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ABSTRACT

Introduction Paediatric mild traumatic brain injury
(mTBI) is a public health burden. Clinicians urgently need
evidence-based guidance to manage mTBlI, but gold
standards for diagnosing and predicting the outcomes
of mTBI are lacking. The objective of the Advancing
Concussion Assessment in Pediatrics (A-CAP) study is to
assess a broad pool of neurobiological and psychosocial
markers to examine associations with postinjury
outcomes in a large sample of children with either mTBI
or orthopaedic injury (0l), with the goal of improving the
diagnosis and prognostication of outcomes of paediatric
mTBlI.

Methods and analysis A-CAP is a prospective,
longitudinal cohort study of children aged 8.00-

16.99 years with either mTBI or Ol, recruited during
acute emergency department (ED) visits at five sites
from the Pediatric Emergency Research Canada network.
Injury information is collected in the ED; follow-up
assessments at 10 days and 3 and 6 months postinjury
measure a variety of neurobiological and psychosocial
markers, covariates/confounders and outcomes.

Weekly postconcussive symptom ratings are obtained
electronically. Recruitment began in September 2016
and will occur for approximately 24 months. Analyses
will test the major hypotheses that neurobiological and
psychosocial markers can: (1) differentiate mTBI from
0l and (2) predict outcomes of mTBI. Models initially will
focus within domains (eg, genes, imaging biomarkers,
psychosocial markers), followed by multivariable
modelling across domains. The planned sample size
(700 mTBI, 300 OI) provides adequate statistical

power and allows for internal cross-validation of some
analyses.

on behalf of Pediatric Emergency Research Canada

Strengths and limitations of this study

» The study will be the largest of its kind to date,
measuring a broad pool of neurobiological and
psychosocial markers in 1000 children and
assessing their outcomes across the first 6 months
postinjury.

» Genetic studies will help identify potential
mechanisms underlying neural injury and repair in
mild traumatic brain injury (mTBI).

» State-of-the-art neuroimaging will afford a detailed
assessment of the neural substrates of mTBI that
also can be linked to genetic profiles, as well as to
outcomes.

» The inclusion of novel psychosocial markers will yield
a better appreciation of non-injury influences on
mTBI and how they interact with its neurobiological
substrates.

» Not all children with mTBI present to paediatric
emergency departments; thus the study’s findings
may not be generalisable to children presenting to
other settings or who do not seek medical care.

» The study will only assess vestibular-ocular and
cervicogenic problems indirectly, based on ratings
of relevant postconcussive symptoms and pain as
well as assessment of balance.

Ethics and dissemination The ethics boards at all
participating institutions have approved the study
and all participants and their parents will provide
informed consent or assent. Dissemination will follow
an integrated knowledge translation plan, with study
findings presented at scientific conferences and in
multiple manuscripts in peer-reviewed journals.
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INTRODUCTION

Paediatric mild traumatic brain injury (mTBI) is a public
health burden. Millions of children in North America
sustain mTBI annually, and the numbers seeking care are
rising dramatically.! * Children with mTBI often report
postconcussive symptoms (PCS), including somatic (eg,
headache, dizziness), cognitive (eg, inattention, forgetful-
ness) and affective (eg, irritability, dysphoria) complaints.
PCS are most severe acutely but persist for weeks or
months in 15%-30% of cases and can result in functional
disability and declines in quality of life.> * Clinicians
urgently need evidence-based guidance to manage mTBI.
The Canadian Institutes of Health Research, National
Institutes of Health, Centers for Disease Control and
Prevention and WHO have all called for more research to
inform clinical care and improve outcomes for children
with mTBL>”

A gold standard for diagnosing and predicting the prog-
nosis of mTBI is lacking. Multiple methods are used to
assess mTBI (eg, clinical assessment of presenting signs/
symptoms, balance testing, neuropsychological testing,
neuroimaging). Each has value for diagnosis and prog-
nosis, and multivariate models that combine multiple
measures have shown utility both in differentiating mTBI
and in forecasting its outcomes.®* However, these models
thus far lack the precision needed to direct clinical care of
individual patients. Psychosocial markers (eg, ineffective
coping skills, parental distress) help to predict persistent
PCS and related functional impairments, over and above
neurobiological markers."” Thus, a multidimensional
approach that incorporates both neurobiological and
psychosocial markers is needed for effective diagnosis
and prognosis, as well as to inform treatment strategies.11
However, no study to date has had a sample large enough
to systemically examine the broad pool of markers and
their likely interactions for the purposes of either diag-
nosis or prognosis.

Innovative research is therefore needed to improve
the assessment of mTBI. Previous studies have been
hampered by a variety of shortcomings. Many had
sample sizes too small to examine complex interactions
involving the broad pool of diagnostic and prognostic
markers. Other large studies did not include several
promising neurobiological and psychosocial markers.'? '*
For instance, multiple genes are implicated in response
to neurotrauma, neural repair and plasticity, and cogni-
tive reserve and thus are likely to affect the expression
of mTBL'* Single genes have been studied in isolation,
but a fuller complement of genes has not been examined
in any previous study. Neuroimaging studies have gener-
ally focused on a single modality in small samples and
are often underpowered statistically. Finally, psychosocial
markers known to be critical for recovery from injuries
and trauma in general (eg, psychological resilience) have
not been studied in the context of mTBL'> '

To make significant advances in the scientific
understanding of mTBI and its clinical management,
larger, multisite observational studies are needed that

incorporate several key elements: prospective designs;
large samples drawn from representative populations;
rigorous definitions of mTBI; appropriate comparison
groups; comprehensive measurement of neurobiological
and psychosocial markers, as well as a range of outcomes;
and consideration of potential confounders, covariates
and moderators. No study to date has embodied all of
these elements.

Objectives

The broad objective of the Advancing Concussion Assess-
ment in Pediatrics (A-CAP) study is to improve the
diagnosis and prognosis of paediatric mTBI. The aim is
to conduct a multisite, prospective, concurrent cohort
study that will assess a broad pool of neurobiological and
psychosocial markers, including some not yet examined
in any large-scale study (eg, multiple candidate genes,
psychological resilience), and assess outcomes longitudi-
nally over the first 6 months postinjury. The study will have
a large sample to enable the analysis of complex interac-
tions among neurobiological and psychosocial markers
in terms of both diagnosis and prognosis of outcomes.
We hypothesise that this strategy will (1) identify mTBI
with excellent sensitivity and specificity (ie, differentiate
it from orthopaedic injury) and (2) accurately predict
longitudinal outcomes of mTBI. The research will
enhance scientific understanding of paediatric mTBI.
Genetic studies will help identify potential mechanisms
underlying neural injury and repair in mTBI. State-of-
the-art neuroimaging will afford a detailed assessment
of the neural substrates of mTBI that can be linked to
genetic profiles, as well as to outcomes. Thus, the study
will help identify biomarkers for mTBI and clarify their
prognostic significance. Similarly, the inclusion of novel
psychosocial markers will yield a better appreciation of
non-injury influences on mTBI and how they interact
with its neurobiological substrates.

METHODS

Study overview

The study uses a prospective longitudinal cohort design
involving children aged 8.00 to 16.99 years who have
either an mTBI or an orthopaedic injury (OI). Children
with OI were chosen as a comparison group because they
are comparable to children with mTBI demographically
and in terms of background characteristics that may
affect outcomes,17 and also because they share a common
exposure to a traumatic injury; thus, their inclusion helps
to control for the general effects of trauma on symptom
reporting and the non-specific nature of PCS. Recruit-
ment occurs during acute emergency department (ED)
visits at five sites, all of which are members of the Pediatric
Emergency Research Canada (PERC) network: Alberta
Children’s Hospital (Calgary), Children’s Hospital of
Eastern Ontario (CHEO; Ottawa), Ste Justine Hospital
(Montreal), Stollery Children’s Hospital (Edmonton) and
British Columbia Children’s Hospital (Vancouver). The

2

Yeates KO, et al. BMJ Open 2017;7:¢017012. doi:10.1136/bmjopen-2017-017012



8 Open Access

inclusion of five sites across Canada ensures a representa-
tive sample that is sufficiently large (700 mTBI, 300 OI) to
provide adequate statistical power given the anticipated
number of diagnostic/prognostic markers and their esti-
mated effect sizes, and also to permit splitting the sample
in half when conducting more discovery-based analyses
and cross-validating results in the remaining participants.
Injury information is collected in the ED. Follow-up assess-
ments conducted within 10days postinjury and at 3 and
6 months postinjury measure a broad pool of neurobio-
logical and psychosocial markers, potential covariates and
confounders, and outcomes (ie, PCS, functional disability,
quality of life). Weekly PCS ratings are obtained electron-
ically via smartphones or the internet. Most measures
are drawn from National Institutes of Health (NIH) and
Canadian Institutes of Health Research Common Data
Elements for mTBL'® Recruitment began in September
2016 and will occur for approximately 24 months, with
another 6 months needed to complete all follow-up visits;
thus the study should conclude by mid-2019.

Study population

Participants range from 8.00 to 16.99 years of age at the
time of their injuries. The exclusion of younger children
helps to insure that participants will be capable of self-re-
port and able to complete MRI without sedation. Older
adolescents are excluded in part for practical reasons,
because they appear relatively infrequently in the EDs at
the participating sites, but also to reduce developmental
heterogeneity within the sample; we wanted the study to
focus on school-aged children and youth, not on young
adults, who function in very different contexts from their
younger counterparts.

Inclusion criteria

The mTBI group includes children who sustain a blunt
head trauma resulting in one or more of the following
three criteria, consistent with the WHO definition of
mTBI: (1) an observed loss of consciousness, (2) a
Glasgow Coma Scale score of 13 or 14 or (3) at least one
acute sign or symptom of concussion as noted by ED
medical personnel on a standard case report form (ie,
post-traumatic amnesia, focal neurological deficits, skull
fracture, post-traumatic seizure, vomiting, headache,
dizziness, other mental status changes). Children with
OI are included if they sustain upper or lower extremity
fractures, sprains or strains due to blunt force/physical
trauma, associated with Abbreviated Injury Scale (AIS)"
scores of 4 or less. Children in both groups must present
to one of the five EDs within 48 hours of injury; transfer
from an outside hospital is not an exclusion criterion as
long as enrolment occurs within 48 hours of injury.

Exclusion criteria

Children with mTBI are excluded if they demonstrate
delayed neurological deterioration (ie, any Glasgow
Coma Scale (GCS)<13) or require neurosurgical inter-
vention. Children whose injuries are accompanied by a

loss of consciousness for more than 30 min or post-trau-
matic amnesia greater than 24 hours are excluded, as are
those with any associated injury with an AIS scores greater
than 4, although they may have associated injuries of lesser
severity. Exclusion criteria for children with OI include
any head trauma or symptoms of concussion, as well as
any injury requiring surgical intervention or procedural
sedation; this includes closed reductions. Children are
not excluded from either group if they are administered
analgesic medication, including narcotics if used solely
for pain management. The administration of pain medi-
cation is tracked and will be treated as a covariate in data
analyses. Children who wear braces/spacers or have other
metal in the mouth, or who have medical contraindica-
tions to MRI, are only excluded from the MRI portion of
the study.

Additional exclusion criteria for both groups are as
follows: (1) hypoxia, hypotension or shock during or
following the injury (if known at the time of recruit-
ment); (2) non-English-speaking child or parents
(non-English and non-French-speaking in Quebec or
Ottawa); (3) previous TBI requiring overnight hospital-
isation, by parent report; (4) previous concussion within
the past 3 months, by parent report, to exclude children
still in the acute phase of recovery; (5) previous neuro-
logical or neurodevelopmental disorder such as epilepsy,
intellectual disability/mental retardation, autism, by
parent report (history of attention deficit hyperactivity
disorder, learning disability or Tourette’s syndrome is not
an exclusion); (6) hospitalisation in the previous year for
psychiatric disorder, by parent report; (7) administra-
tion of sedative medication (propofol, ketamine, nitrous
oxide, midazolam, benzodiazepines) prior to ED data
collection (fentanyl is not an exclusion if used for pain
management only); (8) obvious alcohol or drug inges-
tion associated with injury; (9) injury related to abuse or
assault and (10) legal guardian not present or child in
foster care.

Study procedures

Recruitment

Recruitment occurs in the EDs at each of the five sites
by dedicated staff that complete screening of all poten-
tially eligible children who present to the ED during
study enrolment hours (approximately 08:00-23:00, 7
days a week, depending on available staffing). Eligible
and willing parents, along with adolescents capable of
consenting on their own behalf, are asked for written
informed consent; assent is requested from children who
are not capable of providing informed consent them-
selves. Physicians are notified of enrolment and asked to
complete a standardised case report form regarding the
participant’s medical presentation.

Data collection
At the time of recruitment, research staff members collect
informationregarding the injuryitselfand assess children’s
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acute clinical presentation, balance and neurocognitive
function. After initial data collection is completed in the
ED, the local research coordinator contacts families to set
up initial postinjury follow-up assessments that occur as
soon as possible within 10days postinjury. The children
and their families are then assessed postacutely (within
10days post-injury) and again at 3- and 6 months post-in-
jury.

In addition to the ED and follow-up assessments,
parents and children provide ratings of postconcussive
symptoms and pain, weekly for the first 3 months and
biweekly from 3 to 6 months, using a mobile phone
application or web-based survey, depending on their pref-
erence. Both child and parent complete independent
surveys, either on a shared mobile phone or separately if
each has their own device. The mobile phone application
and internet surveys function in a similar fashion, with a
reminder prompt or email sent weekly. Participants have
a 72hour window to complete each survey. Once a survey
is completed, the answers are no longer visible on the
mobile device or internet. Data are uploaded automati-
cally. Surveys on the phone application can be completed
offline, and data are uploaded automatically once the
device is back online.

The postacute assessment (within 10days) includes
measures of neurobiological and psychosocial markers,
postconcussive symptoms and functional impairments,
and potential covariates, confounders and moderators.
Children provide a saliva sample to obtain their DNA
for genetic analyses and complete MRI scanning. Subse-
quent follow-up assessments at 3 and 6 months postinjury
include similar measures used at the postacute assessment
(eg, symptoms and postinjury functional impairments);
intellectual functioning is measured only at 3 months,
because it is not routinely altered by mTBI. At either the
3-month or 6-month visit, children complete a second
MRI; this is determined using a random number table
at the time of the postacute assessment. At all visits, we
also collect demographic information, as well as informa-
tion about subsequent injuries and any interventions and
treatments received, including educational services.

The postacute assessment lasts about 2hours, with an
additional hour for MRI, and the 3 and 6-month assess-
ments last approximately 90 min. Completion of ratings
at home takes about 5min per week each for parent and
child. Parents and children are reimbursed for their time
during each visit with gift certificates. A small incentive
for each completed symptom rating is offered to the child
to encourage regular participation. Multiple methods are
used to track participants and reduce attrition, which
should be 10%-15% based on previous studies by the
lead investigator and his collaborators.'* 720!

Measures

Table 1 summarises the measures used in the study. All
measures have demonstrated satisfactory reliability (ie,
internal consistency, inter-rater agreement and/or test—
retest reliability) and validity.

Diagnostic/prognostic markers

Acute signs and symptoms

Information about children’s injuries is collected from
medical records and medical personnel using a stan-
dardised case report form to elicit details regarding the
injury and acute signs and symptoms of concussion (ie,
loss of consciousness, GCS scores, mechanism of injury,
neurological status, reports of retrograde or anterograde
amnesia, emesis and other clinical features). The vari-
ables of interest were selected based on large-scale studies
of the risk factors associated with an increased/decreased
risk of significant intracranial injury after mTBL**™ as
well as based on the results of the recent PERC Predicting
Persistent Postconcussive Problems in Pediatrics (5P)
study.” Information is collected by recruiters and veri-
fied by attending physicians, a process shown in previous
research to yield reliable data.”

Candidate genes

Multiple genes are implicated in response to neurotrauma,
neural repair and plasticity, and cognitive reserve.'*
Although single genes have been studied in isolation,*
a fuller complement of genes has not been examined
in any previous large-scale study. Candidate genes and
single-nucleotide polymorphisms (SNPs) were identified
based on their involvement in neurotrauma response (eg,
interleukin 1 alpha [ILIA]), neural repair and plasticity
(eg, brain-derived neurotrophic factor [BDNF], apoli-
poprotein E [APOE]), and cognitive reserve (eg, solute
carrier family 6 member 3[SLC6A3, previously known as
DAT])." Saliva samples are collected using the Oragene
DNA OG-500 self-collection kit. Samples are labelled
by study identification only and sent to the Calgary site
for processing. Sputum is separated from saliva and
dispersed using dithiothreitol. The dispersed suspension
is then centrifuged and filtered. Genetic analyses will be
conducted by a central laboratory at Calgary by techni-
cians blinded to exposure group and outcome.

Magnetic resonance imaging

All children (both mTBI and OI) without any contra-
indications to MRI complete imaging at the postacute
assessmentand are randomised to complete a second MRI
at either the 3-month or 6-month follow-up assessment.
A second scan is being obtained in part to determine if
differences in brain structure or function can be detected
following symptom resolution or only occurs in concert
with persistent symptoms. Each brain scanning session
lasts 45-60min and includes the following sequences:
three-dimensional T1-weighted volumetric— to measure
regional volumes and cortical thickness; diffusion tensor
imaging—to assess the integrity of white matter micro-
structure; quantitative susceptibility mapping—to assess
haemorrhage and iron deposition; resting state functional
MRI—to assess functional connectivity; T2-weighted
fluid attenuated inversion recovery, for lesion detec-
tion; arterial spin labelling—to assess perfusion; and
proton spectroscopy in a single voxel in the dorsolateral
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prefrontal cortex—to assess metabolite concentrations.
All imaging takes place using a single 3T scanner at
each site (General Electric MR750w in Calgary; General
Electric MR750 in Montreal and Vancouver; Siemens
Prisma in Edmonton; Siemens Skyra in Ottawa). Table 2
summarises the key imaging parameters for the two
scanner types. Foam padding is used to minimise head
motion and headphones are provided to minimise noise.
Participants are not sedated.

Balance

Balance is assessed using the Balance Error Scoring
System (BESS),”” which already has wide application in
the field of sports concussion® and was used in the 5P
study. Two stances are used: narrow double-leg stance
and tandem stance (hard surface only). Each stance
is held, with hands on hips and eyes closed, for 20s.
Error points are given for specific behaviours, including
opening eyes, lifting hands off hips or stepping, stum-
bling or falling. Significant correlations between the
BESS and force platform sway measures have been
established with healthy individuals.* The BESS has
shown satisfactory reliability in children and adoles-
cents.” Between 10% and 20% of the assessments will
be double scored to check on the reliability of scoring.

Neuropsychological function

Neurocognitive skills, including processing speed, exec-
utive functioning and visual memory, are assessed using
three of the seven subtests of the computerised Central
Nervous System Vital Signs test battery: the Stroop
Test, Shifting Attention Test and Visual Memory Test.
These three subtests can be completed in about 15 min
with minimal disruption to the ED flow,” and have
been shown to discriminate children with concussion
from children with OL* to predict symptoms 1 month
after concussion™ and to not negatively alter symptom
recovery.”® The tests generate composite scores for reac-
tion time, cognitive flexibility and visual memory.

Pubertal status

Pubertal status is assessed using a self-administered
rating scale. The scale has separate questions for boys
and girls, and asks them to rate changes to their body
on a four-point Likert-type Scale. Point values are aver-
aged to produce a Pubertal Development Score,” which
shows adequate agreement with direct clinical assessment
of Tanner staging. The scale avoids the use of pictorial
diagrams, which could be objectionable to children or
their parents, and is therefore more appropriate in the
context of this study.

Loneliness

The Loneliness and Social Dissatisfaction Question-
naire—Short Version is a nine-item rating scale on which
respondents answer on a 5-point Likert-type scale. The
scale focuses on feelings of loneliness among children
and adolescents and produces a total loneliness score,
with higher scores reflecting higher levels of loneliness.*

This is a short form version of the widely used Loneliness
and Social Dissatisfaction Questionnaire.37

Social support

The Child and Adolescent Social Support Scale is a
40-item scale that measures perceived social support from
four sources: parents, teachers, classmates and friends.
It asks children to respond to statements such as, ‘My
parent(s) help me make decisions’, by rating frequency
on a 6-point Likert scale. Subscale scores are computed by
summing frequency scores for each source of support, and
a total score is calculated by summing all four frequency
subscale scores.™

Perfectionism

The Child-Adolescent Perfectionism Scale is a 22-item
rating scale on which respondents answer using a 5-point
Likert-type scale. The scale measures three different
aspects of perfectionism, including self-oriented striving
perfectionism, self-oriented critical perfectionism and
socially prescribed perfectionism. Higher scores on
the scale are associated with psychological distress and
maladjustment in children and adolescents.™

Resilience

The Connor-Davidson Resilience Scale 10 is a 10-item
rating scale designed to measure people’s perception of
their own psychological resilience. Each item is rated on
a b-point Likert scale. The scale is summed and provides a
total score (0-40) for the overall level of resilience (lower
scores suggest lesser levels of resilience).” Scores have
been shown to be associated with postconcussive symp-
toms in adults with mTBL*

Life events

The Child and Adolescent Survey of Experiences
(CASE) requires respondents to indicate whether
38 listed life events have occurred in the previous 12
months and to rate reported events as either good or
bad. The scale generates total scores for good and bad
life events. Reports on the CASE have been shown to
correlate with children’s psychosocial adjustment.42

Healthy behaviours

Children’s mental and physical activity (including
rest), diet, sleep and screen time is assessed using the
Healthy Lifestyle Behaviours Questionnaire (HBLQ),
which includes 26 items on which respondents report
the frequency of each behaviour over the past week.
Items for the HLBQ are drawn from existing vali-
dated measures of health behaviour in children and
youth (eg, Health Behaviour of School Aged Children
Study; Adolescent Sleep Hygiene Scale).*” ** Retrospec-
tive ratings of preinjury behaviours will be obtained
at the postacute assessment, and ratings of postinjury
behaviours will be obtained at all postinjury assess-
ments.
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Family function

Family adjustment is assessed by obtaining ratings from
parents on the 12-item General Functioning scale from
the McMaster Family Assessment Device.” ** The measure
has shown satisfactory reliability and validity in previous
research. Consistent with the scaling of the original
scores, higher scores reflect worse family functioning.
Better premorbid family functioning has been associated
with more pronounced somatic symptoms in children
with mTBI, suggesting that children from higher func-
tioning7families may be more sensitive to the effects of
mTBL*

Response to symptoms

The Adult Responses to Children’s Symptoms scale was
developed to assess parent behaviour in the context of
children’s symptoms. The scale is composed of 29 items
rated on a 5-point Likert-type scale. The scale generates
four subscales: protect, minimise, monitor and distract
(plus solicitousness for teens). Scores on the scales are
responsive to intervention and predictive of parental
emotional functioning and children’s symptoms.48

Parent psychological adjustment

The K6 scale is a six-item rating scale designed to assess
non-specific distress and to discriminate cases of serious
mental illness from non-cases.*” The K6 was developed
with support from the US government's National Center
for Health Statistics for use in the redesigned US National
Health Interview Survey (NHIS). The K6 is included in
the core of the NHIS, as well as in the annual National
Household Survey on Drug Abuse.”

Parent quality of life

Parent quality of life is measured using the four-item set of
Healthy Days core questions from the US Department of
Health and Human Services’ Centers for Disease Control
and Prevention (CDC). The CDC Four-Item Health-Re-
lated Quality of Life includes a self-rated measure of
general health, as well as a report of the number of recent
days that an individual has been physically unhealthy,
mentally unhealthy and limited in regular activity.51

Outcome measures

Postconcussive symptoms

Ratings of postconcussive symptoms are obtained using
the Health and Behaviour Inventory (HBI)* and the
Post-Concussive Symptom Interview (PCSI).”* The
measures differ in administration format (written vs
oral), response format (Likert-style rating vs yes/no)
and scoring (symptom frequency vs symptom count)
and therefore provide overlapping but distinct types of
information. Both measures have child self-rating and
parent proxy forms. The HBI has been adopted as a core
measure in the Common Data Elements (CDE) for Pedi-
atric Traumatic Brain Injury.18 It yields separate scores
for cognitive and somatic symptom scales. The PCS-I is
a structured oral interview that asks about the presence
of symptoms similar to those listed for postconcussional

disorder in Diagnostic and Statistical Manual of Mental
Disorders 4th Edition.

A more specific measure of headache is obtained
because it is one of two PCS, along with dizziness, that has
previously been shown to best differentiate children with
mTBI from those with OL’* The Headache Impact Test
(HIT-6) provides a global measure of adverse headache
impact. Its items measure the adverse impact of headache
on social functioning, role functioning, vitality, cognitive
functioning and psychological distress. The HIT-6 also
measures the severity of headache pain. It is included in
the Canadian mTBI CDE.”

Because of concerns about the effects of mTBI on sleep
and an increased risk of sleep disturbance, the children
and their parents also complete ratings on the seven
sleep items from the Child Behaviour Checklist (CBCL).
The CBCL is a widely used measure of emotional and
behavioural adjustment; the sleep items correlate
significantly with other validated instruments designed
specifically to assess sleep.”

Functional impairments
Children and parents will complete the Functional
Disability Inventory (FDI)®” *® to assess activity limita-
tions attributable to their injuries. The FDI elicits ratings
concerning perceptions of activity limitations due to phys-
ical health problems. Parents will also report on functional
outcomes by completing the Pediatric Injury Functional
Outcome Scale (PIFOS). The PIFOS is a structured inter-
view of 26 items that elicits ratings regarding motor skills,
daily living skills, communication skills, cognition, social—
emotional functioning, physical changes and academic
functioning.™

The Pediatric Quality of Life Inventory (PedsQL)® '
will be administered to parents and children to assess
broader aspects of children’s quality of life. The PedsQL
measures children’s health in terms of physical,
emotional, social and school functioning. The four
subscales generate psychosocial and physical summary
scores, as well as a total health score. Global functional
outcomes will be assessed using the paediatric version
of the Glasgow Outcome Scale-Extended (GOS-E),% %3
which is the core measure of global outcome in the NIH
Common Data Elements. The GOS-E is completed based
on a brief structured interview.

Covariates/confounders/moderators

We will collect information from participants and their
parents aboutavariety of potential covariates, confounders
and moderators, including age, sex, previous concussion
history, history of migraine headaches and treatments
received for their injuries. In addition, participants and
their parents will complete a variety of relevant measures.

Premorbid psychosocial adjustment

The Strength and Difficulties Questionnaire (SDQ)®
is a reliable and valid standardised parent question-
naire assessing children’s emotional symptoms, conduct
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problems, hyperactivity/inattention, peer relationships
and prosocial behaviour. It takes approximately 10 min
to complete. Parents complete the SDQ) retrospectively at
the postacute assessment to assess children’s premorbid
psychosocial adjustment. They complete the SDQ at the
3-month and 6-month assessments to measure children’s
postinjury psychosocial adjustment.

Intellectual functioning
Children’s general intellectual functioning is assessed at
the 3-month assessment using the two-subtest version of
the Wechsler Abbreviated Scale of Intelligence-Second
Edition (WASI-II).%

Pain

Pain intensity is assessed by asking children to rate the
severity of the pain they have experienced over the
previous week using an ll-point numeric scale, with
anchors of 0 (no pain) to 10 (worst pain possible) % Chil-
dren are also asked to rate pain unpleasantness by asking
them to rate how much they are bothered or upset by
their pain using a 5-point Likert scale.

Symptom exaggeration

Symptom exaggeration is assessed using the F Index from
the Behavior Assessment System for Children Second
Edition.”” The F Index assesses the possibility that respon-
dents provide ratings that are inordinately negative, and
is considered a ‘fake bad’ scale.

Effort

Children’s effort is measured using the Medical Symptom
Validity Test (MSVT),% which is a computerised, forced-
choice test designed to detect low effort. It presents
10-word pairs twice on the computer screen. Children
are then asked to choose the correct word from pairs
consisting of a target and foil, both immediately and
after a delay. Children are also asked to recall the words
during paired-associate and free recall conditions. Chil-
dren 8 years and older are able to perform at very high
levels of recognition accuracy, commensurate with adults.
Performance on the MSVT accounts for substantial vari-
ance in cognitive test performance among children with
mTBL* 7

Data management

Research Electronic Data Capture (REDCap),71 a
web-based platform that allows remote data entry from
each site, is used to provide common forms for data acqui-
sition, a common database for data entry and common
rules for data handling, to insure that data management
activities are standardised across sites. All data are entered
directly into REDCap whenever possible. Data that are
transcribed (eg, intelligence test scores) into REDCap are
checked using traditional procedures for double verifica-
tion, range and error checks and edit trails. Screen entry
programmes provide automated calculation of computed
variables and perform automated range checks. Data

from all sites are merged in a shared central REDCap
database stored at the Calgary site.

All MRI data are transmitted via a secure electronic
pipeline to the Calgary site for future analysis, managed
and curated by the Calgary Image Processing and Analysis
Centre (CIPAC; http://www.calgaryimageanalysis.ca/).

Data reduction

Most of the measures in table 1 were selected in part
because they provide composite or summary indices that
can be used to represent their specific measurement
constructs (eg, the HBI provides summary measures of
cognitive and somatic symptoms). Thus, composite or
summary variables are available for most of the domains
and measures listed in table 1, lessening the need for
substantial data reduction procedures.

Missing data

Multiple imputation will be used when possible to impute
missing data if appropriate tests indicate the data are
missing at random.” Additionally, statistical techniques
such as mixed models and random-effects logistic regres-
sion will be used that estimate models based on all
available data using maximum likelihood estimation.” ™

Data analyses

Statistical methods

Analyses will evaluate the study’s overarching hypotheses
that neurobiological and psychosocial markers can: (1)
differentiate mTBI from OI and (2) predict outcomes of
mTBI. The primary outcome will be postconcussive symp-
toms as rated on the HBI and PCS-I. Secondary outcomes
will include specific measures of headache and sleep
(HIT-6, CBCL sleep items), as well as measures of func-
tional outcomes (FDI, PedsQL, PIFOS, GOS-E). Analyses
will generally be intended to test a priori hypotheses (eg,
we predict a variety of differences in MRI metrics between
children with concussion whose symptoms resolve within
4 weeks and those whose symptoms persist beyond 4
weeks) but will be balanced by some discovery-based anal-
yses. One benefit afforded by the large sample size is that
internal cross-validation methods can be used for discov-
ery-based analyses.

Models initially will focus within domains (eg, genes,
imaging biomarkers, psychosocial markers), followed by
multivariable modelling across domains (including tests of
interactions among predictors), controlling for multiple
comparisons. The analyses will employ a mixed-effects
modelling strategy for longitudinal data. Both continuous
and dichotomous outcomes will be examined, although
the sample size is motivated by the continuous outcomes,
particularly postconcussive symptom ratings on the HBI.
These methods are robust to departures from normality
in the underlying distribution of the outcome; neverthe-
less, parametric transformations will be considered when
distributions are seriously skewed or otherwise fail to
meet the assumptions of analysis. Distribution-free alter-
natives, including rank transformation procedures, will
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be used in cases where parametric transformations are
inappropriate.

Diagnostic analyses

The first central aim of the study is to examine differences
between the mTBI and OI groups on both neurobio-
logical and psychosocial markers. Statistical analyses of
group differences will be conducted to determine which
measures are most sensitive to group differences (ie, able
to differentiate children with mTBI from those with OI).
Group comparisons will focus on the major groups of
neurobiological and psychosocial risk factors (eg, genetic
variations and neuroimaging parameters in the neurobi-
ological domain), first independently and then jointly.
Differences on some risk factors (eg, genetic variations)
may indicate greater vulnerability to concussion, while
differences on others (eg, MRI metrics) are likely to be
more diagnostic (eg, neuroimaging). The ability of the
various measures to discriminate between the mTBI and
OI groups will be evaluated using mixed effects model-
ling, as well as through the use of other traditional indices
of clinical utility (eg, sensitivity, specificity, positive and
negative predictive values, likelihood ratios and area
under the curve in receiver operating curve analyses).

Prognostic analyses

The second central aim of the research is to examine
factors that predict the trajectory of PCS and other
outcomes. Specifically, we will investigate the predictive
utility of both neurobiological and psychosocial risk
factors following mTBI. The major groups of risk factors
within those two broad domains (eg, child risk factors
within the psychosocial domain) will be investigated
independently and jointly in the prediction of PCS. The
predictive utility of the various risk factors will be evaluated
using mixed-effects modelling, as well as through the use
of other traditional indices of clinical utility mentioned
above. The modelling strategy will adopt a two-stage
approach. In stage one, we will build predictive models
for each major class of risk factors individually; then, in
stage two, we will examine prediction across risk factors,
taking into account possible interactions among predic-
tors. PCS will be treated both as a continuous variable, to
maximise power, and as a dichotomy, distinguishing chil-
dren with persistent increased symptoms from those who
do not show persistent symptoms. Recent studies suggest
that approximately 30% of children remain symptom-
atic by this definition at 4 weeks and about 10%-15% at
3months.” ¥ The low proportion of children who remain
symptomatic at later times post-injury is one reason the
study was designed with a large sample size.

In both diagnostic and prognostic analyses, several
baseline covariates will be included in models, including
measures of preinjury functioning obtained at the acute
assessment (eg, retrospective ratings of preinjury symp-
toms, history of migraine headaches) and demographic
characteristics potentially related to outcomes (eg, age at
injury, socioeconomic status, race/ethnicity and sex).

Statistical power

The proposed sample size of 700 in the mTBI group
and 300 in the OI group provides adequate power for
the study. Mixed-effects models are a generalisation of
multiple regression models. In a multiple regression
setting, with a sample size of 800 (allowing for 20%
attrition), p of 0.05 and 20 predictors, we would have
statistical power of 80% to detect an effect size of £°=0.01
for the change in R* attributable to any single predictor.
This corresponds approximately to a change in R*=0.01
with a total R?=0.20 for the overall model. Because indi-
vidual genes and SNPs tend to, individually, account for
very little variation (around 1%), we powered the study to
detect modest differences such as these. As this is antici-
pated to have a relatively small influence on the variance,
we anticipate that for all other independent variables,
power will be much greater than 80%.

POTENTIAL LIMITATIONS

The study has several potential limitations. First, not all
children with mTBI present to paediatric ED; thus, the
study’s findings may not be generalisable to children
presenting to other settings or who do not seek medical
care. Second, although the study is designed to assess
the diagnostic and prognostic significance of a broad
pool of neurobiological and psychosocial markers, some
potential markers were not included. For instance, we did
not include specific measures of depression, anxiety or
somatisation because we preferred measures that were
briefer and less burdensome, given the variety of psycho-
social constructs we wished to assess; thus, we chose the
Strengths and Difficulties Questionnaire, which is a stan-
dardised and widely used questionnaire that assesses
emotional problems and other aspects of psychosocial
adjustment. Lastly, the study does not include detailed
measures of vestibular-ocular or cervicogenic problems.
Those outcomes were not the focus of the study. More-
over, they are difficult to measure accurately without
time-consuming clinical assessments, and we did not want
to introduce additional burden to the participants. The
study will only assess vestibular-ocular and cervicogenic
problems indirectly, based on ratings of relevant post-
concussive symptoms and pain, as well as assessment of
balance.

ETHICS AND DISSEMINATION

The study received ethics approval from the ethics
boards of all participating institutions (Conjoint Health
Research Ethics Board at the University of Calgary,
REB152296; Ste Justine Research Institute, University
of Montreal, MP-21-2017-18332; CHEO REB16/23FE;
University of Alberta HREB, 64780; University of British
Columbia Children’s & Women’s Research Ethics Board,
H16-00104). No significant risks are associated with partic-
ipation in the study, and participation does not affect
the care provided to participants. MRI is not associated
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with any known physical risks as long as participants are
screened appropriately for MRI contraindications. The
genes to be studied may affect recovery from injury but
are not proven to do so. None of the genes are linked to a
definitive health risk, and therefore genetic analyses will
not uncover additional health information that has any
significance. As such, we do not release any information
about genetic analyses to participants. Psychological risks
are limited to any discomfort that participants experi-
ence while completing study procedures, including MRI.
Parents and children are approached in a sensitive and
caring way to minimise any psychological or emotional
discomfort, and research assistants stop any procedures
if children or parents experience significant discomfort.
Participants receive no direct benefit from being in the
study but receive small incentives for completing study
visits and remote ratings. Their participation may indi-
rectly facilitate their recovery, but there is no guarantee
that the research will help them. Parents receive a brief
written summary of their children’s test results. They are
provided with clinical referrals if indicated or requested.

Research personnel take all appropriate and customary
steps to ensure that data remain secure and that patient
privacy and confidentiality is maintained. All members
of the research team sign a confidentiality agreement.
Only members of the research team are granted access
to the REDCap database or CIPAC MRI database, which
are password protected. Users are assigned access rights
to databases in accordance with study responsibilities to
ensure they have only the minimum required rights to
perform their duties. All identifying information that is
collected is flagged in the database and removed from
data export unless the identifying information is required
for statistical analysis. Contact information for partici-
pants is collected on a discrete instrument. Research staff
at each site have rights to input the contact information
in REDCap but not to export this information. Only
the coordinator at each site has rights to both view and
export contact information. Data access and entry are
fully audited.

The study relies on an integrated knowledge trans-
lation plan that responds directly to the concerns of
children, parents, healthcare providers, institutional
decision-makers and other knowledge users. Central
elements of the plan include an advisory committee
to provide ongoing stakeholder participation, patient
engagement researchers to assure a patient-centred
focus, and a dedicated knowledge broker who will facil-
itate the development of a broad translational network
and build a strategy for the dissemination and uptake of
study findings by both scientists and end users.”” " The
knowledge broker will build on established national and
international collaborations and partnerships between
the study investigators and relevant professional societies,
governmental and non-governmental organisations,
policy-makers, healthcare administrators and providers,
community groups and other end users. Scientific
results will be disseminated at regional, national and

international conferences and in manuscripts in peer-re-
viewed journals.

Significance

The study will improve the clinical care and outcomes of
children with mTBI. Its findings will identify useful diag-
nostic and prognostic markers and clarify how they work
in concert, enabling clinicians to better diagnose chil-
dren with mTBI and target interventions to those at risk
for poor outcomes. The knowledge translation plan will
purposively drive change in clinical care by disseminating
study findings to end users to help reduce practice vari-
ation and thereby promote better outcomes for children
with mTBI.
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