concentrations.
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Conclusion

This pilot studydid not provide evidence to justify using saliva as a \ealid practical means of evaluating
intra-individual variation in BDNF protein concentrations. No consistent trends in saBizxy
concentrations were observed in relation to time of sampling or sample stability as evident in the high
degree of variation vthin and between participants. These results should not discourage future research
into the potential clinical applications of BDNF as a biomarker to advance understanding of neurological
conditions; rather our findings highlight that the best method teasure BDNF in ecologically valid
environments remains elusive. Future studies should replicate the experiments within this study using
venous and capillary blood samples or salivaigroRNASs related to BDNF expression to determine if

clearer intraindividual trends in BDNF variation can be observed.
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Personal development aa researcheresulting from Chapter7

How to design an experimental study to represent clinical conditions.

Acquisition of wet lab skills.

Learning how to execute an optimised ELp&#cedure

Advantages and disadvantages of optimised vb&#ed ELISAS

Advantages and disadvantages of sampling biomarkers using blood and saliva.
Methodological tradeoffs between conditions thgbromote precise measurement of a biomarker
versus condions that are representative of where the biomarker could offer value.

=A =4 =4 =4 =8 =9

Link between Chapters 7 and 8

Chapter tighlightedpotential issuesvith sampling error when measuring BDNF concentration in saliva
collected via passive droahder clinically representative conditiond/hile the sample size was limited
Chapter uggestedhat salivaryBDNF camot be used to make intréndividual compaisons from one

clinical timepoint to another for SOBI patienBliva samples were collectddr Chapter &rom a cohort of
SOBpatients presenting for treatment at a specialised SOBI clinic since no studies have investigated
whether salivarnyBDNF coulderve as a noinvasive method to understand differences in SOBI patient
recovery outcomes. Chapter 8 specifically attempted to provide initial evidence for the following three
hypotheses1) BDNF concentrations would be lowest upon indielicalpresenation, andthat increases

in BDNF would be observed at later timepoints; 2) BDNF and symptom burden would share a negative
relationship within and between timepoints, with higher BDNF concentrations associated with lower
symptom reports; and 3) higher BBNoncentrations would be observed at initial assessment and the first
follow-dzLJ Ay LI NI AOALN yia ¢ K2days SApardto thosedwrd tioR Mayste O Ay
recover. Grouplevel timepoint analyses were conducted in Chapter 8 based onntnfjs of Chapter 7
under the assumption thatamplingrelated variations in salivasBDNF may balance out from timepoint to
timepoint at a grougevel and reveal preliminary trends between symptom burden and BDNF
concentrations!f salivaryBDNF acquirednder ecologically valid conditiomgere to be related to

symptom reports, it could become a namvasive and practical means to make inferences about how the
underlying neuroplastic environment explains differences in recovery outcomes. Furthermongothds
provide an objective neurophysiological biomarker to track SOBI recovery, which could be asedal

investigationsevaluaing the potential benefitof nutritional interventions for SOBI patients.
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Chapter 8: Does salivaryBDNF relate to symptom burden ovéhe
course of clinical recovery following spodriginated brain injury?

This chapter comprises the following paper submittedN&urorehabilitation and Neural RepailcGeown,
J. P, Hume, P. A., Quarrie, K.L., Theadom, A., Kara, S., & Dulsomde&salivaRBDNF relate to

symptom burden over the course of clinical recovery following spadinated brain injury?
Author contribution

McGeown, J. P. 80%, Hume, P. A. 5%, Quarrie, K.L. 5%, Theadom, A. 5%, Kara, S. 5%, Dulson, D.K. 5%.

Overview

Baclground ¢ KSNBX Aad fAYAGSR dzyRSNRGFYRAY3I 2F K2g GKS 0N
brain-derived neurotrophic factor (BDNF), contributes to differences in symptom resolution and clinical
recovery trajectoriefollowing mild traumatic brain ijuries (mTBI)Objective.To understand how salivary

BDNF relates to symptom reports for sporiginatedbrain injury (SOBpatients at clinical recovery
timepoints.Methods. Participants received clinical managemémt mTBIlin line with international
recommendations. At each clinical timepoint participants completed the Sport Concussion Assessment Tool
symptom scale and provided a saliva sample. An optimised enligke®l immunosorbent assay was used

to quantify salivarsBDNF protein levels. Exploratatgita analysis evaluatdrends in how BDNF changje

over clinical recovery and how BDNF rethtie subjective symptom burdemResults. 167 saliva samples

were collected from 67 participant$here were no clearelationships between salivafyDNF

concentrdions (measured via passive drool under ecologically valid clinical conditions) andeB@s8l

symptom reports measured at four clinical recovery timepoi@snclusionSampling error appeadto be

an inherent risk of quantifying BDNF protein in salimder clinically realistic conditions. There is a need to
identify methods that balance accurate quantification of BDNF with clinical practicality to investigate the

clinical utility of BDNF as a biomarker of recovery in mTBI patients.
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Introduction

An estimated 27 million traumatic brain injuries (TBIs) occur globally eacli2@daand approximately 95%

of these TBIs are nefatal [383]. The majority of TBI survivors sustained a mild traumatic brain injury
(mTBI) that did not lead to skull fracture positive neuroimaging, accompanied by a Glasgow Coma Score
between 1315, and associated with symptom complaifit9, 27] Recovery outcomes are highly variable
following mTBI, with patients experiencing spontaneous resolution of symptoms and reintegration into
normal daily activities within days of the injury, through to experiencing debilitating functional and
behavoural deficits for weeks, months, or years poastBI[33]. Age, female sex, preinjury history of

mental health or migraines, ADHD and learning disabilities, and acute/subacute symptom severity have all
been associated with worse mTBI recovery outcof38s However, there are no definitive explanations
Fo2dzi K2¢ GKS LI GASY(dQa dzy RS Nibtribies @ whyy Sotabl@atidkts a A 2 f 2 3
experience rapid symptom resolution and clinical recovery while the rest experience prolonged
complications resulting in reduced quality of life and that place a significant burden on the healthcare
system[35-37].

Neuroplasticity is the ability of individual neurons and complex neuronal networks to adapt and reorganise
synapses throughouifé and after CNS injuifit29, 384] Neuroplasticity could be an explanation for the
heterogeneity of mTBI recovery trajectories. Neuroplasticity has been described as the biological substrate
for neurorehabilitation385], and is mediated by a family of homologous neuropeptides termed
neurotrophins[143, 386] In addition to neuroplasticityneurotrophins play key regulatory roles in
neurogenesis, neuronal survival, and memory consolidaiippromoting longterm potentiation[129,

143]. Brainderived neurotrophic factor (BDNF) is the most widely studied neurotrophin involved in these
neurophysiological functions and has been extensiketgarched in human and animal studies involving
healthy and neuropathological populatioft29, 386] Compared to healthy controls, differences in
serumplasma BDNF concentrations have been reported for patients with neurodegenerative conditions
ddzOK a !'tT KSAYSNDRAE RA&SIFAS YR LEAEOKAMBNARO RAA2N
Intervention strategies such as environmental enrichment and exercise programs have been associated
with improved performance on functional outcome measures related to increases in-bksmst BDNF
concentrationg129]. Despite research evaluating BDNF in humans saitheneurological conditions,

relatively few studies have examined the diagnostic and prognostic potential of BDNF for patients with TBI
[65, 373, 387392] Collectively, th evidence for the utility of BDNF appears to be mixed, although nearly

all these studies had small sample sizes and notable methodological limitations.

Themost encouraging discriminative and prognostic results for BDNF has arisen from-aantiki study
[65]with 311 TBI cases and 150 controls. BDNF was measured via serum from excess clinical blood samples

taken from patients presenting with mild, moderat#, severe TBI on the same day as their injury and who
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met criteria for a head CT sc#@b, 393] Dayof-injury serum BDNF concentrations discriminated between
cases with TBI and controls with a very high degree of accuracyQ@64AUC). Recovery outcomes at six
months were assessed in a sobhort of 76 participants. Cases of alvedties, who had dagpf-injury

BDNF concentrations below thé& fiercentile of the controls, were at a higher odds of incomplete recovery

at six months compared to cases above this threshold. mTBI patients with BDNF levels below this limit had
a higher odds of incomplete recovery than patients with moderate and seMgteThe authors

recommended that future research assess how longitudinal changes in BDNF related to clinical
improvements and recovery after TBI. It was recommended that future efforts evaluate BDNF levels after
sport-originated brain injury (SOBI) becausf the well documented relationship between exercise and
BDNH112]. Replication of the conditions under which BDNF was collected in this study are likely to be
challenging in many clinical settings for several reasons. First, all participas&fd to hospital on the

same day as their injury, however many mTBI patients (particularly with SOBI) do not seek medical
attention until several days posnjury due to delayed symptom onsgt3] or nonresolution of initial
symptoms[27]. Second, while not clearly stated, most or all the participants were likely inpatients since
they all met criteria for CT scan which revealed that many had an intracranial abnormality. However, a high
proportion of patients with mTBI do not meet criteria for a CT scan reducing representativeness of their
sample[394]. The resources available within hospitals/inpatient facilities often exceed those of aripati
clinics. Lastly, both reasons allowed BDNF to be quantified from excess serum samples that were collected
for other clinical purposes. Logistical constraints and the prevalent aversion to n¢gélfe879)within

the general population makes it difficult to conduct research in-vealld outpatient settings to investigate

the potential utility of biomarkers such as BDNF. Blbaded biomarkers are widely used in many clinical
applications but only after aabundance of research has demonstrated a high degree of validity, reliability,

and clinical utility.

BDNF can also be measured in sgB@8, 369]jand a modeate relationship between salivalDNF and
serumBDNF concentrations has been previously reported for participants with [878) although this
relationship appears to be weak liealthy individual$369, 373, 375]Interestingly, blooebased BDNF
concentrations relate with functional outcomes in individuals with neurological conditions, even though the
correlation between serum/plasma BDNF and levels of BDNF within brain tissue is (B6Ra8864]
Consequently, it seems plausible that salivBEYNF may represent a practical alternative to allow greater
sampling to expedd our knowledge of how BDNF changes in relation to subjective symptom reports over
the course of clinical recovery after mTBI/SOBI. Greater understanding of these relationships could provide
a window into the neuroplastic environment of individuals withBh&nd may advance our ability to

manage and rehabilitate these patients more effectively.

The aim of the current study was to understand how salhBIDNF related to symptom reports for sport

originated mTBI patients at multiple timepoints over their idah recovery.
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We hypothesised that: 1) BDNF concentrations would be lowest upon initial presentation to the clinic and
would increase over clinical recovery; 2) Higher BDNF concentrations would be associated with lower
symptom reports; 3) Patients who He¢r S | & & Y LJi 2-daysivauld have/highEMBDNF
concentrations at initial assessment and the first foHogrcompared to patients who took >idhys to

recover.

Methods

Research design and participants

This study was conducted according to the ethical standards of the Declaration of Helsinki and both
institutional (AUTEC 18/374) and health and disability committee (HDEC 18/NTA/108) ethical approvals
were obtained. Participants provided written consenthaving their data used for research and

publication. Participant assent and parental consent was acquired for participants <16 years old. All

LJ- NI A OA LI y (-@ledtifiéd lpript to ext@dtidh/ddRaSanalysis to ensure confidentiality.

Participant dta were collected from single specialist clinic between April 2019 and July 2019. The cohort of
patients diagnosed with SOBI were followed from their initial clinical presentation through one or more
follow-up appointments until they achieved clinical o@ery criteria. All participants received usual clinical

care according to a previously described protd8adb].

Participant seleported symptom burden was collected at the beginning of each appointment using the
Sports Concussion Assessment Tool (EJA3]) symptom scale. Participants used a Likert scale from 0 (no
symptom) to 6 (severe symptom) to indicate which of 22 symptoms commonly associated with SOBI they
were experiencing and the respective severity. The totahber of symptoms with a severity >0 indicated

the Positive Symptom Total (PST; maximum of 22), and the sum of the severities provided a Symptom
Severity Score out of 132. Five additional composite scores (migraine, cognitdt®nal, sleep

emotional, newological, and undefined feelingi95] were calculated for only 51/67 (76%) participants

due to the clinc database limitations.

Upon initial clinical presentation the supervising physician conducted a thorough history and physical
examination. Participants received education, written guidance, and individualised management according

to international recomnendations. Followp appointments were scheduled everyi4 days to evaluate

0KS &adFiddza 2F GKS LI NILHAOALIY(HIQa NBO2OSNE G2 RSGSN
protocol or if their treatment plan required modification. Participantere monitored in this manner until

GKSe YSi Ot AyAOFt NBO2@OSNE ONRGSNARI RSTAYSR Ay o
YIfSa FyR 83 (2Fdemdnstraed kxer8sk tolerance, and (3) any abnormalities identified

during the initial physical examination had resolN8&di5].

150



Unstimulated saliva samples were collected via passive drool from patients (letting saliva pool in their
mouth while limiting orofacial movemdhnat the end of each clinical appointme@nce enough saliva had
pooled in the mouth, a small plastic straw and gravity were used to collect the sample into a microcentifuge
eppendorfs.lt was difficult for some participants to provide 1 ml of salivahaitt bubbles, so to avoid

disturbing clinical flow the minimum sample required for analysis was 0.5 ml. After collection, samples
were immediately placed and kept on ice until transported to arsi#f laboratory for processing and

storage.

Factors thatould affect the BNDF concentration including the time of collection, when the participant last
ate, drank fluid other than water, brushed their teeth, exercised, and when they woke/how many hours of
sleep they got the night before sampling were recordedtsy could be considered during statistical

modeling.

Since data collection took place in a functioning clinical environment it was not possible to standardise the
timing of appointments across participants based on number of daysipjsy. For this reason, data were
aggregated into timepoints with TimepwiA representing the initial clinical assessment and Timepoint B,

C, and D representing the first, second, and third follgmappointments, respectively.

The research protocol was specifically designed to be easy to implement in a clinical settingl¢hlsev

the case if BDNF was found to be a useful biomarker) to avoid disrupting clinical flow a#mimeting
participants. The need for flexibility, however, did mean that a saliva sample was not always possible for
every participant at every clinicaimepoint. Participant data were included in this study if a saliva sample
was collected and symptom burden measured at Timepoint A combined with at least one further
timepoint, and if the participant remained within the clinical protocol until dischafgese compromises

preserved clinical flow and provided enough data to evaluate our three hypotheses.

SalivaryBDNF processing

At the end of each clinical day, samples kept on ice were then transported to-aiteolfiboratory for

processing in the sam@der in which they were collected. Samples were centrifuged at 4000 rpm for 20
minutes at 4C and then split into 250 pl aliquots where a protease inhibitor cocktail (SAddnah) was

added to a final dilution of 1:100. Samples were briefly vortexedthed stored at-80°C until batch

analysed in duplicate according to an optimised sandwich Entynked Immunosorbent Assay (ELISA)
procedure[369]. The amount of BDNF (pg/ml) was calculated using a linear regression fitted to the
standards of each platg@69]. Standard curves for the eight plates required to analyse these samples
producedR values ranging from.02 to 0.99, and the mean coefficient of variance for the 167 samples
analysed in duplicate was 0.06, indicating valid and reliable execution of the ELISA procedure. However, 11

participants had at least one sample where saliMaBNF was below the limif detection (LOD; 60 pg/ml)
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of the ELISA. In total six, seven, and three samples were below the LOD at Timepoint A, B, and C,

respectively.

Statistical analysis

Medians and interquartile ranges were calculated for all demographic and clinical variableshigkly

skewed distributions. The exception was days fogtry presented as mean =SD.

Trends in timepointo-timepoint changes in salivalDNF concentrations (Hypothesis 1) were assessed
using point plots. The relationship between salivBENF conagtrations and symptom burden scores

were plotted using repeated measures correlation pl@86] with R calculated for each timepoint
(Hypotheses 1 and 2). Boxplots were used to inspect if participants who tended to become asymptomatic
F I & G Sdays posmjury) demonstrated higher initial salivaBDNF or greater chandgem timepoint A

to B compared to participants with longer days to recovery {gays postinjury ¢ Hypothesis 3).

Upon detailed inspection and discussion amongst the authors, the plan to use mixed modelling to account
for confounding factors and fixeddndom effects was not completed due to the apparent absence of any

trends observed across these figures.

Results

Results are presented for 67 participants (15% females; median age 19 years [IQR: 16, 24] who provided a
combined 167 saliva samples. Partiips presented for initial assessment a median of 10 [IQR: 5, 12] days
postinjury and required a median of 25 [IQR: 14, 36] days to become asymptomatic. The descriptive data

for salivaryBDNF and symptom scores at each clinical timepoint are provideabile8.1.

Hypothesis 1 was not supported as there was no clear evidence that BDNF concentrations were lowest
upon initial presentation to the clinic and increased oglmical recovery. The point plot depictedrigure
8.1 shows no clear trend in BDNF changes from Timepoint A to further timepoints when measured in saliva

under ecologrally valid conditions.

Hypothesis 2 was not supported as there were no clear relationships between s@baly concentration
and the seven symptom burden scosmeasured bfZ (PST: 0.003; symptom severity: 0.005; migraine:
0.000; cognitiveemotional: 0.006; sleepmotional: 0.003; neurological: 0.000; undefined feelings: 0.000)
Figure8.2 visualises the lack of relationships between salMDNF and the seven symptom burden scores

at each clinical timepoint.

Hypothesis 3 was not supported as there was no evidence for higher BDNF concentrations at initial
assessment and the firstfolloup ¥ 2 NJ LI GASyGa é6K2 0 S-OdysrcBmparéddoYy LJG 2 Y I G A
patients who took >14lays to recovertigure8.3 shows a complete overlap in the distribution of salivary
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BDNF concentrations at Timepoints A and B for the 23 participants (34%) who became asymptomatic in

XMmaays compared to the 44 (66%) who took seiys.
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Figure8.1 Pointplot illustrating changes in saliygBDNF concentrations from timepoint to timepoint for
each participant.
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Table8.1. Descriptive data for salivaDNF and symptom scores at each clinical timepoint.

Timepoint A Timepoint B Timepoint C Timepoint D
(n=67) (n=65) (n=24) (n=12)
Days post-injury? 9.61+4.85 20.54+6.73 35.88+9.23 56.00+14.75

Salivary-BDNF concentration

671 [254, 1540]

881 [309, 1468]

732 [260, 982]

704 [431, 1000]

(pg/ml)°
%gw%z?mm1 9[6, 14] 210, 7] 2[0,7] 5[4, 8]
Symptom Severity
Score® 1718, 30] 310, 10] 410, 10] 7 [4, 8]
Migraine
composite® 210, 4] 0[0, 1] 0[0, 2] 1[0, 2]
Cognitive-Emotional
composite® 6[3, 14] 1[0, 3] 210, 3] 21[0, 3]
Sleep-Emotional composite® 11 [6, 20] 3]0, 8] 21, 6] 6 [4, 8]
Neurological
composite® 3[1, 6] 0[0,2] 010, 1] 1[0, 2]
Undefined feelings
composite® 211, 9] 0[0, 1] 0[0, 1] 00, 1]

amean = SD’median [interquartile range]
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Figure8.2. Repeated measures correlation plots visualising the relationship at each clinical timepoint
between salivanBDNF concentrations and the seven symptom busderes calculated using the SEAT
symptom scale.
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Discussion

The case against salivaDNF

The aim of the current study was to assess changsalivaryBDNF concentrations at multiple timepoints
over the course of clinical recovery following SOBI and to evaluate how BDNF related to subjective
symptom reports at each timepoint. Our data did not support any of our initial hypotheses nor show any
other discernable trend in how BDNF (measured via passive drool under ecologically valid conditions)

changed over the course of clinical recovery in relation to symptom reports.

The methodological compromises made to evaluate BDNFm@sively within aunctioning clinical

environment introduced too much variation to validly track grdapel changes in BDNF concentrations

over multiple clinical timepoints. Previous reviews have indicated that the risk of sampling error is highest
during the collection ath processing of saliva samples and have described detailed methodologies to

minimise these risks in studies attempting to measure biomarkers in $a6%a366] No study had

prospectvely evaluated whether passive drool sampling under clinically realistic conditions could

demonstrate saliva as a practical and riowasive alternative to blood to accelerate our understanding of
.5bCQa NRfS Ay NBO2@SNE dNdsyFotexampld, fiRgerkeally S NJ y' S dzNP f
recommended that rinsing of the mouth take place at least 10 minutes before sanipéiBg366] instead

in our study participants were instructed to rinse their mouth immediately before sampling to preserve

clinical flow.This practical compromise may explain why 10% of samples were below the ELISA LOD, as it is
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possible that these samples contained residual water from the rinse rather than saliva. If all these samples
below the LOD were observed at Timepoint A, in pardicts who took >14lays to become asymptomatic

and reported a high symptom burden then these samples would have supported our hypotheses; but as it
stands these samples were observed at Timepoints A, B, and C and had no relation to symptom burden nor
recowery outcomes. Our results appear to confirm the need for strict methodological controls when
measuring protein biomarkers in saliva via passive drool. However, this example highlights that even if
collection conditions are standardised there is still & aésampling error because of the active

involvement of the participant/patient in providing the sample. The #ovasive advantage of measuring
BDNF in saliva appears to be counteracted by the inherent risk of sampling error even if standardised
collecton methodologies are in place. For these reasons, there is no justification for the use of saliva
collected via passive drool in place of blood in studies attempting to quantify BDNF protein concentrations

in realworld clinical populations.

Research hasighlighted that reliance upon seléported symptoms after mTBI, and particularly in the case
of SOBI, can be challenging due to the4specific nature of symptoms associated with this inj&¥, 84]

and the tendency of athletes to underreport or minimise their symptomolégy]. Issues with symptom
reporting could explain the lack of observed relationships with saliB&NF in addition to the variation in
the BDNF due to sampling error. Given international recommendations poraoing use of subjective
symptom reports as a cornerstone tool in the clinical management of mTBI[S©QRBB] there is a need to

identify neurophysiological measures that correlate with changes in symptomology.

Noting potentid sampling error for BDNF, and variability in patient symptom reporting, there could also be
no relationship between BDNF and clinical recovery/symptom burden following mTBI/SOBI. While this is
the first study that has tried to evaluate the relationshiplween BDNF (measured via blood or saliva) and
symptom reports after SOBI, previous works have demonstrated relationships between circulating BDNF
concentrations and depressive symptof887]and cognitive faction in individuals with bipolar disorder
[398] and stizophrenig 399, 400] Korley et al[65] demonstrated that BDNF measured in serum on the
day of TBI could identify patients at higher odds of negatacovery outcomes as measured by the
Rivermead Post Concussion Symptoms Questionnaire. Based on these findings from other areas of the
literature, there is theoretical justification to expect some degree of association between symptom burden
(at least the cognitiveemotional symptom compositi895]) and BDNF concentrations in patients

recovering fromSOBI. It could be that salivaBPNF does not relate to functional outcomes as has been

reported in previous studies using blobdsed measures of BDNF in other neurological condifitiz3].

Future directions

Our findingshave highlighted that more work is needed to identify and develop methods that account for

logistical limitations in outpatient settings while maintaining high validity and reliability. Future
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investigations are warranted despite the presented resultsrgBBNF as an indicator of neuroplasticity has
been suggested as important in several higlality reviewq112, 129, 384386, 401404]. Theoretically,

high peripheral BDNF concentrations are indicative of a favourable neuroplastic engimbwithin the

central nervous system. Such an environment would be advantageous after TBI by promoting the
restoration of injured neuronal networks while also facilitating compensatory processes such as
recruitment and retraining of networks less affedtby injury[385]. This lineof thought suggests that

impaired neuroplasticity would be associated with worse functional recovery after TBI while greater
plasticity would be advantageous for recovery (as reflected in our hypotheses for this study). This view may
be overly simplistias it does not account for the activitependent nature of neuroplasticiff#02]. It is

possible that a high degree of plasticitythe presence of subptimal sensory input and/or behavioural
experience may have maladaptive consequerjd82], which has been deribed as the dark side of
plasticity[403]. These maladaptive consequences of plasticity may be a source of persistent complications
in TBI patients; wherein heightened neuroplasticity is present while favourablespasiific rehabilitation
strategies are absent; through which sptbpagating negative compensations and behaviours are

reinforced over time and become increasingly difficult to positively redirect. Low neuroplasticity could
actually be beneficial if TBI patients do not seek treatment or are receivingirbal management.
Conversely, strategies that can deliver optimal tapkcific rehabilitation modalities when a high degree of
neuroplasticity is present could have profound effects on the recovery and quality of life for patients
suffering from neurological conditionsdluding TBI. However, the development of these concepts is almost
entirely informed by evidence from prinical studies. The relationship between circulating (peripheral)

BDN-and the degree of neuroplasticity in the CNS remaiarly understood.

Cleary much research is needed to translate neuroplasticity concepts from laboratory studies to clinical
settings. Large cohorts will be necessary to unravel these relationships in a clinical setting due to the
heterogeneity of patients, conditions, and outcoméd he reliance on venous blood draws to sample BDNF

as a proxy of neuroplasticity continues to be a hurdle. There is a considerable fear of needles within the
public, causing even healthcare workers to avoid vaccinafi@sis, 379] Logistical challenges of blood

sampling aside, it seems unlikely that the large numbers of participants needed to understand the role of
neuroplasticity in TBI recovery will voluntarily consent for researeblving repeated venous blood

sampling. Measurement of BDNF in saliva does not appear to be a solution to this issue. Perhaps acquisition
of capillarydrawn blood using finger pricks can balance accurate quantification of BDNF with greater

clinical pracicality [380]. Future studies should investigate whether adequate validity and reliability is

observed letween BDNF measured in blood collected from capillaries via finger prick against venepuncture.

Studies are needed to understand indradividual variation in BDNF concentrations when blood sampling
takes place at different times of day to determine whettvalid and reliable results can be obtained in

environments where standardised time of sampling are not possible. While not explicitly stated in their
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article, the results reported by Korley et fi5] appear to suppdrthis notion because participants were
TBI patients presenting to hospital who likely had blood draws shortly after admission. Moreover, the
promising results from their paper were based on BDNF measured on thedsgnud injury Studies that
capture patents on the day of TBI and then follow these patients through clinical recovery in outpatient
settings with measurement of BDNF are needed to understand the temporal profile of neuroplasticity

following TBI.

Rather than directly quantifying protein contteations, measurement of microRN&ould be another

option for future studies; as microRNAs play a key role in the expression and regulation of proteins,
including BDNE67]. Recehevidence suggests that microRNAs are a useful diagnostic biomarkei Rir
andcan be norinvasively measured using oral swé68, 69] Acquisition of microRNAs by this method

and their correlation to mTBklated symptom reports over the course of clinical recovery has yet to be
explored. The hypotheses put forward in this study remain to be answered; repliadttbe current study
using blood measures or microRNAs may provide insight into the relationships between symptom reports

and BDNF concentrations over the course of clinical recoveryrafi&i.

Limitations

The main limitation of this study was tlmentional methodological compromise made to preserve clinical
flow and ecological validity. Previous reviews have discussed several factors that should be controlled for
when obtaining saliva samples to measure biomarkers (i.e., immediate storage, rstisedaime of

collection, time of last food/drink]365, 366] Strict adherence to these recommendations was not possible
in the clinical environment due to logistical and scheduling constraints. For this reason, we intentionally did
not try to control for these factors during sample acquisition to evaluate if any gileupl relationships
between symptom reports and salivaBDNF concentrations were observed over the course of clinical
recovery when collected under clinically realistic constraints. This apprpevented withirparticipant
comparisons because changes in salhBIDNF concentrations between timepoints may be due to different
collection conditionsThe current study assumed that samphmggated variations in salivasgDNF would
balance out frormimepoint to timepoint at a group level and reveal preliminary trends between symptom

burden and BDNF concentrations.

The decision to not perform advanced statistical modelling to control for confounding factors/effects could
be viewed as a limitation. ltnis scenario, advanced modelling was deemed inappropriate based on a lack
of relationships observed following exploratory data analysis. The variation in the number of days post
injury to the Timepoint A data collection, and the days between appointmaffésting Timepoints B, C

and D are a limitatiodue to clinical scheduling constraintéad exploratory analysis revealed preliminary

relationships the number of days pasijury would have been accounted for in the advanced modeling.
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Conclusion

There vere no clearelationships between salivasDNF concentrations (measured via passive drool under
ecologically valid clinical conditions) and S€lted symptom reports measured at four clinical recovery
timepoints. The most plausible explanation for $eeunexpected findings is the inherent risk of sampling
error when measuring BDNF in saliva. For this reason, we do not recommend investment of time and
resources towards the quantification of BDNF in saliva in future clinical studies. There is a meedify i
methods that balance accurate quantification of BDNF with clinical practicality to investigate the clinical

utility of BDNF as a biomarker of recovery in mTBI patients.
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Chapter 9: Summary and conclusions

General summary and discussion of findings

This PhDimed to evaluate how a diverse collection of evolving neurophysiological approaches to assessing
and managing mTBI might translate from bench to bedside for SOBkdress this aim evidence was

provided towards answémgthe questionst ¢ K I (i F I QUCNAEI MWSF fid2 NB O2 SNE F2
GoKFEG Aa GKS OGNryatlr A2yt LRGSYGAIt 2F ySdzZNBLIKE3
{h.LKED® t NA2NAGAALGARZY 2F S$02t23A0FKf OFfARAGE YR
implementation, analysis, and interpretation of the studies within this thesis so that if positive findings

were observed there would be a high degree of confidence that these findings could feasibly integrate into
functioning clinical environments. Ageral summary discussing the key findings of this thesis is provided

below.

Section 1Factors that influence time to recovery poSOBI

Shifts in attitudes and media attention about the seriousness and potentialtemgrisks of SOBI led

Participant A to contact the research team about persistent symptoms he was experiencing that he

attributed to a history of SOBI which resulted in tlase study presented in Chapter 2. Participant A, age

40, selfreported a history of 10 SOBIs the most recent of which occurred more than 10 years before
consenting for the case study. Through a series of thorough and-distiplinary assessments, it was
ARSYUGAFASR GKIG tFNIAOALN YEG ! Qa advyLlizvya oSNB O22y
syndrome for which an exercise program was prescribed to recalibrate the otolith in a manner that would
reduce symptomology. Over eight years had elaged® ¥ (G KS 2y aSid 2F t I NIAOA LIy
AYAGAFGAZ2Y 2F GKA&A GNBFGYSY(d LINPINIYP® . lFaSR 2y (K
onset and his last SOBI, his symptoms were seemingly unrelated to his history of SOBI. Thisycase stud
showcases that claims about the potential letegm effects of a history of SOBI may lead to biased

attribution of persistent symptoms to SOBI by patients and clinicians. The consequence of this bias

(whether conscious or unconscious) combined with tbe-apecific nature of SOBélated symptomology

are imprecise diagnostic approaches that may not consider alternate explanations for symptomology.

While raised awareness surrounding the seriousness of SOBI and potentitdriongonsequences of
unidentified/unaddressed injuries is positive; these efforts in awareness need to be matched by initiatives

to provide resources and management to resulting individuals who believe they are suffering chronic

deficits based on their previous engagement in spGitapter 2 also provides an example of the level of
thoroughness and interdisciplinary collaboration required to identify and treat chronic deficits that may or

may not be due to SOBI. Structured management pathways are needed to help individuals erthding
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symptoms seemingly related to SOBI, otherwise attention is being drawn to an issue without providing an

effective solution.

While Chapter 2 highlighted the weaknesses and needs of current pathimveyes longer termChapter 3
identified the strenghs of an acute specialist SOBI service implementing current best practice
recommendationsvith the aim to prevent longer term difficultie$Specifically, clinical data collected during
the initial assessment of SOBI (approximatalg-weekpost-injury) wasused to develop a prognostic

model to predict which patients had a higher odds of requiring-ctdyls to become asymptomatic. The
threshold was set at 14 days for modeling in this study based on widely cited figures from previous
consensus statements th&0-90% of SOBI patients will experience spontaneous clinical recovery by this
time [93, 97] Predictor variables considered for inclusion in the final model included: patient demographic
information (age, sex, sport resulting in SOBI, years of education, number of previous mTBI/SO#BI); SCAT
testing results (symptom burden composite scores, neurocognitive score, balance testing score); and
clinical examination findings (PSC, presentatibautonomic dysfunction, preliagnosed psychological
condition/illness) A final model consisting eéx, initialpositive symptom totgland PSC were variables
collected during initial clinical assessment ofrf§RBI that demonstrated strong predictive eajityto

identify patients with >1R | & | ydd&¥y reddmemy trajectories on both training (Accuracy: 81%:; AUC:
0.90) and validation (Accuracy: 76%; AUC: 0.85) datasets. This was the first study to apply PSC criteria at
initial clinical presentation, rathehan 2Xdays postinjury, which turned out to be a strong predictor of
recovery trajectory. In particular, athletes with a combination of multiple PSCs or those with predominantly

vestibuloocular or cervicogenic symptoms had greater odds of experiesbinger recovery.

The results of Chapter 3 add to a growing body of literature that the neurocognitive and balance
assessments within the SGBTack clinical utility when administered beyond the firs2 days posinjury

[73, 87, 88] Similar performance on these measures was observed when participants were symptomatic
and asymptomatic and ndigically meaningful differences were evident between those with-gtay and
XXmaay recovery trajectory. Scheduling constraints and/or delayed symptom $t3jgheans that many
patients do not present to a specialist clinic like the one where this study took place within the timeframe
where the neurocognitive and balance assessments of the - S@#dvide véue. SOBI patients were
scheduled fod5-minute appointments for an initial assessment at the clinic within this study, there is an
opportunity to reduce appointments to ~35 minutes by omitting SGAEurocognitive and balance testing
[73, 87, 88] If a clinic were to have limited capacity for 20 initial assessments per week (each requiring 45
minutes), this small change could mean increased weekly capacity and reduced wait times for another six
SOBI patients. Alternatively, this time could be betillocated to the Vestibular/Ocular Motor Screening
assessment that takesB) minutes to complete and can help earlier identification of vestimdolar

symptomology{165, 169, 405, 406]
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Interestingly, despite participants receiving acute and individualised cdireimvith current

recommendations, >50% of the sample required-dags to become asymptomatic. Although a related,

work [315] showed that 75% and 94% of patients within this model were recovered by four and eight
weeks, respectivelyThese outcomes were notably better than those reported from a cohort of
predominantly SOBI patients seen at a similar clinic in the United States betwee2@D20vhere 38%

and 80% of patients recovered by 30 and 90 days-ipjusty [407]. Collectively these findings challenge the
notion that the majority of SOBI patients will recover within tweeks andndicate that statements about
recovery expectations require updatinghere could bgrevalenceincidencebias in these figures since
patients within these two cohorts were those who presented to specialist clinics. However, in our cohort,
the majority (60%) of participants were injured playing rugby. In New Zealand thereasdatory stand

down period of 2idays for rugby players who sustain S{(@BB]. Medical clearance is required before

these players can returto-play, so even players with limiteymptomology presented to our clinic,
increasing the representativeness of the sample. While not explicitly stated in the article, this American
cohort likely received redgbased management for SOBI based on consensus recommendations at the time;
while the New Zealand cohort received management based on progressive cognitive and physical loading
combined with individualised exercise programs to target mechanisms of symptomaladiyionally, the

high proportion of individuals who experienced recovery bayd4days post injury in Chapteri8€in line

with findings from populatiorbased and emergency department studies within the wider mTBI literature
[33, 409, 41Q]The results of the work related to Chapter 3 highlight the effectiveness of an acute
managemed LJ 6Kgl & F2NJ{h.L FyR adAa3Said ddKAa Aa I o0Si
particularly in New Zealand where the Accident Compensation Corporation will cover 80% of an injured
individual€xsalary while they cannot woifk11]. Given the pavalence of burden weeks, months, or years
postmTBI/SOBI outlined in Chapter 1 that may prevent a patient from working, an acute model that leads

to 94% being recovered within eight weeks could have significant advantages to patients and the economy.

Firally, the findings from @apters 2 and 3 indicatesymptoms with a vestibulocular origin are a risk
factor for ongoing impairments in function for patients who have experienced SOBI. Training and education
to screen for these symptoms, and structured treatment pathways, are needed to reduce the cliance o

these symptoms going unaddressed for years as seen with Participant A.
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Section 2Translational potential and clinical utility of neurophysiological approaches to
advance management of SOBI

Section 1 provided in depth insight into the strengths, wessses, and gaps in clinical services for
individuals who have sustained a SOBI in New Zealand. In particular, acute servicesdiaiplitiary

clinical teams, with speciality working with SOBI, that implement progressive loading and ekassse
management can greatly reduce the number of patients who experience symptoms beyond eight weeks
post-SOBI. The expense and burden of SOBI could be further reduced bypeotvged model

incorporating both reactive and proactive arms. Reactive treatments hibgp that address specific
symptoms after they have evolvéde., subsymptom threshold exercise, vestibubzular physiotherapy,
cognitive behavioural therapyyvhile proactive treatments interrupt the mechanisms that lead to
symptoms. For example, apiPen is a proactive treatment for anaphylapi$2]. If an individual is

exposed to an allergen that triggers anaphylactic pathophysiology they will experience severe symptoms as
a result, but if an EpiPen idministered shortly after exposure the epinephrine blunts the
pathophysiological response in a manner that reduces or prevents the development of synjgiBns

414]. Currently there are no proactive treatments for mTBI/SOBI. Sectiont 2AR&hapter 4) was

conducted to identify the most promising nutritional intervention candidate (analogous to the EpiPen) to
blunt the neurophysiological consequences (analogous to anaphylactic pathophysiology) following TBI

(analogous to allergen expos)r

A clinical model built around a specialist clinic can lead to the majority of SOBI patients being rehabilitated
by eight weeks posEOBI. Realistically, however, many communities will not have the resources and
clinicians to establish one of thesenitis and geographical, socioeconomic, and logistical barriers may
prevent referrals, thus the task of managing SOBI falls on clinicians with more general skillsets. The lack of
objective assessment tools to assist the assessment and management of S@8haeat deal of

pressure on these clinicians with limited training. While the clinical studies in Section 2 Part B took place in
a specialised SOBI clinic, they were conducted withgpatialist clinicians in mind to evaluate the
translational potentidand clinical utility of neurophysiologically based assessments methods to provide
objective data to assist SOBanagement. Chapters® also provided a means of assessing whether the
neurophysiologically based measures could be used to assess theipbtdra nutritional intervention to

reduce the proportion of patients who experience slower recovEigure 9.1 illustrates the contributions

that Section 2 of this thesis has made to clinical practice and the literature as a whole.
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Notes: BCAA - branched chain amino acids; BDNF - brain-derived neurotrophic factor; mTBI - mild traumatic brain injury; PUFAs - polyunsaturated fatty acids;
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Figure9.1 How the results of Section 2 contributed to clinical practice and the literature.
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Part A

Chapter 4 revealed that no human studies have evaluated a nutritional intervention on neurophysiological
outcomes followingr'Bl, thus all knowledge on this topic is derived fromglieical animal studies. The
systematic review identified that the nutritional interventions that had been investigated up to July 2019
included: natural compounds witlinti-oxidantproperties;branched chain amino acigdsreatine; fasting

and caloric restriction; ketogenic diet, mustipplements; -3 polyunsaturated fatty acigsnd a variety of
natural compounds used in traditional eastern medicine. All of these nutritional interventions were
assaiated with favourable outcomes when compared to control, but several methodological caveats
combined with the absence of negative findings indicated risk of bias and threats to biofidelity. Animal
models of injury and disease produce foundational knowtenhgo the pathophysiology of a given

condition and provide an opportunity to test interventions targeting the pathological mechanisms. A main
takeaway of Chapter 4 was the discordance between the design, methodology, and outcome measures in
many of the aimal studies which may hinder the translation of these nutritional interventions to clinical
populations. With these limitations taken into account, supplementation with-axitiant compounds,
branched chain amino acidand. -3 polyunsaturated fatty acil(specificallglocosahexaenoic aciiDHA)
appeared to be the most promising nutritional interventions worth exploring in humans. While
development of a novel pharmaceutical agent requires extensivelmeal study before exploring the
feasibility of such an intervention to benefit humgd4.5], modification of diet is generally considered safe

in humans itontraindications are accounted for. Therefore, while our understanding of nutritional
interventions for TBI in animal models is incomplete, there is proof of concept to suggest that modification
of nutrition may benefit mTBI patients, and precedence toguess both preclinical and clinical knowledge

in parallel[300].

Based on the findings of this revieHAsupplementation appeared to be the most promising nutritional
intervention postTBIl a®DHA combatoxidative stresand apoptosi@nd providesthe ne@ssary building
blocks to repair phospholipid bilayefisrimarily consisting of DHAamaged by lipid peroxidatiowhile

also upregulating neuroplasticity to promote heali2d.8, 234, 238, 242, 243, 248, 253]nce no stlies

have included neurophysiological outcome measures in the investigation of nutritional interventions in
humans, identification of objective neurophysiological outcome measures that can be realistically
administered in clinical environments was necegdaafore exploring the feasibility of DHA
supplementation to complement current SOBI management. Chapter 3 presented a prognostic model that
could accurately identify SOBI patients more likely to requireddlys to recover, which could be used to
identify patients who may most benefit from a nutritional intervention like DHA supplementation. But this
model relies onclinical experience and honest symptom reporting, which as already discussed, is not
always the case. Thus, a more objective means of pradigiatients likely to experience slower recovery

trajectoriesusing neurophysiological outcome measuvesuld be advantageous.
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Part B

In Chapter 5 the clinical utility of somatosensory assessments delivered by the Brain Gauge were evaluated.
SOBI triggerexidative stress and lipid peroxidation which impairs neurotransmission and propagates
network dysfunctior{21, 61] The Brain Gage was chosen based on prior evidence that the somatosensory
assessments within the testing protocol provide insights into functional connectivity that can detect
differences between healthy individuals and those with mTBI/$T2R|, 123, 135]In the context of

evaluating DHA to improve outcomes p&&DBI, the Brain Gauge appeared to be a potentially objective
method to predct those likely to recover more slowly and to track recovery in response to an intervention.
Discriminative capacity of Brain Gauge somatosensory assessments was also evaluated as this would be
extremely helpful to make diagnostic decisions in cases wéargtom onset is delayed or symptom

reports might be untrustworthy. The complete Brain Gauge somatosensory assessment protocol required
20 minutes to complete and thus had to be reduced to ~10 minutes to preserve clinical flow. Logistical
barriers limit he accessibility of baseline performance for SOBI assessment tools, meaning clinicians need
to rely on normative data to assist their decisig@$]. The reduced protocol was determined based on the
availability of previously published values of how healthy individuals perforBraim Gauge

somatosensory assessmersis that this datacould be pooled to create preliminary normative data for
statistical comparisons. Data were available from two or more studies for temporal order judgement,
temporal order judgement with confounding stimulus, and duration discrimindti@2, 133, 135, 318]

thus these were the tasks completed by the SOBI participants in Chapter 5. Using this approach Chapter 5
indicated poor discriminative 8463% classification accuracy) and prognostic utility (47% accuracy) of the
Brain Gauge somatosensory assessmemgduated. Similarly, no differences in TOJ or DUR performance
were present between SOBI patients and the normative data when testing too& wlaen participants

were symptomatic versus when they were asymptomatic. @myporalorderjudgement with

confounding stimulusletected differences between participants and normative data at both timepoints.

The findings of Chapter 5 did not justify oeemendations for the use of Brain Gauge temporal order
judgement, temporabrder judgement with confounding stimulus, or duration discrimination in clinics

tasked with managing SOBI patients, nor to adopt these measures as a means of evaluating thal potenti

efficacy of DHA supplementation to improve SOBI recovery outcomes.

These findingsverein contrast to claims on the Brain Gauge webditigos://www.corticalmetrics.com)

that this device can assist dirans when monitoring SOBI patients and when making retinHplay

decisions without the need for a baseline. The references used to support these claims are from
investigations that were not conducted under clinically realistioditions anccompared nao-injured

baseline data to data collected peSOB[122, 123] In one of these studies a high degree of discriminative
accuracy between baseline and p&&DBI performance was observed using Brain Gauge tasks that were

not evaluated in Chapter 5 (retion time variability and amplitude discrimination) because there is no
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published data about how healthy controls perform on these meagr23]. Again, claims are made on

the website that data from over 1000 healthy controls has been collected for é8l/B@Ask$§416], but this

data is not published in a peeeviewed article, and was not provided when requested for Chapter 5.
Collectively the claims about the clinical utility of the Brain Gauge do not match theg@gewed

evidence. It appears the commercgation and marketing of this product has outpaced the clinical science.
Chapter 5 provides an important example about the need for independent research when a device has
been developed to fill a clinical need such as providing more objective means dfiagse®BI; and how
results can differ when testing occurs in controlled laboratory settings versus under ecologically valid

conditions.

Where Chapter 5 evaluated whether components of the Brain Gauge protocol could fill clinical needs for a
more objectivemethod to assist SOBI diagnosis, prognosis, and evaluation of recovery; Chapter 6 explored
if the collection of biomechanical and physiological data with a wearable sensor during an established
clinical testcould aid clinicians when identifying subgrowg#sSOBI patients who require different

treatment pathways. Differences in which neuronal networks are compromised after SOBI are
hypothesised to contribute to the development of clinically observed symptom cludizré1, 75, 124,

138, 139] Similarly, disruption in neurotransmission due to SOBI has been attilboitebserved

differences in autonomic regulation and postural control during gait between healthy individuals and SOBI
patients[12, 124, 127, 128, 140but there had yet to ba study to evaluate whethatifferencesin these
functions coulddiscriminatebetween SOBI patients with divergent symptom profiles. Using a convolutional
neural network deep learning algorithm, Chapter 6 presented the first evidence demonstrating that

features within electrocardiogram and accelerometer signal collected during a Buffalo Concussion Treadmill
Test can accurately (up to 82% accuracy, 0.89 AUC, 0.6 sensitivity, 0.92 specificity, 0.75 PPV, 0.85 NPV)
distinguish SOBI patients with physiologicaisus vestibulacular PSC. Since Chapter 6 was the first study

to attempt to classify SOBI subgroups using a deep learning algorithm trained with sensor data, | elected to
focus on these two PSCs since Section 1 highlighted that physiological PSCoist theewalent while
vestibuloocular symptomology was associated with worse recovery outcomes. These encouraging
preliminary findings come with the caveat that while it appears features within electrocardiogram and
accelerometer signalanseparate thesewo groups, deep learning analytical methods like convolutional
neural networks do not provide insight inthichfeatures are used in classificati{840]. There would be

Gl tdzS Ay | aoftl O]l 02E¢ Y2RSt GKIFG O2dzZ R I OOdzNI G S¢
my opinion there would be greateralue in disentangling which features achieve classification so that then
those features may lead to insights regarding severity of impairments or how impairments respond to

intervention.

Anability to complete functional tasks that would normally beiaivike tolerating light/noise, engaging in

exercise, reading a book, or regulating balance/gait can be impaired by mTBI/SOBI induced disruptions in
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neuronal networkg61]. In Chapter 5 the Brain Gauge was used to evaluate the ability of the

somatosensory cortex to detect differences in light vibrations tofthgertips This testing paradigm is

meant to provide an indirect method to make inferences about the processipacis and functional
connectivity of the braif317, 417] Conversely, in Chapter 6 physiological and biomechanical data was
collected directly during a testing protocol that simulated dayday tasls (aerobic exercise and regulation

of balance/gait) that patients commonly report are impaired p8€B[61, 75, 138] Comparing the

outcomes of Chapters 5 and 6, the findings of Chapter 6 provide a strong example for the value of acquiring
objective data during functional tasks that are disrupted by SOBI over a paradigm that indirectly assesses
ONI AY FdzyOlA2yd !-HFURAYRHINEBNEY 3EK2 R GNHSY $IT2dzRA y I 6 N
mTBI/SOBI.¢.,functional MRI) that tools like the Brain @pge can be validated against, time may be better
spent identifying existing clinical tests to which an affordable sensor can be added to detect subtle deficits
during these tasks. Chapter 6 indicates the value of the addition of electrocaagiopgand an

acceleromety to treadmill stress testingAnother potential application could be combining the commonly

used Vestibulo/Ocular Motor Screening assessment with eye tracking technology to detect subtle
impairments in eye movemen{d65, 169, 405, 406, 418The advantage of these approaches is acquiring
objectivedata butdoing so diring an assessment that clinicians already use regularly in practice, meaning
there would be minimal increases in the time a clinician would have to allocate to learn and/or deploy the

assessment.

One further lesson that Chapter 6 provides is the valiugtiising a complete timseries signal. In works

that were used as rationale for Chapter 6, electrocardiogram and accelerometer data were analysed using
metrics that summarised the entire signal as a single metric such as the standard deviation-& the R
interval[12, 124Jand sway volum¢§L27]. While this approach makes for simpler statistical analygis (
independent ttests) it does not make use of the whole time series and runs the risk of losing important
features within the signal that may contain valuable information. Given timepbexities and heterogeneity

of SOBI, it is logical to speculate that our knowledge of these intricacies would increase more rapidly by
utilising the entire signal, rather than reducing a large number of datapoints into a single summary
measure. Advances imachine learning algorithms allow whole signal analysis and present an exciting
opportunity for collaboration between clinical researchers and data scientists. Overall, further development
and validation of the insights gained from Chapter 6 may leahtobjective, accurate, generalisable, and
easy to implement method of assisting the identification of SOBI patients requiring different treatment
pathways. Such a method could be particularly useful when geographical and socioeconomic barriers

hinder refaral to a specialist clinic.

BDNF is a key regulator of neuroplasticity which provides the biological substrate for neurorehabilitation
[129, 384, 385]0ne of the studies reviewed in Chapter 4 showed that a diet containing a high amount of

anti-oxidants from blueberries led to increases in BDNF that were associated with improved behavioral
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outcomes in animalsgst-TBI not observed in the control gro(@26]. Additionally, two studies included in
Chapter 4 reported increased BDNF levels in animals compared to control folbb®iAg enrichediet

[151, 242] These studies highlight BDNF as a biomarker of interest to evaluate whether a nutritional
interventionlike DHA supplementationpregulates neuroplasticity following SOBI in a way thahinig
improve recovery outcomes. BDNF is typically measured in humans via serum and plasma samples
collected by invasive blood draws. The logistical constraints of acquiring blood combined with the fear of
needles within the population represents a considdeabarrier to understanding the role of BDNF in the
recovery of SOBI patient867, 379] In two previous pilot studies conducted as part of my Ma3tdegree,

| measured salivarBDNF concentrations in healthy controls and individuals with persistent-releBd
symptoms before and after an exercise progr@wl, 419] There were noteworthy differences in mean
salivaryBDNF concentrations between the healthy and mTBI sample both before (mTBI approximately half
of healthy) and after (mTBI approximately one quarter of healthy) the interveridii, 419] In these pilot
studies, saliva samples were acquired unkighly controlled conditions which is generally recommended
when measuring concentrations of proteins like BDNF via 488 366] Having observed these
preliminary differences in salivaDNF concentrations between participants suffering witffiBirelated
symptoms and healthy controls in my Magi&erChapters 7 and 8 of this thesis were conducted to evaluate
if measuring BDNF neinvasively via saliva under clinically realistic conditions could be used to track and

understand differences in SOEcovery outcomes.

In Chapter 7 an experimental methodology was developed to explore how timing of sampling and delays in
sample storage over the course of normal clinical hours (627000) might influence the interpretation of
intra-individual change in salivanBDNF concentrations. This was necessary because strict control over
timing of sample collection and subsequent delays in storage were not feasible in the specialised outpatient
clinic where data collection for Chapter 8 took place. For exangpatient might present for their initial
assessment and provide a saliva sample at 09:30 in a fasted state, whereas thehufobppointment

may be scheduled at 14:00 and they may have eaten lunch shortly before providing a sample. Due to a lack
of laboratory resources at the clinic, the samples would have to be stored on ice until the end of the clinical
day when they could be transported to an-gffe laboratory to be processed and placed in kbewgn

storage at-80°C. Assuming samples arrivedla lab by 18:00 this would mean that the sample from the

initial assessment was stored on ice for ~8.5 hours, whereas the faljosample would have been on ice

for only four hours. The experiment in Chapter 7 was necessayatwate if similar trends intra-

individual variation of salivarBDNF concentrations were observed betwdalthy participantsto inform

whether within-participant timepoint to timepoint comparisons could be madeChapter 8 when samples

were acquired under clinically realisttonditions from SOBI patients. The resaft€hapter #rom healthy
participants suggest that measurement of BDNF protein concentrations via saliva is not a valid or practically

advantageous means of accurately comparing Hinidividual changes in BDX#®Bm one timepoint to
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another.Chapter 7 also highlighted the risk of sampling error when trying to measure BDNF in saliva
collected via passive drool under clinically realistic conditions. Even with these negative findings, given the
low sample size infapter 7 and that no study had evaluated whether saliMBBNF relates to mTBI/SOBI

symptom burden a clinical investigation into the potential utility of saliMBDNF was warranted.

Chapter 8 was the first study to investigate whether relationships eristeen BDNF (measured by blood

or saliva) and SOB¢lated symptom reports over the course of clinical recoverychar relationships

were observedetween salivanBDNF concentrations (measured via passive drool under ecologically valid
clinical condiibns) and SOBElated symptom reports measured atultiple timepoints throughout clinical
recovery Valid and reliable execution of the biochemical assay to quantify BDNF in saliva was achieved in
both Chapters 7 and 8. Building on Chapteh@, host plaisible explanation for these unexpected findings

in Chapter 8vasthe inherent risk of sampling error when measuring BDNF in s&wemn though both

Chapter 7 and 8 produced findings in contrast with a priori expectations, both of these works are valuable
contributions to the literature. When explaining to participants in Chapter 8 why they were being asked to
provide a saliva sample, and that a blood draw was the alternative method of measuring BDNF, the
majority of participants expressed they would na@ve volunteered had there been a blood draw, which is

in agreement with previous reports about the fear of need&&7, 379)] Had valid and accurate nen

invasive measurement of BDNF protein concatitms via saliva been observed, it would have provided a
means to expedite our clinical understanding the role of BieHiated neuroplasticity plays in recovery

from TBI and other neurological injuries/conditions. As it stands, evidence provided iChaiters 7 and

8 about the risk of sampling error when measuring BDNF via saliva should discourage future researchers
from allocating time and resources to attempt to answer their neuroplastiglgted hypotheses with this
method. Chapters 7 and 8 higilited that a clinical solution to acquire a large number of biological

samples from which BDNF can be measured to answer research questions like those within these chapters
remains elusive. Overall, based on the abundance of promising findings from shatieseasured BDNF

in neurological populations in blodd29], concluding that no relationship exists between BDNF and

symptom burden throughout clinical recovery pé&3DBI would be premature.

Future directions

Asmentionedin Chapter 1, thishesisintended to culminate with an investigation into the feasibility of a
nutritional intervention to positively alteBOBI patients at higher odds of longecovery trajectories post
SOBI, but the lockdowns caused by tl@\MID19 pandemidorced this final study to be omittedVhile
Chapter 4 highlighted risk of bias and issues with biofidelity of findings frorolipreal studies evaluating
nutritional interventions for TBI, there was sufficient justification to being@pg the feasibility of a
nutritional intervention to complement current clinical best practice management of SOBI. Chapter 4

highlighted. -3 polyunsaturated fatty acidspecifically DHA) @ intervention tocombatinflammaton,
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reduce oxidative stres assist in cell membrane repair, and restore impaired neurotransmifslowing

brain injury. Multiple reviews have discussed the mechanistic rationale for. whipolyunsaturated fatty
acidsshould positively benefit the recovery of TBI patiej@$4, 293, 420, 421put no study has evaluated

the effectiveness of this nutritional intervention pestTBI/SOBI in humans. Supplementation witl3
polyunsaturated fatty acidis widely considered safe and has been evaluated in clinicalfoials

I £ T KSA Y S Nahdas ablintérdeftighitaiaid athletic performance and recod82, 423] Overall, a
clinical trial to investigate the efficacy of3 polyunsaturated fatty acid supplementation to improve

recovery following SQRppears justified, however, before doing so thasibility of adding -3
supplementation to current best practice must be evaluat&gpendix 2 provides a complete research
protocol for the feasibility study that was supposed to conclude this thesesmiin aim of the feasibility

study was to identify the strengths and weaknesses of the proposed methodoregiidd of

administration, timing, dosage, and duratjao inform the design of future clinical trials. The secondary

aim was to provide preliming evidence about the efficacy of the intervention on clinical and
neurophysiological outcome measures compared to placebo. Neurophysiological outcome measures were
a key feature of this feasibility study as the study would likely have been underpowededetct clear
differences using clinical outcome measures, whereas the neurophysiological measures were meant to
allow comparisons with a higher degree of sensitivity. SaliB&¥NF and Brain Gauge somatosensory
assessments were meant to be the neurophiagical outcome measures for these comparisons, as the
animal research showed-3 supplementationincreased BDNF levels while reducing the damaging effects
of TBI that lead to impaired neurotransmissi@i8, 234, 238, 242, 243, 248, 252he results of Chapters

5, 7, and 8 clearly indicate that these measures would not have provided useful data to evaluate the effect
of . -3 supplementatiorto improve SOBI recovery outcomes. The feasibility study presented in Appendix 2
desaves to be conducted in the future, but refinement of neurophysiological outcome measures is

required to address both research aims.

The simplest solution would be to acquire venous blood samples at each timepoint in the feasibility study
to evaluate BDNEnd other circulating biomarkers, but as discussed at length, this would make recruitment
more challenging367, 379] As outlined in Chapters 7 and 8, research into the validity and reliability
guantifying biomarkers like BDNF using capillary blood collected via finger prick is warranted. Alternatively,
salivarymicroRNAs appear more resiit to the limitations of salivarprotein concentrations and offer

exciting potential as a biomarker for future investigations like the one suggested in Appdf8ix6D,

424)]. Chapter 6 provides an example of how to collect valuable objecéiueophysiological data during a
clinical evaluation of functional tasks that are commonly impaired-3@3BI. Further development of how

to use sensors during treadmill stress testing to classify different subgroups of patiertsasted and

may also lad to a method to track changes in impaired autonomic function and sensorimotor integration

overtime. Pairing eye tracking technology with the Vestibular/Ocular Motor Screening or an accelerometer
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with the Balance Error Scoring System may also provide sneagollect high resolution objective data

with minimal disruption of clinical flow.

The diversity of the studies within this thesis have identified several further recommendations for future
animal studies and clinical investigations. Due to the diffees in lifespan a more thorough understanding

of the temporal profile of TBI pathophysiology between animal models hice and rats) and humans is
needed[281]. For example if the temgral profile of TBI pathophysiology is related to lifespan then

initiating an intervention one hour poshjury in a rat would be analogous to beginning the intervention
approximately one day poshjury in a human which could be clinically feasi2i@l]. However, if TBI
pathophysiology is independent of lifespan positive outcomes from an animal study where an intervention
began one hour following TBI would have limited biofidelity. Advamcenderstanding of these temporal
relationships could significantly improve interpretation of how findings from animal models of TBI relate to

patient outcomes.

There is a general need for future studies evaluating new outcome measures or intervdations

mTBI/SOBI to be conducted under more clinically representative conditions. Section 2 provides several
examples of how different findings can be when research occurs in highly controlled settings versus under
ecologically valid conditions. Of coursentrolled research is necessary to develop a new
measure/intervention, but if the intent of the research is to demonstrate the potential of the method to
improve clinical practice this needs to be reflected in the design of the stadytiine constrains, limited

exclusion criteria, no baseline testing, etc.).

Many of the studies that were used as justification for the investigations in Section 2 Part B only provided
within-group and betweergroup differences usingtests and analysis of varianfk2, 122, 124, 127, 128,
133, 135] The literature would benefit from more studies that incorporate discriminative and prognostic
modeling techniques in addition to/in favor of null hypothesis testing. These modeling techniques provide
metrics (sensitivity, specificity, positive predictivaue, negative predictive value) with which many
clinicians are familigi353, 354] and provide insight into how thatubcome measure might help the

clinician diagnose or predict the recovery outcomes of a new SOBI patient.

Overall, Section 2 of this thesigyhlightedthat the translational potential of neurophysiological

approaches (at least those evaluated) to advadadcal management of SOBI in the near future is low.
Incorporating sensors into existing clinical tests appears to be the most promising avenue and further work
into the combined application of wearable sensors and machine learning algorithms may leadeto

objective means to assist clinical decision making. But imba&ntime an acute model of care delivered by
trained clinicians is this most promising candidate to reduce the proportion of SOBI patients who go on to

experience prolonged symptom bundend reduced quality of liféNearly all SOBI patients who presented
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to an acute specialist SOBI service were recovered by eight weeks. However, this clinic was in New
BSItlFyRQa fFNBSald OAGe g-HiSipiBarykedm workiagideld dideARededch (i 2
is needed to determine how to scale an acute clinical model like the one in which this PhD was embedded
so it can be deployed in smaller more remote communities where it may not be possible to have multiple

clinicians fully dedicatetb treating SOBI patients working in the same space.

Limitations

Assumptions, methodologies, and analytical approaches that could be viewed as limitations of each
individual study within this PhD have been discussed at length within each respectivercAapavoid
repetition of these limitations, this section acknowledges six main limitations that are common across

multiple chapters of this thesis.

First, with the exceptions of Chapters 2 and 4, all findings were generated from samples of patients who
experienced mTBI due to a spantiginated cause. Given SOBI accounts for only ~20% of all mTBIs, the
generalisability of these findings to the broader mTBI population is unclear. Although all injuries were due
to sport, the samples were inclusive for agex, andore-diagnosed psychological conditsiinesses

(attention deficit hyperactivity disorder, anxiety, depression, or any other mental health conditidrich

may improve generalisability to the wider population.

Second, data for Chapters 3, 5,ahd 8 were collected in a specialist clinical environment that may not be
reflective of general practice. In this model SOBI patients typically presented for initial clinical assessment
four to 14-days postinjury depending on scheduling constraints salings may not apply to clinical
environments that see patients on the day of injury or in clinics that see patients with more chronic issues
several weeks/months following SOBI. The proportion of participants who experienced longer recovery
trajectoriesmay be inflated in these samples since the patients were those who presented for specialist
care. Alternatively, the positive recovery outcomes associated with this model of care may be over
optimistic than what would be obtained through a nepecialist pthway. Chapters 5, 6, and 8 were
specifically conducted to try and identify methods that would assist clinicians with more general skillsets

who work with SOBI patients.

Third, the analyses and interpretations in Chapters 3, 5, 6, and 8 were all lalipgaty on symptom

reporting. Throughout this document the limitations and issues with symptom reports, specifically in SOBI
patients, have been discussed including: the specific nature of common mTBI/SOBI related symptoms

and their cemorbidity with other conditiong29, 30, 32, 886]; delayed onset of symptoni43]; andthe

tendency in athletes to minimise symptof#®8]® Ly GKS OFrasS 2F Y¢.Lk{h.L al
necessarily mean completely symptom frae some sympims commonly associated with mTBI are

prevalent in healthyndividuals[83-86] (Table5.1), therefore within asymptomatic was defined as

174



symptom severityks for males andip for females within the SOBI service participants recef88d315]

Any one of the issues could influence the interpretation of the results of these studies. Yet, despite these
limitations symptom reports are still the main tool clinicians and researchers havertagaand

understand outcomes in SOBI patief@9, 43] Until the identification of a mar objective outcome

measure SOBI research will continue to rely on measurement of symptoms.

Fourth, 14days postinjury was set as the threshold to differentiate between patients who experience

Oft AYAOIf NBO2OSNE 6AGKAY @& WS goosth &dSefeincd prélonged YS T NI Y S
symptom burden in Chapters 3, 5, and 8. This threshold was based on figures from previous consensus
statements that suggested 800% of SOBI patients should be clinically recovered by this milef@8he

but recovery may be expected to take up to one month for children and adoles@jtI hese guidelines
indicate that if SORielated symptoms persist beyond these timepoints then patients should then be
referred for specialist evaluation. It was my belief that allowing children/adolescents to experience
debilitating symptons for a month before initiating referral for further treatment was inappropriate, thus a
more conservative prognostic threshold of-ldys was applied to all participants. Days until asymptomatic
was the key criteria used when determining which threshalikl a participant received as symptom
normalisation was a main factor when determining clinical recovery within the service where participants
were managed. Scheduling constraints meant that the number of days until asymptomatic recorded within
each datast typically relied on the participant to sekport what day their symptoms resolved which was
confirmed by the SCAT symptom scale on the day of their final appointment. Inaccuracies in the reporting
of days until asymptomatic could have influencedlggas. Another limitation of a binary threshold is it

sets a discrete boundary that may lead to arbitrary differences in labelling for participants who ultimately
experienced recovery in a similar amount of tiiree, 13 days versus 15 days. However, 75% of the
participants in Chapter 3 who were above thédaythreshold required 19 or more days to recovery,

which suggests this threshold does a good job separating different recovery trajectories. The difference
betweenl14 and 19 days to recover may seem trivial, but this could mean an extra week of school/work
missed which | believe to be a clinically meaningful amount of time. Overall, it may be worth evaluating

multiple thresholds in future investigations to see hdvistinfluences findings.

Fifth, had stricter inclusion/exclusion criteria and methodological control been prioritised over ecological
validity it have reduced the amount of noise and variability in the data and led to positive findings for
Chapters 5, 7and 8. But as outlined, outpatient clinical environments often do not have the resources to
perform baseline testing, optimally collect biological samples, nor the ability to withhold treatment from a
LI GASY(d ¢K2 KIFa | & QeegtisrddiyitRypgtattvity GigosdétThdifihdngs of A | S
these studies provide an example of the challenge presented to researchers to identify assessment tools

that provide valid and reliable results under r@abrld constraints.
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Finally, neurophysiological acames were not directly evaluated in Chaptef8.3nstead, the framework
provided inFigurel.1 [61] was used to identify peripheral assessment targets that woldthaihferences to

be made about the upstream network and cellular environment following SOBI. This approach was adopted
under the assumption that peripheral measurées.(sensitivity to tactile stimulus, acceleration during gait,

and salivarsBDNF) arenifact representative of the state of the central nervous systee, functional
connectivity, sensorimotor integration/vestibular function, and neuroplasticity). Direct measurement of
these neurophysiological functions would be optimal, but currentgsthmethods are either highly

invasive i(e., ex vivoevaluation of slices of brain tissue from rodents) or underdeveloped and extremely
expensivei(e., functional MRI or diffusion tensor imaging). As it stands, peripheral measures are the most

feasible neans of gaining insight into the neurophysiological environment within the brain folle®Mi8|.

Conclusions

This PhD aimed to evaluate how a diverse collection of evolving neurophysiological approaches to assessing
and managing mTBI might translate fromnigh to bedside for SOBY answering the questions ¢ K I (i
FILOG2NR Ay TFfdzSyOS (GAYS G2 NBO2@OSNR F2tt2¢6Ay3 {h.L
YSAdZNRP LK@ aA2f 23A0FT | LILINRI OKS&a G2 | RGlIyOS Ot AyAOl f

be derived from this PhD are as follows.

Section 1 showed that insufficiencies in clinical pathways to be the greatest modifiable factor that
influences recovery outcomes peSOBINn New ZealandA lack of a thorough assessment can lead to a
patient witha history of SOBI to experience debilitating symptoms for years from a potentially unrelated
cause. Conversely, an acute model of care delivered by clinicians who are experienced with SOBI can
significantly reduce the number of patients who go on to exgrare symptoms beyond eight weeks. How

to scale and implement such a clinical model in smaller communities without specialist cliniciace#s
andrequires further attention. Identification of subgroups of SOBI patients based on their PSC appears to
be another key factor related to recovery. Patients with vestibotmlar symptomology appear particularly
vulnerable to negative outcomes, therefore there is a need to educate and train clinicians with how to
recognise and treat these symptom profiles meféectively. Overall, current best practice relies heavily on
clinical experiencel/training and honest symptom reporting on behalf of the patient and would benefit from
more objective methods to assist clinical decision making. Section addsalto growingthe body of

literature indicating that figures claiming the majority of SOBI patients will be recovered-thgys4post

injury are out of date and require updating as it appears closer to 50% of patients will experience

symptoms beyond this timeframe.

The hope for Section 2 was to provide practical recommendations to clinicians in regards to proactive

interventions to reduce the proportion of patients who take >days to recover and objective assessment
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methods that could assistliagnostic and prognoist decision making; accurate classification of SOBI
subgroups that have different underlying impairments responsible for symptomology; and understanding
why some patients recover faster than others. Instead, Sectioigl@lighteda number of methodological

issues that are likely to prevent the translational of neurophysiological approaches to the benefit of current
clinical practice in the foreseeable future. Nutritional interventions, in particut8molyunsaturated fatty

acid sipplementation, appear to have merit as a potential method to reduce the secondary damage of
mTBI/SOBI in a manner that might reduce the amount of time required to recover but the biofidelity of the
animal models providing this evidence is low. Neitheivaa}-BDNF or Brain Gauge somatosensory
assessments appear to offer utility to improve clinical assessment of SOBI, nor to evaluate the potential
benefit of . -3 supplementation. The potential value of using wearable sensors and machine learning
algorithmsto collect and analyse objective data during an already established clinical test is the most
promising finding of Sectiod butrequires a great amount of development. Overall, the evidence does not
suggest that nutritional interventions or neurophysiologl assessments will be coming to the aid of

clinicians and their SOBI patients in the future. It has been said that approximately 17 years elapses before
novel evidence is integrated within clinical practid25-427] The findings of section 2 providlexamples

as to why translation of promising initial findings into practice can take so kngre studies need to

prioritise study designs that emphasise biofidelity and ecological validity so that findings are more likely to
translate. In the interim, responsibility falls on healthcare organisations, educational institutes, and sporting
bodiesto improve the education, standards, and pathways moving forward to reduce the burden caused by

persistent complications following SOBI.
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Reflections

Clinical lessons and observations

An advantage of being embedded within a functioning clinical environfioerat large part of this PhD is

the knowledge | have gained through interactions with hundreds of mTBI/SOBI patients, and countless
conversations with clinicians, researchers, administrators, athletes, and parents that extends beyond the
findings presentd in Chapters 2 through 8. This section is meant to synthesise two key observations that
evolved as a result of these interactions, which are not directly related to the specific research questions of
this thesis but are relevant given the overall themeryf work is to advance the management of SOBI.

These lessons are based on my own observations and opinions which | believe deserve to be documented

so that they might be considered/investigated in the future.

There appears to be considerable issues withsistent and accurate coding of mTBI in New Zealand. Only
physicians can diagnose concussion/mTBI, but at the clinical service where data collection took place
referrals were received from general practitioners, emergency department physicians, scheed,ramd
physiotherapists. Of the patients who | assessed that were referred to us by another healthcare
professional injury codes included neck sprain, head contusion, concussion, head injury, and mTBI. In the
context of our SOBI service, many referrame from physiotherapists who performed an-field

assessment during training or competition and recognised the signs and symptoms of mTBI but had to code
neck sprain or head contusion to submit their Accident Compensation Corporation referral forms. Thes
examples of the variability and inaccuracy of mTBI coding highlight that the prevalence and burden of these

injuries is likely being underestimated.

Similarly, | observed inconsistencies in the advice healthcare practitioners provided by patientdrederr

our service. Generally, patients who were referred by a general practitioner or emergency department
physician were instructed to rest until their symptoms went away. Conversely, some of the patients who

had been referred by physiotherapists had beéesiructed to rest for the first 48 hours, but then to

gradually reintegrate cognitive, physical, and sensory load. Scheduling constraints meant that some
patients did not present for initial assessment at our service until approximately two weekspogt so

patients who received out of date recommendations engaged in a prolonged period of cognitive and
physical rest. Many of these patients were confused when we explained that progressive loading was key to
their rehabilitation as this conflicted witthe messaging from their first point of contact. The Accident
Compensation CorporatioBporiSnart guidelines likely compound this confusion as they also still

recommend athletes who sustain SOBI rest until they are symptom free.
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Collectively, | believenese two examples indicate a need to empower physiotherapists in the rehabilitation

of mTBI/SOBI. Firstly, it is understandable why mTBI diagnosis must béoyreagéysician, as they are

best equipped to rule out more severe neurological sequalae. lodisg context, physiotherapists are

much more accessible than physicians at a grassroots level and are present at many games and
G2dzNY I YSy(dlad LT LIKeaA2GKSNILIAA&AGA O2dzxZ R dzaS | & LINR
could be later confirrad by a physician it would allow more accurate estimation of the prevalence of these
injuries in New Zealand. Secondly, given their knowledge and training of how to progressively load injured
tissues and modify exercise programs, physiotherapists aredogspped to develop and deliver treatment
programs for SOBI patients. Based on my observations, the current system disenfranchises physiotherapists
even though they seem to be more up to date with SOBI literature and better prepared to effectively
delivertreatment. There is a need to update and standardise the advice mTBI/SOBI patients receive across
healthcare providers, and efforts to empower physiotherapists to play a greater role in the management of

SOBI are necessary.

Personal reflection

This thesis began with a personal statement about my past experiences with SOBI and how it has led to a
career in research. It only seems appropriate to bookend this document with a personal reflection about

the PhD journey. Over the last three years ldhbegun to think that research topics are like a forest. Each
d0dzRé Aa F €SFFT 2y | OoONRGGES GoATZ odzi I NBaSIHNDOK
of colleagues and collaborators unite to form the trunk of a tree, and a collectivrex creates a forest of
knowledge. It may be cliché but at the outset of this PhD | naively believed that my ideas and studies were
J2Ay3 G2 AYYSRAFGStE® YIF1S Iy AYLIOG a2 GKS 2NRIAY
management of sporoNA A Y 1 SR ONI Ay Ay2d2NBEEDd ¢KSNB gt a | LR
YeasSt¥ IyR Y& g2N] o0SOldAaS 2F (GKS ayS3aridiagSe FAYR

remembered this quote from the late Hall of Fame basketball coach MdNjzoten:

It's often been said that you learn more from losing than you do from winning. | think, if
you're wise, you learn from both. You learn a lot from a loss. You learn what is it that we're
not doing to get to where we want to go. It really gets yaitention and it really
motivates the work ethic of your team when you're not doing well.

At the end of this journey | realise that both losses and wins strengthen my branch in the forest of
knowledge and equip me with the skills and knowledgeessary to conduct high quality and ecologically

valid clinical research in the future. Finally, when | was struggling with my owrr&atBtl complications |
stumbled upon a video from motivational speaker Eric Thomas, in which there was a quotertieat my
lifeandwehdo SAy 3 | NRPdzyR GKI G alFAR &, 2dz KI @S G2 gtyd G2
all the ups and downs of my life so far, | want the concluding words of this PhD journey to be that | feel as

though | can breathe at last.
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Appendix 1:
Additional methodological details
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This thesis adhered to the AUT Pathway 2 format wherein each study was written as a stand alone journal
article to be published in an academic journal. Du@tornalword count limitationsit was not always
possible to include all methodological details in each chapter, therefore the purpose of this appendix is to

provide greatemethodological clarity where not previously communicated.

Clinical model

As mentioned in Chapter 1, data collectifior Chapters 3, 5, 6, and 8 took place during an ACC pilot
program toevaluate the effectiveness of an eviderAwased acute care clinical model for athletes who

suffered a SOBA flow diagram depicting how the clinical model operated isigexin Figoe 10.1

@) axis

AXIS CONCUSSION CLINIC

Patient Enrolment via Blue Card System: aim for
engagement within 48-72hrs

g

STANDARD CONSULTATION - assessed using
Axis Concussion Form protocol by Doctor and Student
- education provided
- written guidance back to team physio / parents

including cognitive rest approach

11

STANDARD CONSULTATION - Day 10 post imjury OR symptom evaluation via

Mobile App
SYMPTOMATIC | | ASYMPTOMATIC
: Exercising at
Commence Active Rehabilitation* 85-90% of
1. Threshold testing using Balke o age predicted >
protocol HR with no
CONSULTATION SPORTS PHYSICIAN exacerbation
* Commence sub-symptom threshold of symptoms
exercise program based on treadmill
testing
*  Review upper cervical spine re need Return to team physio / parents with written
for manual therapy referral graduated return to play protocol
*  Review with vestibular therapist
regarding vestibular and oculomotor

:.‘ \I impairment ﬂ

2 weekly review if not symptom free

S im s -
\‘gf-ltr?jlll]l:gic; retzes:v(;:}l:;] 10 beats ﬂ STANDARD CONSULTATION+:
P od assessed using Axis Concussion Form

= - — - protocol by Doctor and Student prior to
< Daily symptom monitoring via on phone return to contact training as designated by
App sporting organisation return to play

g Iyl

STANDARD CONSULTATION: -

assessed using Axis Concussion Form | Clearance for return to play
protocol by Doctor and Student within

48hrs of being symptom free

Figurel. Clinical pathway for SOBI patients who participated in research as part of this thesis.
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All patients/participants had a minimum of two clinical appointments: an initial clinical assessment wherein
a comprehensive examination was performed by the supervising physician according to exideade
recommendationg43, 75]and at least one followup to determine whether the athlete was clinically

recovered and ready to begin a graduated rettimrplay protocol[43]. Following the initial clinical

assessment patients received education about their injury in lay language including: what an mTBI/SOBI is
and why it isserious, what to expect in terms of recovery, and advice on how to progressively reintroduce
physical, mental, and sensory stimuilipatients presented for their initial clinical assessment in the first 24

48 hours posinjury they were also educated &ngage in cognitive and physical rest for the firs{723

hours before progressively reintroducing stimuli.

Too little cognitive/physical Too. much cognifive/physical
activity = longer recovery activity = longer recovery

“Goldilocks” zone -
controlled cognitive,
physical, sensory

+3 Rule loading

10 —worst
0 - feeling like feeling since
normal injury

Current symptom 5
report - 2/10

Figure2. Framework provided to participants to progressively reintroduce loading-$ax|.

Figure 2 provides a visualisation of how patientseveducated to progressively reintroduce loading
following SOBI. Before engaging in a physical éiezobic exercise), cognitive (i.doing homework), or
sensory (i.e.having lunch in arowdedplace) stimuli patients were advised to assess their current
symptom burden on a scale ofl® (0 representing they feel like their normal self before their injury and 10
feeling their worst since the injury). Once they determined their current stateiaddn, they were

instructed that a slight increase in symptoms b froints on the @10 scale was acceptable but any
increase beyond 3 pointseant that they should take a break or withdraw from that activity. This provided
the patient with a framework ta@ontrol their symptom burden while reintegrating into d&y-day

activities.

When patients presented for their followp assessment they were-evaluated. Those patients whose
symptoms had alleviateaiéfined as symptom severitk p F2 NJ Y I feRales[83), RhoXd mot T 2 NJ

present with any abnormalities upon clinical examination, and who reported tolerance of physical and
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cognitive exertiorbegan the graduated returto-play protocol. Patients who remained symptomatic
completed exertional testing following the Buffalo Concussion Treadmill Testing pri88¢8I0] Based on
their clinical examination, symptom burden, and performance on exertion testing patients received an
individual treatment jian based on the findings and recommendations of the following stydisl4, 43,
75, 90, 91, 946, 106102, 104, 106, 161, 194These patients with prolonged recovery were then
scheduled for a follovup assessment every two weeks until their symptom burden was alleviated

they were able to tolerate normal dap-day activities.

Outcome measures

Tablel provides a summary of the outcomes evaluated in the chapters of this thesis along with the how
the outcome was measured, how long it took to acquire data for each outcome, and the reliability/validity

of each of the tools/techniques that were utilised.

Table 1. Summary of outcomes evaluated throughout the thesis.

Outcome of interest  Measurement tool/technique Acquisition time Reliability + Validity
Symptom burden Sport Concussion Assessmen Reliability + Validity:
Tool 5th version (SCA) 10 minutes Echemendia et al. 2017
Chapters 3, 5, 6, & 8 symptomquestionnaire [65]

Determined based on
criteria presented bylis

Predominant 20-30 minute multi et al. 2015 [67]. Reliability

symptom cluster Clinical examination + sympton

disciplinary clinical and validity not
burden ) o
Chanters 3 & 6 assessment established but criteria
P based on evidencbased
practice.

Cortical connectivity

. Reliability: Tannan et al.
measured via

somatosensory . . 15-20 minute testing 2007 [416]
function Brain Gauge device batter
y Validity: Tommerdahl et al
Chapter 5 2016 [111]

Reliability:Johnstone et al.

During 1520 minute 2012 [336]

exertion protocol as
part of clinical
practice

Autonomic control
BioHarness electrocardiography
Chapter 6 Validity: Johnstone et al.

2012 [337]

Reliability: Johnstone et al

During 1520 minute 2012 [336]

exertion protocol as
part of clinical

Postural control
BioHarness accelerometry

Chapter 6 ractice Validity: Johnstone et al.
P 2012 [337]
Neuroplasticity Optn‘rysed I.ELISA tephmgue 0 2 minutes to collect Reliability + Validity:
quantify salivary brakuerived saliva Mandel et al. 2011 [359]
Chapters 7 & 8 neurotrophic factor '
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Sample sizeonsiderations

This sectiorpresents details regarding sample size estimations that were performed during the planning
phase of each studyat utilised quantitative data analys&gthin this thesisA priori sample sizes were
determined for alhypothesis generatingtudies that prospectively collected data using G*Power

calculationg428, 429]Jor recommendations from the statistical literature (Chapte8)5

Chapter 3

Retrospective clinical data was available from 568 patients who presented with and received treatment for
SOBI from the clinical service within which this Ria3 embeddedSince the objective of Chapter 3 was to
develop a prognostimultivariablemodel to predict the binary outcome >ddhy versusi{ 4-day recovery
trajectory logistic regression was selected as the model of choice. Published guidelines ifditate t
observational studies utilisingultivariablelogistic regression should have a minimum sample size of n =
500 to estimate the parameters of the target populati@30], which was achieved with ouetrospective

sample.

Chapter 5

In Chapter 5 several analyses were performed to evaluate the clinical utility of the three Brain Gauge
somatosensory assessments that were evaluated. The primary analysis for this study/chapter was assessing
the prognostic cagbility of the somatosensory assessments conducted during the initial clinical assessment
to match or outperform theaccuracy of thenodel developed with clinical data in Chapteto3redict >14

day versusf{4-day recovery trajectorySince data were tbe prospectively collected for Chapter 5, we
anticipated that some participants who completed testing at initial assessment may be lost to-égdlow

and therefore their recovery trajectory status may be unknown. We were interested in evaluating if
differences in somatosensory function measured by the Brain Gauge could predict participants who
NBO2@FSNBR Ay (KS GSERICGHEIRE: (KRR B K2F SELBNASH WS R
days), and those who were lost to follewp, as the ability to prdict these three groups would offer clinical

value. Since the outcome was no longer binary we elected to utilise a classification and regression tree
machine learnin@lgorithm to evaluate the prognostic utility of Brain Gauge somatosensory assessments.
Previous work utilising simulations indicated that with a minimum sample size of 80 annotated

observations classification machine learning algorithms can yield predictions@®@® accuracf431];

therefore, the minimum target sample size for Chapter 5 was n = 80 participants with initial assessment

data.
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The secondary analysis wasassess the individual utility of each Brain Gauge somatosensory task to
discriminate between participants who sustained SOBI and a reference sample of pooled data from
previous investigations that used healthy contradsivariable logistic regressions weemnsed to evaluate if

task performance could accurately discriminate between healthy controls and SOBI participants. Based on
sample size tables presented by Hsieh, a minimum total sample size of 164 (with equal proportion of
healthy and SOBI cases) woaldo be satisfactory to detect an odds ratio of 1.5 or greater with0.05

and 80% powef432].

The final analyses in Chapter 5 evaluated within and betwgenp performancedifferencesfor the Brain
Gauge taskdUsing G*Power 3.1 a priori estimation indicated a sample of n = 54 would be necessary to
detect a difference between task performance at initial assessment and clinical discharge with a moderate
effect of 0.4 = 0.05, and 80% power. To detect grougedi#nces between participants with SOBI and a
simulated healthy control sample with a moderate effect of 0.4,0.05 and 80% power a total sample

size of n = 208 was estimated by G*Po8, 429]

Chapter 6

To evaluate whethefeatures withinphysiological and biomechanical data could discrimitegisveen

SOBI patrticipants who had a predominantly physiological versus vestibular symptom profile a
convolutional neural network machine learning algorithm was utilised. Téiielreot appear to be any clear
recommendations for sample size considerations for these types of machine learning algorithms using time
series dataAdditionally, since Chapter 7 was the first study to explore this objective threre no prior

studies from which to base our sample siReevious work has usetdearable accelerometers and machine
learning to classify different human activities such as gjitgianding, walking, running, etc. It appeared

that accurate human activity classification (>80%) could be achieved with time series data from as few as
five participants, which has been recently summarised in a comprehensive review by Narayanan et al.
[433]. Based on these findingsur minimum target was to obtain data from five SOBI patrticipants with

physiological symptomology and five with vestibolcular symptomologyor Chapter 6

Chapter 7

In Chapter 7 two experiments were conducted fisssess how the time of day at which saliva samples
were collected contributes to intrandividual variation in salivafgDNF concentratiorend second to

evaluate the stability of salivasBDNF when imndiate processing and storage is not possiBadgeting
constraints meant that the sample sizes for each experiment were limited based on the amount of
consumable materials that could be purchased within the budget. Since the two experiments in Chapter 7
were in effect reliability studies, sample sizes for each experiment were basthe guide to determine

sample sizes for intraclass correlation coefficients (ICC) presented by Bujang & Bptg&timhis guide
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indicated that for obtaining five observations per subject in Experiment 1 a minimurd sliBjects would

be necessary to detect moderate to good reliability (ICE®BHwith 80% power. Since Experiment 1
included bah males and females we endeavored to collect five saliva samples from five males and five
females for a total of 50 sampleBue to consumable restraints we only planned to investigate the stability
of salivaryBDNF at three time points instead of fivéeTguide indicated that for three observations per
subject4-8 participants would be necessary to establish moderate to good reliability (I€C8)with 80%

power.

Chapter 8

Since Chapter 8 was the first study to explore the relationship between BRiN§ymptom burden
following mTBI/SOBI we hypothesised that a negative linear relationship would exist between these
variables. Using G*Power 3.1, a minimum sample size of n = 46 observations would be necessary to
establish a moderate bivariate relationst{ip4) between BDNF and symptom burden with 0.05 and
80% powelf428, 429]

Additional notes regarding sample size

Data collection for Chapter 5, 6, and 8 all took place in parallel while embedded within the clinical service
describedearlier. Data collection was to coincide with rugby season as this was when the clinic had the
highest volume of new SOBI patients pnetseg for management (~205 new patients per weeklJsing

the sample size considerations for easftthe chaptersoutlined abovethe aim was to obtain data from a
cohort of 120 participants. Based on the time constraints of a PhD, and an anticipatedimecit rate of

50%, a period of five months was allotted for this data collection. Based on previous data that showed 94%
of patients would be recovered by 8 weeks pogtiry we planned to bring new participants into the study
for the first three monthof data collection, leaving the final two months to follow the last participants
recruited until they were recovereddditionally, since Chapter 3 demonstrated that 50% of participants
experience symptoms beyond 14 days and that within the clinical madglpatients/participants who
remained symptomatic beyond 1D4 days performed exertion testing we anticipated a maximum sample

size of n = 60 for Chapter 6.

All the chapters utilising quantitative data analyses achieved the minimum a priori sampdscipd

Chapter 5. The prognostic and discriminative analyses were slightly underpowered with data analysed from
n = 79 participants rather than >80 participants. Data were collected from 85 participants, but malfunctions
with the Brain Gauge meant that dafrom six participants was not available fbeseanaly®s. Both the

within- and betweengroup comparisong Chapter Svere also underpowered which may haaffected

the results that were reported.
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¢CAGE SY aCSI Brupplemaniaton if FporeutédInTB
[F& GAGE SYEAIBEABGSDRY OdzaaA2y NBO2 SSNBEKE

Coordinating investigator: Josh McGeown
Primary contact and cénvestigator: Professor Patria Hume

Coinvestigators: Dr Ken Quarrie, Dr Alice Theadom, Dr Stephen Kara, Dr Mark Fulcher, Hannah Crosswell

Research protocol and methodology

Rationale

Our recent study suggests that approximately 50% of patients with splated mild traumatic brain injury
(SRmTBI) will take >1days to achieve symptom resolution even when they have received current best
practice from a dedicated SRTBI clini¢316]. Extended recovery timelines place additional burden on the
medical system and on the patient in the form of digied daily activities and prolonged symptomology.

To date, no pharmaceutical interventions have the capacity to mitigate the secondary phase of injury
following SRNTBI characterised by disrupted neurophysiological mechanisms responsible for normal brain
function as pharmaceuticatan only target one neurophysiological pathway. Nutritional strategies
demonstrate therapeutic promise to attenuate a number of neurophysiological impairmentsmjaost.
Specifically, prelinical evidence demonstrates ome@datty acid supplementation following brain injury
cancombatinflammaton, reduce oxidative stress, assist in cell membrane repair, and restore impaired
neurotransmission. Omega supplementation is widely considered safe and has been evaluated in clinical
GNRFEA Ay FOKESOGAO LRLMzZ FdA2ya f2y3a gA0GK OFNRAZ2OD
clinical trials have been conducted followingt8RBI to evaluate omega supplementation effect on
mechanisms responsible for symptom burden. Basethis evidencea clinical investigation into the

potential effect of omega supplementation to attenuate impaired neurophysiology and improve recovery
outcomes following SBTBI is warranted. However, the feasibility of adding orr@gapplementation to

current best practice must be evaluated before initiating a large scale clinical trial.
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Questions

Can seven days of ome@asupplementation following sporelated mild traumatic brain injury (SRTBI)
complement current best practice fpotentially reduce the proportion of patients that experience

complicated symptom recovery?

What are the strengths and weaknesses of the method of administration, timing, dosage, and duration of

omega3 supplementation posERMTBI?

Aredifferences in clinical and/or neurophysiological outcomes measures observed between the-8Bmega

and placebo groups?
Purpose

The purpose of this study is to evaluate the feasibility of integrating om3egjgpplementation into current
clinical best practicéor the management of SRTBI. Subsequently, the main aim is to identify the
strengths and weaknesses of the proposed methodology to inform the design of future clinical trials
evaluating the potential effect of omegasupplementation to reduce the propion of SRMTBI patients
who experience complicated symptom recovery. This investigation will provide preliminary evidence
regarding the effect of omega supplementation on clinical and neurophysiological outcome measures

compared to placebo.
Participant and recruitment

Participants in this study will be deidentified patients presenting-an$RI toan ACC funde®RmTBI

clinic. A poster advertising the project will be placed in the waiting room ottimécto inform potential

participants of the projet. The first 3840 willing participants who meet inclusion criteria will be selected to

participate if they were diagnosed with SRBI bya physician with speciality in the management of SR

mTBI within one week of their injur{dnce the physician conclesl the initial clinical evaluation, patients

who appear to meet inclusion criteria will be verbally informed of the study by Josh McGeown and asked if

they would like to receive more information. Interested patients will receive the information sheet éind w

have to opportunity to ask Josh McGeown questions about what participation entails. If patients wish to

participate in the study, written informed consent will be obtained. Following consent and entry into the
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study participants will be randomisendtd the omega3 supplement or placebo group. No other patient
sampling method will be performed to increase the number of participants-péoticipation in the study
will not affect patient assessment or treatment in anyw8ge Appendix A. for a flowchatetailinghow
the research fits within clinical practice and what will happen for patients whordim not wish to

participate.

Inclusion/Exclusion

Participants will be included if they are suspected to have sustaineenal®Rduring sport or physical
activity, resulting in a referral to the ACC funded Axis Sports Concussion Clinic and diagnosedn@ith SR
by Dr Stephen Kara or anothéiicphysician. Both males and females aged 16 years and older will be
eligible for inclusion. Specifically, paipants in this study will be SRTBI patients who present for SR
mTBI evaluation a dedicated SR1TBI cliniavithin one week of their injury and who, based on their initial
clinical evaluation, appear likely to take >ddys to experience symptom resdlu which represents a
complicated recovery trajectory. This will be determined primarily by clinical judgement of the supervising
physician, and assisted by a predictive model developed from historical clinig3d&iaThis criteria is
necessary because hisical data indicate approximately 50% of patients will experience complicated
recovery despite receiving best practice management. Hence the aim is to evaluate the feasibility and
utility of omega3 supplementation to reduce the proportion of individualio experience >14 day
(complicated) symptom recovery. If ome8aupplementation shows promise in this regard, it may serve
as a useful strategy to decrease the burden of complicatech®BBI for patierd themselves, and on the

healthcare system.

Participants will not be eligible to participate if they present for their initial appointment more tbae
weekafter their injury. Following SRTBI impairments in mechanisms that regulate normal brain function
are presentfor approximately for approximately idays postinjury;in some individuals these impairments
are hypothesized to cause unfavourable compensations which underly persistent symptearefore,
theoretically omega3 supplementation within this window may assist in resolving these impairnagsats
prevent subsequent issueRarticipants will be excluded if they report hypersensitivity/allergy to fish
and/or shellfish as the omeg@s in this study will be derived from fish sourcadditionally, if participants
report a known lactose intolerancéey will be excluded because the drink preparation contains lactose.
Participants will be excluded if they have a-liagnosed mental illness, or if they have a-gragnosed
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neurological condition (i.e. epilepsy, cerebral palsy), or if they are cilyreking any blooghinning
medication.Finally, pregnant women will be excluded as there is presently no evidence to support the

safety of the omega& dosage proposed for this study during pregnancy.
Methods

Initial clinical assessment

During the initialSRMTBI cliniconsultationclinicianswill conduct standard clinical service delivery to
evaluateSRmTBI injury characteristics, patient sociodemographic characteristics, patient injury history,

and any otler clinically relevant information. Next, participants will be asked to complet&Stiaat

Concussion Assessment TA®CATH0 quantify elements of patient history, SRTBI symptom

examination, and brief screening of cognitive function. As part of stahdanical service, all
patients/participants will receive: SRTBI education to better understand their injury; and written

guidance will be provided to the patient regarding cognitive and physical rest strategies for the initial phase
of SRMTBI recovey.

After completing standard clinical service delivery, patients who meet inclusion criteria and consent to
participate will be randomised into either the ome8asupplement or placebo group. Following

randomisation, participants will complete additiomakasures for research purposes. First,ithe

bodyweight will be measured and they will be asked to complete a brief questionnaire (4 questions) to gain
insight into some of their habitual eating habits. Second, once the questionnaire is completed paisicipa

will provide a small saliva sample (~2mL) via passive drool. This saliva sample will be immediately placed on
ice and transported to a freezer to preserve the sample until analysis at a later date. Lastly, participants will
complete Brain Gauge testingequiring approximately 10 minute® evaluate somatosensory function

(See Figure 1.Jo avoid overburdeningliniciansin a busy clinical environment, collection of all research

related measures will be conducted by primary researcher, Josh McGeaowprivate area within the

Ot AyAOo {LISOATAOA NBtFGAYy3 G2 2dz2id02YS YSI adaNBa |
2dzi O2YS YSI adaNBa¢ aSOGA2y o0St2gd {0l yaRmiNgs Of Ay A OF
during the initial assesment, participation will include an additional-28 minutes to obtain consent,

collect the research measures, and provide the participant with theiega3 supplement or placebo.
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When patrticipants have completed the additional research measureg,whilebe provided with their
allocation of eitheomegao 2 NJ LJX | OS62 2dzA OS oOoRSGlFIAfa 0St26 Ay q
drinking their respective juice (outlined in the participant information sheet)beilexplained verbally

before they apart the clinic. Participants will have the opportunity to ask questions, and will receive Josh
aODS2syQa 02y il Ol AyF2NXIGA2y Ay OlFasS ljdsSairzya

Intervention

This study will employ double-blinded, randomised, parallel group designinvestigate the feasibility and
potential utility of omegea3 supplementation to complement current best practice compared to a placebo.
At the end of the initial appointment, patients who consent to participate will be randomised into either

the omega3 supplement or placebo group. Depending on which group they end up in they will be provided
with seven days worth of omegaor placebo. Both the omegaand placebo will be delivered via a 200mL
juice made bhysMARTFISH Norwegian based company (déigire 2 andsupplemental documents for

more information). Both the omega and placebo juice are made using the same recipe with the only
difference between the juices being the 1000 mgeimbsapentaenoic aci@EPApnd 1000 mg of
docosahexaenoic ac{®HA)within the omega3 juice. Both the omega and placebo will be served in

identical white packages. The juice has a pleasant flavour, a smoothie like consistency, and is made from
fruit and berry juice. Participants will be provided with a total of 14gyiackages before they depart the

initial assessment along with directions to drink one juice in the morning and another in the evening after
work/school each day for a total of seven days. For the orBgeup, this will deliver a total omega
supplemern dosage of 4g/day (2000 mg EPA; 2000 mg DB{Agonsuming the daily dosage of juice, the
participant will consume an additional 360 calories of energy intake per day (~180 calories per 200 mL) and
this is highlighted in the information sheet. Participgrénd primary researcher Josh McGeown, will be

blinded regarding which group they are assigned to.

Currently, there is no tolerable upper intake level established for on8sgalthough the European Food

Safety Authority states that combined dosages ofAldid EPA up to 5g/day do not raise safety concerns

for adults[435]. A systematic review of omegasupplementation for individuals with mild and moderate

'fT KSAYSNRAE RA&SIHAaSkRSYSy (i A3 suphBrigkatediod BogritileY A § SR 6 Sy
outcomes. The review stated that the EPA and DHA dosages may not have been high enough to elicit

positive effects, citing combinedPA/DHAlosages ranging from 15€tB00 mg/day423]. Furthermore,
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pre-clinical brain injury studies in animals evaluating different dosages of o@isgaplementation on
neurophysiological outcomes reported greater benefits at highesage$218, 248] Due to the relatively
small sample size we intend to recruit in this study, it will not be possible to investigate the effects of
different omega3 dosages. Fdhis reason, and based on the related evidence presented above, we
believe the best approach is to investigate if a high dose can display a preliminary effect on clinical and
neurophysiological outcomes following-8RBI. If a trend towards a positive &ft is observed at this
dosage, then future large scale clinical trials could evaluate the effectiveness of lower dosages as well. It is
also possible that the body weight of the participant may influence the potential effectiveness of é8nega
supplementaion on SENTBI outcomes, however, there is limited evidence to inform or2dasages
based on body weight at this time. To account for this, participants will be weighed before departing the
initial assessment to factor the potential influence of bodyveigto data analysis and interpretation. If
participant weight does appear to influence the effectiveness of orBegapplementation, this

information will also be invaluable in designing future clinical trials.

While omega3 supplementation is widely osidered safe, and the potential associated risks are accounted
for in the exclusion criteria, there is a chance some participants may experience gastrointestinal complaints
as a result of omega supplementation. It will be explained in the informatiorests, as well as verbally,

that if the participant experiences gastrointestinal issues from the juice they are provided they can choose
to no longer drink the juice. If the participant makes this decision, it wilbffett their ongoingclinical

assessmet and treatment in anyway.
Followup clinical assessments

All participants/patients will be scheduled for at least one follgwvconsultation approximately 7 days
following their initial appointment, wherein standard clinical service delivery will bepteted again.
Additionally, participants will provide another saliva sample at each felipwPatients/participants who

are not asymptomatic by the first followp will complete treadmill testing if requested by the supervising
physician. Treadmill testinis part of standard clinical service, and is normally conducted usitagndard

heart rate monitor. Participants in this study will wear a will wear a sophisticated Zephyr BioHarness during
treadmill testing as described in the section below. Symptoenaditients will continue with their

management plan until they are symptom free. Subsequent follpvsessions will be scheduled weekly/bi

weekly accordingly as per standard practice. Once patients/participants are asymptomatic they will receive
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a written graduated return to play protocol, the second Brain Gauge testing will take place at this
timepoint. Once the participant clears all stages of the return to play protocol, a final consultation will be
completed wherein the supervising physician will@m®sthe participant is cleared to return to contact

training, and full competition.

Assessments and Outcome Measures

Participants will be assessed following standard clinical servicd-{gere Jor a flow chart othe clinical
management of SRTBI) andisingthe additional research measures outlined in greater detail below.
Table lincludeshow the outcome measuresillvbe explained and presented to participants in the
information sheet, along with a figure visualising the timepomteneach assessment/outcome measure

will be collected.

Standard clinical service

Clinical measures

Relevant patient information will beollected via clinical service delivery; meaning 8RmTBI clinic
specialistwill conduct routine consultation to gain knowledgeSRmTBI injury characteristics, patient
sociodemographic characteristics, patient injury history, and any other clinreéé¢vant information. The
patient information gathered during initial consultation will be compared to patient information collected
during followsup visit(s) tahe SRMTBI clinicObservations made bgfiniciansbetween initial consultation
and followup visit(s) will be used to determine whether the patient has clinically recovered $femT B,

or if they need to receive an individualised treatment program to addg&fsTBI symptoms. If
individualised treatment and additional folleup visits are neessarythe clinicianswill record treatment

parameters and followup visit findings until the patient is deemed clinically recovered.

SCA®B

During the initial consultation participants will complete the SCAT5, which requires approximately 10

minutesto complete, and will be administered at each visit. The SCATS5 is a validated and standardised tool
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used widely within clinical assessmentS®mTBI. The SCATS is used iISRINTBI cliniSRMTBI
assessmentdVithin the SCATS5 are questions and assesg tools to clinically quantify elements of

patient history,SRmTBI symptom examination, and treatment.
Additional measures for research purposes

Obijective clinical measures for research purposes will include the collection of saliva samples, agsessmen
of somatosensory function via the Brain Gaugedthe addition of a sophisticated heart rate monitor
(BioHarness) to current clinical practice of a treadmill test. Participant body weight and information about

nutrition habits will be gathered to inforranalysis and interpretation of results.
Saliva

Participants will be asked to provide a 2mL saliva sample into a microcentrifuge tube. This saliva sample will
be analysed to measure salivary brai@rived neurotrophic factor (BDNF) concentrations in the acute

recovery phase c5RmMTBI. A saliva samplélle collected during each followp visit to assess changes in
salivaryBDNF concentrations over time duriS®mTBI recovery. Total concentrations of BDNF will be
measured in picograms per millilitre (pg/mL) utilising an enzjimleed immunosorbent asy (ELISA)

technique following a previously validated protocol.
BioHarnessg Treadmill stress test

Participants who are still presenting with-BRBI symptoms at the first followp visit will undergo a

treadmill stress test as per standard of care (quested by the supervising physician). Participants in this
study will wear a sophisticated Zephyr BioHarness device during their stress test to gather detailed
physiological data, including: heart rate, heart rate variability, breathing rate, temperatndepostural

sway. The BioHarness is safe and is widely used in sport, military, and work settings. It consists of a strap
and a sensor that is placed against the skin across the chest in the same manner as a standard heart rate

monitor.
Brain Gauge

Somadosensory function will be measured using a Brain Gauge device. The Brain Gauge requires 10 minutes
to administer and consists of a sophisticated computer mouse capable of emitting small vibrations to
195



AU

TE WANANGA ARONUI
0 TAMAKI MAKAU RAU

evaluate tactile sensitivity and discrimination. §Bbomatosensory information will provide insight into

central processing followinBRmTBI and throughout patient recovery.

Data analysis

As a feasibility study, this investigation will likely be underpowered to detect differences in effect between
the omega3 and placebo group on clinical and neurophysiological outcomes followingT8R As a result,

we will primarily conduct a descriptive analysis between the two groups to identify if any preliminary
differences appear to be present. Additionallye wil interrogate the data using a mixed modeling

approach. We will also qualitatively describe the strengths and weaknesses of the methodological approach

taken in this feasibility study to inform how to best design future clinical trials.
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Figure 1. Flowdrt of how the research fits within clinical practice and what will happen for patients who
do or do not participate.
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Figure 2. Snapshot 8MARTFISbimega3 product information
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Figure 30utline ofclinicalmodel for SERnTBI treatment.
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Table 1Explanations of assessments and outcome measures for information sheet.

Assessment Research team What is it and why is it important? Photo
and how long member
will it take responsible
1) Initial intake | Hannah What: Widely used Sport Concussion Assessment Tool to
Crosswell or Josh | assess someone after a concussion due to sport.

(10-15 mins as | McGeown Why: Measures symptoms, memory, concentration, and SCAT5°
part of balance after concussion.
standard
practice)
2) Clinical Dr Stephen Kara | What: Examination and questions with physician.
evaluation or Concussion

(10-25 mins as

Clinic physician

Why: To collect your history, how your injury happened,
perform any specific tests to figure out what is causing

part of your symptoms.

standard

practice)

3) Saliva Josh McGeown What: providing a small (2mL) saliva sample. .
sample Why: To measure amounts of a protein linked to brain

(1-5 mins for

health.

research

purposes)

4a) Additional | Josh McGeown What: Short nutrition questionnaire and measuring your
assessments weight (only at the first appointment). Brain Gauge

(20-25 mins for

computerised testing.

research Why: Brain Gauge testing is to accurately assess how your |

purposes) brain is able to process and respond to stimulus to A Pro
measure your reaction time and brain health. e °
Questionnaire is to understand your normal eating habits. \
Measuring your weight is to see if weight influences the
effect of the supplement.

4b) Treadmill Hannah What: A treadmill test where you walk at a constant pace,

test Crosswell or Josh | and the incline increases every minute until your q

McGeown symptoms get worse or for a maximum of 18 minutes. You

(5-20 mins as will wear a special heart rate monitor that will give the

part of researchers more detailed information about your

standard performance during the treadmill test than a regular heart /

practice — rate monitor would. *** Not all participants will do this

addition of test, only if doctor thinks it is required.

special heart
rate monitor
for research
purposes)

Why: This is a safe and widely used test, and it provides
the doctor with valuable information to design a
treatment plan for you.
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Figure 4. Outcome measures collected at each timepmiotocol
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AUTEC Secretariat

Auckland University of Technology

D-88, WU406 Level 4 WU Building City Campus
T: +64 9921 9999 ext. 8316

E: ethics@aut.ac.nz
www.aut.ac.nz/researchethics

12 March 2018

Patria Hume
Faculty of Health and Environmental Sciences

Dear Patria

Re Ethics Application: 18/45 Measuring physiological and neurological function during post-concussion syndrome: A case
study

Thank you for providing evidence as requested, which satisfies the points raised by the Auckland University of Technology Ethics
Committee (AUTEC).

Your ethics application has been approved for three years until 12 March 2021.
Non-Standard Conditions of Approval

1. The Information Sheet still refers to 'blood pressure' from finger device;

2. Inthe Information Sheet moderate statement about 'help with your health'.

Non-standard conditions must be completed before commencing your study. Non-standard conditions do not need to be
submitted to or reviewed by AUTEC before commencing your study.

Standard Conditions of Approval

1. A progress report is due annually on the anniversary of the approval date, using form EA2, which is available online
through http://www.aut.ac.nz/researchethics.

2. A final report is due at the expiration of the approval period, or, upon completion of project, using form EA3, which is
available online through http://www.aut.ac.nz/researchethics.

3. Any amendments to the project must be approved by AUTEC prior to being implemented. Amendments can be
requested using the EA2 form: http://www.aut.ac.nz/researchethics.

4. Any serious or unexpected adverse events must be reported to AUTEC Secretariat as a matter of priority.

5. Any unforeseen events that might affect continued ethical acceptability of the project should also be reported to the
AUTEC Secretariat as a matter of priority.

Please quote the application number and title on all future correspondence related to this project.

AUTEC grants ethical approval only. If you require management approval for access for your research from another institution or
organisation then you are responsible for obtaining it. You are reminded that it is your responsibility to ensure that the spelling and
grammar of documents being provided to participants or external organisations is of a high standard.

For any enquiries, please contact ethics@aut.ac.nz

Yours sincerely,

Kate O’Connor
Executive Manager
Auckland University of Technology Ethics Committee

Cc: josh.mcgeown@aut.ac.nz
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Patria Hume
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Dear Patria

Re Ethics Application: 18/46 Assessing the incidence, management and outcomes following sport-related
concussion in New Zealand. A cohort study investigating presentations to a sport-
concussion service

Thank you for providing evidence as requested, which satisfies the point raised by the Auckland University of
Technology Fthics Committee (AUTEC).

Your ethics application has been approved for three years until 13 March 2021.
Standard Conditions of Approval

1. A progress report is due annually on the anniversary of the approval date, using form EA2, which is available
online through http://www.aut.ac.nz/researchethics.

2. Afinal report is due at the expiration of the approval period, or, upon completion of project, using form EA3,
which is available online through http://www.aut.ac.nz/researchethics.

3. Any amendments to the project must be approved by AUTEC pricr to being implemented. Amendments can
be requested using the EA2 form: http://www.aut.ac.nz/researchethics.

4. Any serious or unexpected adverse events must be reported to AUTEC Secretariat as a matter of priority.

5. Any unforeseen events that might affect continued ethical acceptability of the project should also be
reported to the AUTEC Secretariat as a matter of priority.

Please quote the application number and title on all future correspondence related to this project.

AUTEC grants ethical approval only. If you require management approval for access for your research from another
institution or organisation then you are responsible for obtaining it. You are reminded that it is your responsibility to
ensure that the spelling and grammar of documents being provided to participants or external organisations is of a
high standard.

For any enquiries, please contact ethics@aut.ac.nz

Yours sincerely,

(Voo

Kate O'Connor
Executive Manager
Auckland University of Technology Ethics Committee

Cc: josh.mcgeown@aut.ac.nz; natalie.hardaker@acc.co.nz; Alice Theadom
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20 September 2018

Josh McGeown

Health and Disability Ethics Committees
Ministry of Health

133 Molesworth Street

PO Box 5013

Wellington

0800 4 ETHICS
hdecs@moh.govt.nz

SA 207, Level 2, AUT-Millennium Campus

17 Antares Place
Mairangi Bay
Auckland 0632

Dear McGeown

Re: Ethics ref:

Study title:

18/NTA/108

Investigating gender differences and the clinical utility of objective
neurophysiological measures for sports-related mTBI

| am pleased to advise that th

is application has been approved by the Northern A Health and

Disability Ethics Committee. This decision was made through the HDEC-Full Review

pathway.

Conditions of HDEC approval

HDEC approval for this study
commencement
sponsor, to ensure that these

is subject to the following conditions being met prior to the
of the study in New Zeal and. |t
conditions are met. No further review by the Northern A

Health and Disability Ethics Committee is required.

Standard conditions:

1. Before the study com

mences at any locality in New Zealand, all relevant regulatory

approvals must be obtained.

2. Before the study com

mences at each given locality in New Zealand, it must be

authorised by that locality in Online Forms. Locality authorisation confirms that the

locality is suitable for
research governance

After HDEC review

the safe and effective conduct of the study, and that local
issues have been addressed.

Please refer to the Standard Operating Procedures for Health and Disability Ethics
Committees (available on www.ethics.health.govt.nz) for HDEC requirements relating to

amendments and other post-approval processes.

Your next progress report is due by 19 September 2019.
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Participant access to ACC

The Northern A Health and Disability Ethics Committee is satisfied that your study is not a
clinical trial that is to be conducted principally for the benefit of the manufacturer or
distributor of the medicine or item being trialled. Participants injured as a result of treatment
received as part of your study may therefore be eligible for publicly-funded compensation
through the Accident Compensation Corporation (ACC).

Pl ease donot hesitate to contact the HDEC secretari

all the best for your study.

Yours sincerely,
7

Dr Brian Fergus
Chairperson
Northern A Health and Disability Ethics Committee

Encl: appendix A:  documents submitted appendix B:
statement of compliance and list of members
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Appendix A Documents submitted

amendments.

Document Version Date

CV for CI 1.0 27 June 2018
Covering Letter 1.0 27 June 2018
PIS/CF: PIS/CF with Track Changes 2.0 05 August 2018
PIS/CF for persons interested in welfare of non-consenting 2.0 05 August 2018
participant: Child Information and Assent Form with Track Changes

Protocol 1.0 01 July 2018
Investigator's Brochure: Recruitment Poster 1.0 01 July 2018
Survey/questionnaire: Sport Concussion Assessment Tool Version |1.0 01 July 2018

5

Evidence of scientific review: Reviewer feedback for Cl's entire PhD |1.0 01 July 2018
proposal. Highlighted comments for chapter 5 relate to the current

application.

CVs for other Investigators: CV for Prof Patria Hume 1.0 03 July 2018
CVs for other Investigators: CV for Prof Patrick Neary 1.0 03 July 2018
CVs for other Investigators: CV for Natalie Hardaker 1.0 03 July 2018
CVs for other Investigators: CV for Dr Stacy Sims 1.0 03 July 2018
CVs for other Investigators: CV for Prof James Selfe 1.0 04 July 2018
CVs for other Investigators: CV for Dr Stephen Kara 1.0 04 July 2018
Application

PIS/CF: Clean Participant Information Sheet and Consent Form 21 05 August 2018
PIS/CF for persons interested in welfare of non-consenting 2.1 05 August 2018
participant: Clean Child Information Sheet and Consent Form

PIS/CF for persons interested in welfare of non-consenting 3.0 05 August 2018
participant: Parent Information Sheet and Consent Form with Track

Changes

PIS/CF for persons interested in welfare of non-consenting 3.1 05 August 2018
participant: Clean Parent Information Sheet and Consent Form

Covering Letter: Cover letter summarising provisional acceptance |1.0 05 August 2018

Response to Request for Further Information

Appendix B Statement of compliance and list of members

Statement of compliance

The Northern A Health and Disability Ethics Committee:

O is constituted in accordance with its Terms of Reference

O operates in accordance with the Standard Operating Procedures for Health and
Disability Ethics Committees, and with the principles of international good clinical

practice (GCP)

Oi s approved by the Health Resear ch Efordheci
purposes of section 25(1)(c) of the Health Research Council Act 1990

of
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O is registered (number 00008714) with the US Department of Health and Human
Of fice for Human

Ser vi

List of members

ces

A

o

Research

Name Category Appointed Term Expires

Dr Brian Fergus Lay (consumer/community 11/11/2015 11/11/2018
perspectives)

Dr Karen Bartholomew Nortlay (intervention studies) 13/05/2016 13/05/2019

Dr Christine Crooks Nonrtlay (intervention studies) 11/11/2015 11/11/2018

Dr Catherine Jackson Nontlay (health/disability service |11/11/2016 11/11/2019
provision)

Ms Toni Millar Lay (consumer/community 11/11/2016 11/11/2019
perspectives)

Dr Kate Parker Nonlay (observational studies) 11/11/2015 11/11/2018

Ms Rochelle Style Lay (ethical/moral reasoning) 14/06/2017 14/06/2020

Unless members resign, vacate or are removed from their office, every member of HDEC
shall continue in office until their successor comes into office (HDEC Terms of

Reference)

http://www.ethics.health.govt.nz

Protect
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AU

TE WANANGA ARONUI
0 TAMAKI MAKAU RAU

Auckland University of Technology Ethics Committee (AUTEC)

Auckland University of Technology
D-88, Private Bag 92006, Auckland 1142, NZ
T:+64 9921 9999 ext. 8316

E: ethics@aut.ac.nz

www.aut.ac.nz/researchethics

7 November 2018

Patria Hume
Faculty of Health and Environmental Sciences

Dear Patria

Re Ethics Application: 18/374 Investigating gender differences and the clinical utility of objective
neurophysiological measures for sports-related mTBI

Thank you for providing evidence as requested, which satisfies the points raised by the Auckland University of
Technology Ethics Committee (AUTEC).

Your ethics application has been approved for three years until 7 November 2021.
Standard Conditions of Approval

1. A progress report is due annually on the anniversary of the approval date, using form EA2, which is available
online through http://www.aut.ac.nz/research/researchethics.

2. Afinal report is due at the expiration of the approval period, or, upon completion of project, using form EA3,
which is available online through http://www.aut.ac.nz/research/researchethics.

3. Any amendments to the project must be approved by AUTEC prior to being implemented. Amendments can
be requested using the EA2 form: http://www.aut.ac.nz/research/researchethics.

4. Any serious or unexpected adverse events must be reported to AUTEC Secretariat as a matter of priority.

5. Any unforeseen events that might affect continued ethical acceptability of the project should also be reported
to the AUTEC Secretariat as a matter of priority.

Please quote the application number and title on all future correspondence related to this project.

AUTEC grants ethical approval only. If you require management approval for access for your research from another
institution or organisation then you are responsible for obtaining ifYou are reminded that it is your responsibility to
ensure that the spelling and grammar of documents being provided to participants or external organisations is of a high
standard.

For any enquiries, please contact ethics@aut.ac.nz

Yours sincerely,

(Voo

Kate O’Connor
Executive Manager
Auckland University of Technology Ethics Committee

Ce: josh.mcgeown@aut.ac.nz; Alice Theadom

209



Health

and
Disability
Ethics
Committees

LY A V|
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Mr Josh McGeown

Health and Disability Ethics Committees
Ministry of Health

133 Molesworth Street

PO Box 5013

Wellington

6011

0800 4 ETHICS
hdecs@health.govt.nz

SA 207, Level 2, AUT-Millennium Campus

17 Antares Place
Mairangi Bay
Auckland 0632

Dear Mr McGeown,

Re: Ethics ref:

Study title:

19/NTB/169

Does omega-3 fatty acid supplementation influence sport-related
mTBI recovery? A feasibility pilot study

| am pleased to advise that this

application has been approved by the Northern B Health and

Disability Ethics Committee. This decision was made through the HDEC-Full Review

pathway.

Conditions of HDEC approval

HDEC approval for this study is

subject to the following conditions being met prior to the

commencement of the study in New Zeal and. |t
sponsor, to ensure that these conditions are met. No further review by the Northern B
Health and Disability Ethics Committee is required.

Standard conditions:

1. Before the study commences at any locality in New Zealand, all relevant regulatory
approvals must be obtained.

2. Before the study commences at any locality in New Zealand, it must be registered in
a clinical trials registry. This should be a WHO-approved registry (such as the
Australia New Zealand Clinical Trials Registry, www.anzctr.org.au) or

https://clinicaltrials.gov/.

3. Before the study commences at each given locality in New Zealand, it must be

authorised by that locali

ty in Online Forms. Locality authorisation confirms that the

locality is suitable for the safe and effective conduct of the study, and that local
research governance issues have been addressed.

After HDEC review
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Please refer to the Standard Operating Procedures for Health and Disability Ethics
Committees (available on www.ethics.health.govt.nz) for HDEC requirements relating to
amendments and other post-approval processes.

Your next progress report is due by 04 February 2021

Participant access to ACC

This clinical trial is to be conducted principally for the benefit of the manufacturer or
distributor of the medicine or item being trialled. Section 32 of the Accident Compensation
Act 2001 provides that participants injured as a result of treatment received as part of this
trial will not be eligible for publicly-funded compensation through the Accident Compensation
Corporation (ACC).

Pl ease donot hesitate to contact the HDEC
all the best for your study.

Yours sincerely,

N(C—

Chairperson
Northern B Health and Disability Ethics Committee

Encl: appendix A:  documents submitted appendix B:
statement of compliance and list of members

secretar.
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Appendix A Documents submitted

Document Version Date

Covering Letter: Cover letter detailing changes made in response to |2 18 September 2019
committee feedback.

Investigator's Brochure 1 18 September 2019
Protocol: Updated track changes version of study protocol 2.1 18 September 2019
PIS/CF: Updated track changes version of PIS/CF 2.1 18 September 2019
Evidence of scientific review: Updated peer review 2 18 September 2019
Survey/questionnaire: Brief nutrition questionnaire 1 18 September 2019
Survey/questionnaire: Sport Concussion Assessment Tool Version |1 18 September 2019
5

Omega-3 supplement product information 1 18 September 2019
CVs for other Investigators: CV for Patria Hume 1 18 September 2019
CVs for other Investigators: CV for Stephen Kara 1 18 September 2019
CV for CI: CV for Josh McGeown 1 18 September 2019

Application

19 September 2019

Response to Request for Further Information
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Appendix B Statement of compliance and list of members

Statement of compliance

The Northern B Health and Disability Ethics Committee:

is constituted in accordance with its Terms of Reference

operates in accordance with the Standard Operating Procedures for Health and
Disability Ethics Committees, and with the principles of international good clinical

practice (GCP)

i s approved

by the Heal

t h

Research

for the purposes of section 25(1)(c) of the Health Research Council Act 1990
is registered (number 00008715) with the US Department of Health and Human

C

Servicesd6 Office for Human Research
List of members

Name Category Appointed Term Expires

Mr John Hancock Lay (the law) 14/12/2015 14/12/2018

Dr Nora Lynch Nortlay (health/disability service | 24/07/2015 24/07/2022
provision)

Miss Tangihaere Macfarlane Lay (consumer/community 20/05/2017 20/05/2020
perspectives)

Mrs Kate O'Connor Lay (ethical/moral reasoning) 14/12/2015 14/12/2018

Mrs Stephanie Pollard Nonrtlay (intervention studies) 01/07/2015 01/07/2018

Mrs Leesa Russell Nortlay (intervention studies)| 14/12/2015 14/12/2018
Nonlay (observational studies)

Ms Susan Sherrard Lay (consumer/community 19/03/2019 19/03/2022
perspectives)

Mrs Jane Wylie Nontlay (intervention studies) 20/05/2017 20/05/2020

Unless members resign, vacate or are removed from their office, every member of HDEC
shall continue in office until their successor comes into office (HDEC Terms of

Reference)

http://www.ethics.health.govt.nz
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