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Abstract 

Background: This study examined whether cerebral blood flow (CBF) differed between children 

with concussion and orthopedic injury (OI) controls at 72 hours and 4 weeks post-injury. It also 

examined whether psychological resilience and acute CBF improved prediction of 2- and 4-week 

concussion symptoms beyond the existing 5P score prediction tool.  

Methods: Concussed and OI participants, aged 10-18 years, were enrolled from CHEO’s 

Emergency Department. Arterial spin labelling was used to measure CBF at 72 hours and 4 

weeks post-injury. Symptoms were assessed using the Health and Behaviour Inventory at 2 and 4 

weeks. Self-reported psychological resilience was measured with the Connor-Davidson 

Resilience Scale. Crude and adjusted mixed model analyses were conducted to assess absolute 

CBF (aCBF) and normalized aCBF in both groups over time. Multiple regression analyses 

assessed whether the 5P score, regional CBF, and resilience combined predicted 2- and 4-week 

symptoms for the concussion group. 

Results: A total of 70 participants with concussion (Mage=13.05±2.02, 47% female) and 29 with 

OI (Mage=12.59±1.97, 41% female) were included. For aCBF, a significant group*time 

interaction was found in the left anterior cingulate/medial frontal cortex (L_ACC_MFC) and 

right middle frontal gyrus (R_MFG). In the L_ACC_MFC, the concussion group showed 

increased CBF compared to OIs both time points (p<.001). In the R_MFG, CBF was increased 

compared to OIs at 4 weeks (p<.001), but not 72 hours. In both regions, CBF increased over time 

in the concussion group (p≤.001), but did not differ between time points for OIs. Concussed 

participants also had increased CBF in the left angular gyrus (L_angular) that did not differ 

between time points. For normalized aCBF, the concussion group displayed significantly 
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increased CBF in the L_ACC_MFC, R_MFG, and L_angular, and significantly decreased CBF 

in the right superior temporal gyrus (R_STG), right fusiform gyrus (R_fusiform), and bilateral 

lingual gyri. The multiple regression model revealed that the 5P score, L_ACC_MFC or R_MFG 

CBF, and resilience combined did not significantly predict 2- or 4-week symptoms for the 

concussion group.  

Conclusion: Though clinical significance remains unclear, these results are an important 

contribution to the pediatric concussion literature, as they indicate clear CBF alterations in 

pediatric concussion with some regional CBF varying in time. These results are important for 

understanding persistent neurobiological deficits after concussion. 
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Introduction 

Concussion is a form of mild traumatic brain injury caused by a direct or indirect blow to 

the head, leading to transient disturbances to brain function (McCrory et al., 2013). In Ontario, 

more than 35,000 cases of pediatric concussion are reported in physician offices and emergency 

departments (EDs) each year (Zemek et al., 2017). Common mechanisms of injury include motor 

vehicle accidents, falls, sport, being struck by an object, and assault (Haarbauer-Krupa et al., 

2018).  

Disturbances following concussion include disruptions to ionic flux, cerebral blood flow, 

and neurotransmission (Giza & Hovda, 2014). Concussion results in a wide range of symptoms 

that fall into 4 categories: somatic, cognitive, emotional/behavioural, and sleep-related symptoms 

(Pardini et al., 2004). Generally, symptoms subside without the need for intervention (Graham et 

al., 2014; Shirley et al., 2018) and resolve within 7 to 10 days for adults (McKeon et al., 2013). 

Children are more likely to sustain concussions than adults and are also prone to 

prolonged recovery due to ongoing brain development (McCrory et al., 2013). Recovery of 

symptoms usually occurs within 2 to 4 weeks in children (Ledoux et al., 2019), but a significant 

proportion experience persistent post-concussion symptoms (PPCS). Approximately 30% of 

children experience PPCS (Zemek et al., 2016), which can have serious short- and long-term 

consequences for school performance, mental health, and quality of life (Ewing-Cobbs et al., 

2018; Novak et al., 2016; Yeates et al., 2012). It is important to explore ways to mitigate risk of 

PPCS, and therefore this thesis will investigate whether cerebral blood flow alterations and 

psychological resilience can improve PPCS prediction beyond an existing prediction tool.  
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Impact of concussion: Persistent post-concussive symptoms.  

 When a concussion occurs, the impact causes the brain to shift within the skull, leading to 

axonal damage and a subsequent “neurometabolic cascade” (Giza & Hovda, 2014). Initially, the 

impact produces shearing forces, which disrupts neuronal membranes and leads to axonal 

stretching. This damage is thought to cause ionic flux disruptions and an indiscriminate release 

of glutamate. In an effort to restore homeostasis, sodium-potassium pumps work in overdrive, 

which requires an increase in ATP production. This results in increased glucose metabolism, 

ultimately diminishing energy reserves. Additionally, excess calcium is sequestered to the 

mitochondria, hindering their ability to produce more ATP. There is a simultaneous increased 

demand for cellular energy paired with a decrease in cerebral flow, leading to impaired 

metabolism. Although yet to be confirmed, it is thought that these physiological changes 

correlate with clinical symptoms (Giza & Hovda, 2014).  

 Among children, pronounced symptom change following concussion tends to occur 

within a 2-week window and plateaus afterwards (Ledoux et al., 2019). A significant proportion 

of children, approximately 30%, experience symptoms lasting months post-injury (Zemek et al., 

2016). PPCS in children are multidimensional, and are defined as somatic, cognitive, 

emotional/behavioural, and sleep-related symptoms lasting beyond 1-month post-injury (Zemek 

et al., 2016).  

 PPCS are thought to occur due to autonomic dysfunction following concussion. Both the 

parasympathetic and sympathetic divisions of the autonomic nervous system are affected 

(Blennow et al., 2012; Leddy et al., 2010), leading to common symptoms including dizziness, 

difficulty concentrating, and headache (Permenter et al., 2017). Persistence of symptoms is likely 

dependent on the interaction of numerous biopsychosocial factors (Wäljas et al., 2015), including 
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pre-injury physical and mental health conditions (Fordal et al., 2022; Gornall et al., 2019), poor 

coping skills (Cassetta et al., 2021), low resilience (Fordal et al., 2022; Skandsen et al., 2021), 

and personality characteristics (Garden et al., 2010; Skandsen et al., 2021).  

PPCS may lead to significant functional impairment, interfering with academic 

performance (Holmes et al., 2020), sport participation (Cancelliere et al., 2014), and quality of 

life (Novak et al., 2016). Since PPCS can take a serious toll on a child’s health and wellbeing, it 

is important to evaluate strategies to prevent or mitigate the potentially detrimental effects of 

PPCS. Moreover, since pronounced symptom reduction tends to occur within a 2-week window 

(Ledoux et al., 2019), early prediction of those most at risk can allow for early intervention.    

 

Predicting post-concussive symptoms. 

To better manage acute symptoms and prevent PPCS, it is necessary to develop tools to 

identify those most at risk. In 2013, the Pediatric Emergency Research Canada (PERC) 

concussion team conducted a study to derive and validate an easy-to-use PPCS prediction rule 

for clinicians called the 5P score (Zemek et al., 2013, 2016). A total of 3063 participants aged 5 

to 17 years were recruited within 48 hours post-concussion from 9 pediatric EDs across Canada.  

Based on previous research and clinical experience, the research team selected 46 variables 

thought to be most associated with symptom persistence (Zemek et al., 2013). Univariate 

analysis assessed the strength of the relationship between each variable and PPCS, and those that 

were reliable and independently associated with PPCS were included in the final multivariable 

model. PPCS was defined as 3 or more new or worsening symptoms at 4 weeks compared to pre-

injury, and the outcome variable was dichotomous: presence or absence of PPCS. 
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The derived rule included 9 variables most associated with prolonged recovery: age, sex, 

longest symptom duration from prior concussions, migraine history, answering questions slowly, 

abnormal tandem balance, headache, noise sensitivity, and fatigue.  

Through comparison of the 5P score and unassisted physician prediction of PPCS, it was 

determined that the 5P score outperforms physician prediction, yet only has modest prediction 

ability (AUC = .68). Thus, the inclusion of other factors has the potential to improve prediction 

ability. Neither psychosocial factors nor imaging markers were assessed as part of the original 5P 

score derivation. Given the functional and structural features of concussion, and that the 

contribution of pre-injury conditions are better predictors of symptom persistence over time than 

injury factors (Barlow, 2016; McNally et al., 2013), neuroimaging markers and psychosocial 

factors may be important considerations in PPCS prediction models.      

 

Potential predictors of persistent symptoms: Cerebral blood flow.  

Concussion abnormalities are not visible with standard neuroimaging procedures, such as 

computerized tomography (CT) scans (McCrory et al., 2017). However, emerging evidence 

suggests that several advanced neuroimaging modalities that reveal microstructural and 

functional abnormalities may have prognostic utility for pediatric concussion, one of which is 

arterial spin labeling (ASL). ASL is a non-invasive functional magnetic resonance imaging 

(MRI) technique that measures cerebral blood flow (CBF) without the need for injection of 

contrast agents (Alsop et al., 2015), which makes it a useful tool for studies with children 

(Chappell et al., 2018). The terms cerebral perfusion and CBF are generally used 

interchangeably, and they refer to the quantitative measure of the delivery of nutrients and 

oxygen to tissue measured in units of ml/100g/minute (Petcharunpaisan, 2010). To obtain the 
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image, a blood-borne tracer is created in the neck through magnetic labeling, which involves 

inverting the hydrogen nuclei within water molecules using a radiofrequency pulse (Chappell et 

al., 2018). The image is acquired after a short delay, allowing for the labeled blood to reach the 

brain and accumulate in tissue (Wang & Licht, 2006). Multiple pairs of labeled and control 

images are acquired, and subtraction of these images results in a perfusion-weighted image. The 

perfusion-weighted images are averaged to obtain the final CBF map. Absolute CBF (aCBF), 

which refers to calibrated regional or global perfusion in units of ml/100g/minute (Chappell et 

al., 2018), can then be quantified. 

The mechanisms contributing to altered blood flow following concussion are not well 

understood, however various potential mechanisms have been proposed. Cerebral blood flow is 

regulated by the autonomic nervous system, and concussion leads to a cascade of events 

resulting in dysregulation of this system (Giza & Hovda 2014). Neurovascular coupling refers to 

the tight link between local neural activity and CBF (Tan et al., 2014). Following concussion, 

“neurovascular uncoupling” occurs, in which CBF cannot keep up with increased metabolic 

demand, leading to a cerebral “energy crisis” (Giza & Hovda, 2014; Tan et al., 2014). This 

renders the brain susceptible to further damage and injury. Moreover, the neurovascular unit 

(NVU), which is a term used to describe the interactions between neuronal networks, glial cells, 

and blood vessels, may be impacted following concussion (Wang et al., 2019). The NVU 

contributes to normal neurovascular coupling, and therefore damage can lead to altered blood 

flow and persistent symptoms (Bartnik-Olson et al., 2014). Additionally, cerebral autoregulation, 

which is the brain’s ability to maintain constant perfusion pressure in the face of systemic blood 

flow changes, is thought to be hindered following concussion (Len & Neary, 2011; Wright et al., 

2018). Smooth muscle contributes to autoregulation by constricting or dilating in response to 
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pressure changes, but TBI can impair this system leading to cerebral hypoperfusion (Villalba et 

al., 2014). Cerebral vasoreactivity, which refers to the ability of blood vessels to constrict or 

dilate in response to changes in oxygen and carbon dioxide, is another mechanism thought to be 

impacted by concussion (Frantz et al., 2017; Purkayastha et al., 2019; Tan et al., 2014).  

Although definitions of recovery stages differ between studies, generally, the acute stage 

refers to <72 hours post-injury, and subacute refers to >72 hours and <3 months (Wang et al., 

2020). Alterations in CBF following concussion in both adult and pediatric samples are well 

documented, however there is considerable variability. In both the acute and subacute stages, 

both increased CBF and decreased CBF have been observed following concussion, likely due to 

differences in study design and sample characteristics, such as participant age, injury stage, and 

symptom status (Barlow et al., 2017; Churchill, Hutchison, Graham, et al., 2017; Maugans et al., 

2012; Meier et al., 2015; Sours et al., 2015; Wang et al., 2020). Evaluation of the existing 

research also revealed many inconsistencies in regional perfusion differences post-concussion 

(Wang et al., 2020), thus warranting further investigation. Maugans et al. (2012) examined 

longitudinal CBF in children with sports-related concussion and found that CBF was decreased 

compared to controls in the acute stage but increased to within 10% of the control group’s mean 

CBF at 4 weeks. Additionally, Barlow et al. (2017) found that at 40 days post-injury, 

symptomatic and asymptomatic children had increased and decreased perfusion, respectively, 

compared to healthy controls. Both of these studies are supported by Meier et al. (2015), who 

found that athletes with a sports-related concussion exhibited lower CBF acutely, which 

normalized in the subacute stage. It is important to note that this study had a sample of young 

adults rather than children. A more recent study by Li et al. (2020) examined acute blood flow 

changes in adults with concussion. They found regions of both increased and decreased CBF, but 
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increased CBF in the inferior temporal gyrus was negatively correlated with cognitive 

symptoms. Despite the variability, the general trend appears to be that CBF is reduced in the 

initial acute stages following concussion among adults and children, and normalizes over the 

course of recovery (Barlow et al., 2017; Churchill, Hutchison, Graham, et al., 2017; Maugans et 

al., 2012; Meier et al., 2015; Wang et al., 2016). 

 While there are demonstrated post-concussion alterations in CBF, most research has 

focused on symptom correlates at the same time point during which scans were obtained. 

However, a recent study by Barlow et al. (2021) demonstrated that mean global grey matter 

aCBF measured at 4 to 6 weeks post-injury predicted recovery at 8 to 10 weeks (AUC = .77) in a 

pediatric concussion sample. Barlow et al. (2017) previously found that children with PPCS at 1-

month post-injury exhibited increased aCBF compared to those who had clinically recovered. 

Similarly in the 2021 study, CBF was higher in participants with poor recovery compared to 

good recovery at 4 to 6 weeks, and both declined over the following 4 to 6 weeks. However, 

there was a significantly steeper decline in aCBF in those with good recovery.  

No studies to date have examined whether acute (<72 hour) CBF alterations can predict 

future symptoms in pediatric concussion. Therefore, investigating acute CBF as a predictor for 

PPCS in children is warranted. 

 

Potential predictors of persistent symptoms: Psychological resilience.  

Psychological resilience refers to the ability to positively adapt when faced with adversity 

(Connor & Davidson, 2003), such as illness or injury. It is a psychosocial, non-injury factor that 

is known to influence recovery in a number of conditions and injuries, including concussion. 

Losoi et al. (2015) examined resilience longitudinally post-concussion in an adult sample and 
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found that patients with moderate-to-high resilience at one-month reported less fatigue, 

insomnia, traumatic stress, and depressive symptoms, at one, six, and twelve months. Moreover, 

Durish et al. (2018, 2019) conducted two studies that examined psychological resilience as a 

predictor of symptoms in pediatric concussion. In the first study, low resilience predicted higher 

scores on the Post-Concussion Symptom Inventory, but more so for children who had previously 

sustained multiple concussions. Those that were more resilient reported lower fatigue and fewer 

emotional symptoms. In the second study of participants with poor recovery, resilience 

significantly predicted PPCS, and this was mediated by depressive and anxiety symptoms. More 

recently, Bunt et al. (2021) found that adolescents and young adults with sports-related 

concussion who reported themselves as less resilient within 10 days post-injury experienced 

greater symptom burden and delayed recovery at 3 months. Similarly, Fordal et al. (2022) found 

that low pre-injury resilience in adults with concussion was associated with persistent symptoms. 

Taken together, these studies provide a strong rationale to investigate resilience as a predictor of 

PPCS in pediatric concussion.  

 Rather than being a stable trait, resilience is a dynamic factor that is modifiable 

(Shrivastava & Desousa, 2016). Factors thought to promote resilience include social support 

(Netuveli et al., 2008), cognitive flexibility (Southwick et al., 2005), having a positive outlook 

(Southwick et al., 2005), an active coping style (Campbell-Sills et al., 2006), as well as higher 

levels of mindfulness (Mcgillivray & Pidgeon, 2015). Resilience may serve as a moderator 

between mental health and PPCS, given that resilience is strongly tied to pediatric mental health 

(Mesman et al., 2021), and poor pre- and post-injury mental health symptoms are known to 

predict poorer outcomes following concussion (Anderson et al., 2020; Gornall et al., 2021; 

Langer et al., 2021). Thus, resilience may be a good predictor of symptom burden following 
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concussion. Promoting resilience in children with low resilience initially post-concussion could 

therefore prevent or attenuate the long-term effects of PPCS. 

 

Summary 

 Overall, although prediction ability of the 5P score is promising, it is not perfect (AUC = 

.68), warranting the consideration of additional factors. Since CBF alterations and psychological 

resilience have both previously been linked to symptom severity in pediatric concussion, they 

may have the potential to improve prediction of PPCS/symptom burden when considered in 

addition to the 5P score. Improving prediction of children most at risk can help clinicians initiate 

early intervention to prevent or mitigate consequences of PPCS, thereby improving health 

outcomes and quality of life. This can not only provide relief for patients and their families, but 

also for the Canadian healthcare system since resources can be directed to those most in need. 

 

Study objectives and hypotheses 

The objectives of this study are twofold:  

1) To examine blood flow changes, both globally and regionally, in concussed children 

compared to orthopedic injury (OI) controls at 72 hours and 4 weeks post-injury, and  

2) To examine whether the consideration of resilience and CBF alterations, in addition to the 5P 

clinical risk score, can improve prediction of symptoms at 2 and 4 weeks post-injury in 

children with concussion.  

 

It is hypothesized that there will be decreased blood flow, both globally and regionally, in 

concussed participants compared to OI controls at 72 hours. It is expected that OI’s CBF will 
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remain stable over time, and concussed participants’ CBF will increase to resemble that of OI 

controls at 4 weeks. It is also hypothesized that lower resilience, decreased CBF, and a high 5P 

score combined will better predict symptoms in the concussion group at 2 and 4 weeks than a 

high 5P score on its own.  

Methods 

Study design and setting 

 This study is a planned secondary analysis of a randomized clinical trial (RCT) 

completed at CHEO from May 2018 to February 2020 called Pediatric Concussion Assessment 

of Rest and Exertion+MRI (PedCARE+MRI), which was an adjunct study to Pediatric Concussion 

Assessment of Rest and Exertion (PedCARE) (Ledoux et al., 2019; Ledoux et al., 2022). The 

primary objective of the PedCARE+MRI study was to investigate whether early resumption of 

physical activity at 72 hours post-concussion would lead to improved neurophysiological 

outcomes. Concussed participants were randomized to 2 groups: the physical activity group and 

the rest until asymptomatic group. OI controls were recruited as well, but not randomized to 

either group in order to serve as a normative sample. Children with OI were chosen as a control 

group, because this allows for control of injury-related characteristics that would not be present 

in a healthy sample (e.g., pain, post-traumatic stress, medical treatment) (Wilde et al., 2018). 

Although the parent study was an RCT, for this study the physical activity and rest until 

asymptomatic groups were combined, since it was previously found that the groups had similar 

patterns of physical activity (Ledoux et al., 2022). Recruitment took place through CHEO’s 

Emergency Department. MRI scans were conducted at the Royal Ottawa Mental Health Centre’s 

Brain Imaging Centre (BIC). Ethics approval was given by CHEO’s Research Ethics Board.   
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Inclusion and exclusion criteria 

 Participants in the concussion group were included in the study if they were diagnosed 

with a concussion according to the Berlin consensus statement (McCrory et al., 2017), and 

concussion diagnosis was confirmed using physician judgement and an adapted version of the 

Centers for Disease Control and Prevention tiered framework (Peterson et al., 2021). At least one 

symptom from the “highest level of certainty” tier had to be present (e.g., dazed/confused/foggy, 

loss of consciousness, memory problems), or at least two from the “higher level of certainty” 

(e.g., nausea or vomiting, headache, vision changes, etc. immediately or within an hour post-

injury). They also had to have been between the ages of 10 and 18 years, sustained a concussion 

within the previous 48 hours, and were fluent in English or French. Participants were excluded if 

they presented with a Glasgow Coma Scale score of <13; had any abnormal neuroimaging 

findings; required neurosurgery, intubation or intensive care; sustained multi-system injuries that 

required admission, operation or sedation; severe neurological condition preventing adequate 

communication; intoxication in the ED; no clear history of trauma as primary event; inability to 

resume physical activity; inability to obtain consent or assent; or if a legal guardian was not 

present. Participants were also excluded if they had any MRI contraindications (e.g., 

pacemakers, metal implants).  

 Participants in the OI group were included if they were between the ages of 10 and 18 

years, had an injury that occurred within 48 hours of the ED visit, had an isolated upper 

extremity injury due to blunt force or trauma, and were proficient in English. Exclusion criteria 

were the same as for the concussion group, but the OI participants could not have sustained a 

concussion or traumatic brain injury within the previous year. They were also screened for 

concussion at the ED visit.  
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Measures 

5P score. Calculation of the 5P score was based on the initial 5P study: factors were 

awarded either 0, 1, or 2 points based on strength of the association to PPCS (See Table 1). The 

factors known to be most associated with PPCS, which were age range from 13 to 18, female 

sex, and fatigue, were each awarded 2 points. In the original study, three cut-off points were 

selected to classify PPCS risk: 0 to 3 points for low risk, 4 to 8 points for medium risk, and 9 to 

12 points for high risk. 5P variables were assessed in the ED and the score was calculated by 

summing responses, but only total scores were used in this study instead of risk group. 

 

Table 1. 5P Score Criteria and Points Allotment 

Risk Factor Categories Points 

Age 5-7 
8-12 
13-18 

0 
1 
2 

Sex Male 
Female 

0 
2 

Longest symptom duration from 
prior concussion(s) 

No prior or <1 week 
1+ week 

0 
1 

Migraine history No 
Yes 

0 
1 

Answering questions slowly No 
Yes 

0 
1 

Tandem stance 0-3 errors 
4+ or unable to do test 

0 
1 

Headache No 
Yes 

0 
1 

Sensitivity to noise No 
Yes 

0 
1 
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Fatigue No 
Yes 

0 
2 

 

MRI acquisition. Acquisition of the MRI scans took place at 72 ± 48 hours (Time 1) and 

at 4 weeks ± 5 days (Time 2) post-injury at the BIC. The 3-Tesla Siemens PET-MRI machine 

equipped with a 12-channel head coil was used. A 3D multi-inversion time pulsed ASL sequence 

with background suppression was used, and images were acquired along the anterior 

commissure-posterior commissure line with the prescription slab oriented at the base of the 

cerebellum. Images were acquired with the following parameters: Voxel size: 1.8 x 1.8 x 5.0 

mm, slice thickness: 5mm, SNR: 1, repetition time (TR): 4600 msec, echo time (TE): 15.56 

msec, bolus duration: 700 msec, 12 inversion times, field of view (FOV): 230 mm. The whole 

brain was covered and the entire ASL scan lasted approximately 5 minutes. T1-weighted 

structural images were also obtained with the following parameters: Voxel size: 0.9 x 0.9 x 1.0 

mm, slice thickness: 5mm, SNR: 1, TI: 1160 msec, TE: 2.21;4.09;5.97;7.85 msec, TR: 

2300 msec, flip angle (FA) = 8°, 192 transversal slices with FOV  230 × 230 mm, 256 × 256 pixel 

matrix, 0.9 × 0.9 mm in-plane resolution, with bandwidth = 650 Hertz per pixel for all 4 

contrasts. 

Psychological resilience. Psychological resilience was assessed at 72 hours post-injury 

using the 10-item version of the Connor-Davidson Resilience Scale (CD-RISC) (Campbell-Sills 

& Stein, 2007; Connor & Davidson, 2003). The CD-RISC consists of 10 items rated on a 5-point 

self-report Likert scale ranging from 0 meaning “Not true at all”, to 4 meaning “True nearly all 

of the time”. Total scores were calculated by summing the responses (0-40), and higher scores 

reflected greater psychological resilience. The 10-item CD-RISC has been previously validated 

in studies of children with concussion (Laliberté Durish et al., 2018). Cronbach’s alpha = .89. 
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Post-concussion symptoms. Symptoms were assessed in the ED, at 2 weeks, and at 4 

weeks post-injury using the Health and Behaviour Inventory (HBI) (Ayr et al., 2009). The HBI is 

20-item self-report questionnaire rated on a 4-point Likert scale based on how often a symptom 

was experienced in the previous week, with 0 meaning “Never” and 3 meaning “Often”. It also 

has a parent-rated retrospective component (rHBI), in which parents rate how often symptoms 

were experienced by their child pre-injury. The HBI is a validated and reliable assessment for 

children aged 8-15 (Ayr et al., 2009; Janusz et al., 2012). Total scores were calculated by 

summing the responses (0-60), and higher scores reflected greater symptom burden. The HBI 

also yields a cognitive and somatic symptom score (Hearps et al., 2017). Cronbach’s alpha = .94. 

 

Procedure 

 Children that presented to CHEO’s ED with a concussion or an OI were approached by 

an ED volunteer to determine interest in participating in the PedCARE+MRI study. A research 

assistant then screened the interested patients to determine eligibility. If deemed eligible, a 

written consent was completed by the child if they were capable of consenting by themselves. If 

the parent consented on their child’s behalf, the child had to complete an assent form as well. 

 Once enrolled, the research assistant collected participant contact information, and then 

demographics and 5P variables were assessed and entered into the study’s Research Electronic 

Data Capture (REDCap) (Harris et al., 2009, 2019) database. Concussed participants were 

randomized to either the physical activity group or the rest until asymptomatic group through 

REDCap. The physical activity group was instructed to resume noncontact aerobic activity at 72 

hours post-injury, and the rest until asymptomatic group was instructed to resume physical 

activity only once symptoms subsided. OI participants were not randomized to either group in 
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order to serve as a normative sample, and they instead received care as usual. Follow-up 

questionnaires were sent to the participants at multiple time points (i.e. 72 hours, 1, 2 and 4 

weeks) via email or phone during the 4-week study period (see Table 2 for a summary of 

assessments).  

 

Table 2. Summary of Assessments 
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ED visit            

5P variables  RA,
MD 

n/a X 
 

      

Outcomes           

Neurobiological markers   60         

Cerebral perfusion (primary) CC, 
OI 

5  
X      X 

Post-concussive symptoms 
(secondary) 

   
       

Health and Behaviour Inventory and 
retrospective HBI 

CC,P, 
OI 

5-10 X     X  X 

Psychological Assessments           

Connor-Davidson Resilience Scale CC, 
OI 

5  
X 

      

Note: CC= Concussed Child, P=Parent/guardian, OI=Orthopedic Injury participants, 
RA=Research Assistant, MD=Treating ED Physician. Bold = used in this study. OI participants 
only completed assessments at 72 hours and 4 weeks.  
 
 

Both concussion and OI participants were contacted to book the 2 MRI appointments on 

the day following their ED visit. They were sent parking information, a map of the location, and 

voucher instructions before their appointments. At the BIC, a signed consent form was presented 

to the MRI technician before the scan. The participants were instructed to remove their clothing 
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and all metal objects, and they were presented with a gown. During the ASL sequence, 

participants were instructed to close their eyes and rest their minds.  

 

Data Analysis 

MRI data analysis. The MRI data was assessed using FMRIB Software Library v6.0 

(FSL) (Jenkinson et al., 2012), Statistical Parametric Mapping 12 (SPM12) software (Ashburner 

et al., 2021), and Matlab. 

Motion assessment. Since head motion in the scanner can greatly affect the imaging 

results, motion was assessed through visual inspection of the structural images. ASL scans were 

co-registered with grey matter maps to account for motion, and both of these maps were 

normalized to the Montreal Neurological Institute (MNI) 152 standard space T1-weighted 

average structural template image. The structural image assessments were conducted based on a 

paper by Backhausen et al. (2016). Image sharpness, ringing, contrast to noise ratio of 

subcortical structures, and contrast to noise ratio of gray matter and white matter were all taken 

into consideration, and images were given a pass or fail rating. Any scans that failed were 

automatically excluded. Scans were also excluded if a radiologist determined that significant 

incidental findings were present (e.g., tumor).  

 

Preprocessing 

The ASL data was preprocessed using FSL (Jenkinson et al., 2012). Reorientation, 

cropping, bias-field correction, registration to standard space, brain extraction, tissue-type 

segmentation, and subcortical structure segmentation were all performed on the structural images 

using the fsl_anat (Jenkinson et al., 2012) command. Analysis of Functional Neuroimages 

(AFNI) 3dvolreg (Oakes et al., 2005) command was used to assess motion in the ASL data 
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before and after motion correction. Additionally, framewise displacement (FD) (Power et al., 

2012) calculations, involving the combination of six different head motion parameters, were 

conducted to yield a single scalar value for participant head motion. Motion correction was then 

performed using the mcflirt (Jenkinson et al., 2002) command. The decision to exclude 

participants based on motion took into account both motion correction using mcflirt (Jenkinson 

et al., 2002) and visual inspection of the structural images. Finally, the perfusion analysis was 

completed using oxford_asl (Chappell et al., 2018). This created calibrated perfusion images, 

which were used for further analysis.  

 
Statistical analyses.  

Statistical analyses were conducted using version 27 of IBM Statistical Package for the 

Social Sciences (SPSS) software for Mac OS. Demographic data for the participants were 

analyzed with descriptive statistics. Statistical significance was determined at p < .05 (two-

tailed). Data cleaning was performed to ensure that all scores are within range, that 

multicollinearity between predictors was minimal, and that the assumptions of linearity, 

homogeneity of variance, normality, and independence of errors were met. Extreme scores were 

winsorized to ensure normality. 

To assess CBF changes in the concussed and OI groups over time, the ASL data was 

analyzed using SPM12 and SPSS. First, a linear mixed model assessing mean global grey matter 

CBF adjusted for age, sex, and motion, for each group at each time point was conducted using 

SPSS. This analysis was also repeated without adjusting for age and sex (crude). Whole brain 

exploratory analyses were then conducted in SPM12 to determine regions of interest (ROI). For 

the absolute analysis, the calibrated perfusion images from the concussed group and OI group at 

Time 1 and Time 2 were compared using a full factorial model. Age, sex, and head motion (FD 
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value) were entered as covariates. To assess normalized absolute CBF, this model was repeated 

with the inclusion of global grey matter perfusion as a covariate. This was done to remove any 

naturally occurring variability in global grey matter perfusion, as it can differ greatly between 

individuals (Chappell et al., 2017). Independent anatomical masks were created for each 

significant ROI from the absolute and normalized absolute analyses, and values were extracted 

for further analysis in SPSS. Both adjusted and crude (not adjusted for age and sex) ROI 

analyses were conducted to assess the influence of the covariates on the results (Hyatt et al., 

2020; Simmons et al., 2011). 

Multiple regression models were conducted in SPSS to assess whether scores from the 

CD-RISC and CBF, combined with the 5P score, improved prediction of symptoms measured 

with the HBI. Only the concussed participants’ data was used for this analysis, and motion was 

controlled for. Total HBI scores at both 2 and 4 weeks were entered as the outcome variables. 

Missing data was accounted for using pairwise deletion, and significance was determined by p < 

0.05.  

Results 

Participant Characteristics 
 

A total of 92 concussed participants and 46 OI participants were recruited in the CHEO 

ED from May 2018 to February 2020. Of these participants, 75 concussed and 30 OI participants 

completed MRI scans at both 72 hours and at 4 weeks. Following motion review, 5 concussed 

participants and 1 OI participant were excluded. See Figures 1 and 2 for enrolment breakdown.  

In the final sample, 70 participants with concussion (Mage=13.05±2.02, 47% female) and 

29 with OI (Mage=12.59±1.97, 41% female) were included. The predominant mechanism of 

injury for both groups was sport and recreational play. The most prevalent diagnoses for both 
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groups were anxiety, learning disability, and ADHD. Independent sample t-tests and Pearson’s 

Chi-square tests revealed a significant difference between the concussion and OI groups for time 

from injury to MRI 1 (p = .001), but no significant group differences for any other demographic 

variable in the final sample. See Table 3 for participant demographics.  

 
 
 

 
 
Figure 1. Enrolment, attrition, and final sample breakdown for concussed participants 
 
 

Assessed for eligibility  
(n=515) 

Consented (n=92)  

MRI 1 completed (n=81) 

Completed both MRIs (n=75)  

Final sample (n=70) 

Excluded from analysis due to 
excessive motion (n=5)  

Excluded (n=423)  
Not eligible for PedCARE (n=145)  
Unable to complete follow-up (n=51)  
Declined to participate in PedCARE (n=128)  
Not eligible for PedCARE+MRI (n=70)  
Declined to participate in PedCARE+MRI (n=25)  
Excluded by MD (n=1)  
Did not complete enrolment (n=3) 

  Withdrew before first MRI (n=11)  
Excluded by MD after randomization (n=1)  
Declined participation when called to book first MRI (n=4)  
MRI not available (n=1)  
Unable to attend first MRI (n=2) 
Did not wish to follow the physical activity protocol (n=1)  
Unable to reach to book first MRI (n=1)  
Changed their mind upon arrival at imaging centre (n=1)  
 z 

Withdrew before second MRI (n=4) 
Incidental finding was discovered (n=1) 
Did not wish to continue (n=1)  
Felt uncomfortable in the machine (n=1)  
Worried their concussion symptoms would 
resurface (n=1)  

Lost to follow-up (n=2)  
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Figure 2. Enrolment, attrition, and final sample breakdown for orthopedic injury participants 

 

 

 

 

 
 

 
 
 
 

Assessed for eligibility  
(n=261) 

Excluded (n=215)  
Not eligible (n=183) 
Unable to complete follow-up (n=7) 
Declined to participate (n=24) 
Excluded by MD (n=1)  

Consented (n=46) 

Did not attend first MRI (n=14) 
Declined participation when called to book first MRI (n=9) 
No show at appointment (n=1) 
Cancelled appointment after booking (n=1) 
Participant left appointment without starting MRI (n=1) 
Excluded by MD after consenting  (n=2) 
  

MRI 1 completed (n=32) 

Did not attend second MRI (n=2) 
Not comfortable completing another MRI (n=1) 

Cancelled 2
nd

 appointment and did not wish to 
reschedule (n=1) 

Completed both MRIs (n=30) 

Final sample (n=29) 

Excluded from analysis due to 
excessive motion (n=1) 
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Table 3. Participant Demographics  

  Full Sample MRI Sample Final Sample 

  Concussed OI Concussed OI Concussed OI 

  N=92 N=46 N=75 N=30 N=70 N=29 

 
Mean age 
±SD (years) 

  
13.05 

 
12.84 

 
13.06 

 
12.64 

 
13.05± 2.02    

 
12.59±1.97  

Sex Female 41 (45%) 18 (39%) 36 (48%) 12 (40%) 33 (47%) 12 (41%) 

 Male 51 (55%) 28 (61%) 39 (52%) 18 (60%) 37 (53%) 17 (59%) 

        
Diagnoses  Learning 

disability 
12 (13%) 4 (9%) 8 (11%) 2 (7%) 8 (11%) 2 (7%) 

 ADHD 13 (14%) 7 (15%) 12 (16%) 4 (13%) 10 (14%) 4 (14%) 

 Other 
developmental 
disorder 

4 (4%) 1 (2%) 2 (3%) 1 (3%) 2 (3%) 1 (3%) 

 Anxiety 15 (16%) 4 (9%) 13 (17%) 3 (10%) 12 (17%) 3 (10%) 

 Depression 5 (5%) 2 (4%) 4 (5%) 1 (3%) 4 (6%) 1 (3%) 

 Sleep disorder 2 (2%) 1 (2%) 2 (3%) 1 (3%) 2 (3%) 1 (3%) 

 Other 
psychiatric 
disorder 
 

0 (0%) 2 (4%) 0 (0%) 1 (3%) 0 (0%) 1 (3%) 

 N/A 4 (4%) 1 (2%) 3 (4%) 1 (3%) 2 (3%) 0 (0%) 

Mechanism 
of injury  

Sport and 
recreational 
play 

48 (52%) 28 (61%) 43 (57%) 20 (67%) 40 (57%) 19 (66%) 

 Non-sport-
related injury 
or fall 

25 (27%) 10 (22%) 20 (27%) 4 (13%) 19 (27%) 4 (14%) 
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 Motor vehicle 
accident 

1 (1%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

 Assault 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

 Other 18 (20%) 8 (17%) 12 (16%) 6 (20%) 12 (17%) 6 (21%) 

 N/A 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Median time (hours) 
from injury to ED 
presentation (IQR) 
 

 11.40 13.78 11.15 13.73 3.57 (1.69-
19.33) 

7.73 (2.87-
21.12) 

Median time (hours) 
from injury to MRI 
1 (IQR) 
 

 - - 74.75 108.50 75.13 (52.50-
87.44) 

117.00 
(72.00-
120.25) 

Median time (days) 
from injury to MRI 
2 (IQR) 
 

 - - 30.14 30.38 30.24 (28.34-
32.07) 

30.70 (28.09-
32.30) 

Note. Full sample is comprised of all participants recruited in the ED. MRI sample is comprised of 
participants that completed both MRI scans. Final sample is comprised of participants that completed 
both MRI scans and were not excluded following motion review. SD = Standard Deviation, IQR = 
Interquartile Range.  
 
 

Analysis 1: Changes in CBF by group and by time point 

Mean global grey matter perfusion  

Adjusted analysis 

 The linear mixed model, adjusted for sex, age, and motion, found no significant main 

effect of time or group, and no significant interaction between time and group. Although not 

significant, both the concussion and OI groups exhibited increased mean global grey matter 

perfusion at Time 2 compared to Time 1, and the concussed participants exhibited increased 

CBF at both time points. See Figure 4A.  

 

Crude analysis 
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The crude linear mixed model, adjusted for only motion, found no significant main effect 

of time or group, and no significant interaction effect. Although not significant, the concussed 

group exhibited decreased perfusion compared to OI’s at time 1, and increased perfusion at time 

2. See Figure 4B. 

 

 

Figure 4. Mean global grey matter perfusion A) adjusted for age, sex, and motion, and B) crude 

(adjusted for only motion) in concussed and OI participants over time. Errors bars represent 

standard error. 

 

 

 

A) B) 



 24 

Absolute perfusion  

Whole brain analysis 

 The whole brain analyses, adjusted for age, sex and motion, revealed a significant main 

effect of group, but no significant time effect or interaction effect. Absolute CBF differed by 

group in the anterior cingulate cortex/medial frontal cortex (L_ACC_MFC) (cluster size 315, 

puncorr < .001), right middle frontal gyrus (R_MFG) (cluster size 135, puncorr < .001), and the left 

angular gyrus (L_angular) (cluster size 132, puncorr < .001). All significant clusters survived 

family-wise error correction (pFWE < .05). See Table 4 for whole brain analysis results. 

Independent anatomical masks were created, and CBF values were extracted from each 

significant ROIs for further analysis in SPSS. 

 

Table 4. Whole Brain Absolute Perfusion Analysis 

 

Hemisphere Region 
Peak MNI 
coordinates 

(x y z)a 

Cluster size 
(voxels)a 

 

Main effect of 
group 

Left 

 
Anterior 
cingulate/medial 
frontal cortex 
 

-16 30 30 315 

 
 

Right 

 
Middle frontal 
gyrus 
 

34 6 44 135 

 Left Angular gyrus -26 -54 34 132 

aCluster level analysis in SPM, puncorr < .001, pFWE < .05 
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Figure 5. Whole brain absolute perfusion results in the left anterior cingulate/medial frontal 

cortex, right middle frontal gyrus, and left angular gyrus.  

 

Adjusted ROI analysis 

The linear mixed model for adjusted absolute perfusion confirmed the significant main 

effect of group in the L_ACC_MFC, F(1,94) = 14.81, p < .001, R_MFG, F(1,95) = 9.08, p = 

.003, and L_angular, F(1,93) = 13.08, p < .001. Each ROI’s main effect of group survived after 

Bonferroni correction (p < .017). A significant interaction between group and time was also 

present in the L_ACC_MFC, F(1,96) =  8.63, p = .004, and R_MFG, F(1,96) = 5.95, p = .017, 

and both survived after Bonferroni correction. See Figure 6 for mean absolute perfusion values 

for each ROI.  

Simple effects for the interaction in the L_ACC_MFC revealed that there was a 

significant difference in perfusion between OI and concussion groups at both time 1, F(1,95) = 

5.77, p = .018, and time 2, F(1,96) = 21.08, p < .001. Perfusion in the concussion group was 

L_ACC_MFC R_MFG L_Angular
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significantly higher at time 2 compared to time 1, F(1,96) = 11.96, p < .001, but there was no 

significant difference over time for the OI group.  

Simple effects for the interaction in the R_MFG revealed that there was a significant 

difference in perfusion between OI and concussion groups at time 2, F(1,96) = 11.78, p < .001, 

but this difference only approached significance at time 1, F(1,95) = 3.80, p = .054. Perfusion in 

the concussion group was significantly higher at time 2 compared to time 1, F(1,96) = 11.46, p = 

.001, but there was no significant difference over time for the OI group.   
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Figure 6. Mean absolute perfusion adjusted for age, sex, and motion in the A) left anterior 

cingulate/medial frontal cortex, B) right middle frontal gyrus, and C) left angular gyrus, in both 

concussion and OI groups over time. Error bars represent standard error. * = significant time 

difference between groups, ** = significant group difference over time, *** = significant 

difference between groups. 

 

A) 

C) 

B) 

** 

* 
* * 

** 

*** 
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Crude ROI analysis 

The linear mixed model for crude absolute perfusion (adjusted for motion only) 

confirmed the significant main effect of group in the L_ACC_MFC, F(1,97) = 14.25, p < .001, 

R_MFG, F(1,97) = 8.47, p = .004, and L_angular, F(1,94) = 11.30, p = .001. Each ROI’s main 

effect of group survived after Bonferroni correction (p < .017). A significant interaction between 

group and time was also present in the L_ACC_MFC, F(1,95) = 8.65,  p = .004, and R_MFG, 

F(1,95)= 5.95, p = .017, both of which survived Bonferroni correction. See Figure 7 for mean 

absolute perfusion values for each ROI.  

Simple effects for the interaction in the L_ACC_MFC revealed that there was a 

significant difference in perfusion between OI and concussion groups at both time 1, F(1,97) = 

5.35, p = .023, and time 2, F(1,97) = 20.61, p < .001. Perfusion in the concussion group was 

significantly higher at time 2 compared to time 1, F(1,96) = 11.96, p < .001, but there was no 

significant difference over time for the OI group.  

Simple effects for the interaction in the R_MFG revealed that there was a significant 

difference in perfusion between OI and concussion groups only at time 2, F(1,97) = 11.17, p = 

.001. Perfusion in the concussion group was significantly higher at time 2 compared to time 1, 

F(1,96) = 11.43, p = .001, and there was no significant difference over time for the OI group.  
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Figure 7. Mean crude absolute perfusion in the A) left anterior cingulate/medial frontal cortex, 

B) right middle frontal gyrus, and C) left angular gyrus, in both concussion and OI groups over 

time. Error bars represent standard error.  * = significant time difference between groups, ** = 

significant group difference over time, *** = significant difference between groups. 
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C) 
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Normalized absolute perfusion: adjusting for mean global grey matter perfusion 

Whole brain analysis 

 The whole brain analysis, adjusted for age, sex, motion, and mean global grey matter 

perfusion revealed a significant main effect of group, but no significant time effect or interaction 

effect. Normalized absolute CBF differed by group in the L_ACC_MFC (cluster size 294, puncorr 

< .001), R_MFG (cluster size 143, puncorr < .001), left middle frontal gyrus (L_MFG) (cluster size 

76, puncorr = .001), right superior temporal gyrus (R_STG) (cluster size 210, puncorr <.001), right 

fusiform gyrus (R_fusiform) (cluster size 115, puncorr <.001), L_angular (cluster size 113, puncorr < 

.001), right supramarginal gyrus (R_SMG) (cluster size 73, puncorr = .001), left lingual gyrus 

(cluster size 1874, puncorr <.001), and right lingual gyrus (cluster size 100, puncorr <.001). All 

significant clusters survived family-wise error correction (pFWE < .05). See Table 5 for whole 

brain analysis results. Independent anatomical masks were created, and CBF values were 

extracted from each significant ROI for further analysis in SPSS. Due to the large size of the 

clusters, the left and right lingual gyrus were combined into one region (lingual) for ROI 

analyses.  

 

Table 5. Whole Brain Normalized Absolute Perfusion Analysis 

 Hemisphere Region Peak MNI 
coordinates 

(x y z)a 

Cluster size 
(voxels)a 

 

Main effect of 
group 

Left Anterior 
cingulate/medial 
frontal cortex 

-16 30 30 294 

 
 

Right Middle frontal 
gyrus 

34 6 44 143 

 Left Middle frontal 
gyrus 

-46 6 54 76 
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 Right Superior temporal 
gyrus 

38 -32 10 210 

 Right Fusiform gyrus 38 -38 -22 115 

 Left Angular gyrus -26 -54 34 113 

 Right Supramarginal 
gyrus 

38 -50 30 73 

 Left Lingual gyrus 4 -68 -10 1874 

 Right Lingual gyrus 8 -96 -12 100 

aCluster level analysis in SPM, puncorr < .001, pFWE < .05 
 

 

 
Figure 8. Whole brain normalized absolute perfusion in the A) left anterior cingulate/medial 

frontal cortex, B) right middle frontal gyrus, C) left middle frontal gyrus, D) right superior 

temporal gyrus, E) right fusiform gyrus, F) left angular gyrus, G) right supramarginal gyrus, H) 

left lingual gyrus, and I) right lingual gyrus.  

 

A)

E) F)D)

C)B)

H) I)G)
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Adjusted ROI analysis 

The linear mixed model for adjusted normalized absolute perfusion confirmed the 

significant main effect of group in the L_ACC_MFC, F(1,94) = 13.85, p < .001, R_MFG, 

F(1,95) = 7.89, p = .006, L_MFG, F(1,95) = 6.34, p = .014, R_STG, F(1,95) = 8.65, p = .004, 

R_fusiform, F(1,93) = 12.89, p < .001, L_angular, F(1,92) = 11.71, p < .001, R_SMG, F(1,95) = 

5.95, p = .017, and lingual F(1,90) = 9.10, p = .003. Each ROI’s main effect of group survived 

after Bonferroni correction (p < .0063), except the L_MFG and R_SMG. The concussion group 

displayed significantly increased perfusion compared to OIs at both time points in the 

L_ACC_MFC, R_MFG, L_angular. The OI group displayed significantly increased perfusion at 

both time points in the R_STG, R_fusiform, and lingual. A significant interaction between group 

and time was also present in the L_ACC_MFC, R_MFG, and R_SMG, but none survived after 

Bonferroni correction. See Figure 9 for mean absolute perfusion values for each ROI.  
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Crude ROI analysis 

 

 

A) 

C) 

B) 

D) 

E) F) 

A ) B) 

C) D) 

*** *** 

*** *** 

*** *** 



 34 

 

Figure 9. Mean normalized absolute perfusion adjusted for age, sex, motion, and mean global 

grey matter perfusion in the A) left anterior cingulate/medial frontal cortex, B) right middle 

frontal gyrus, C) left middle frontal gyrus, D) right superior temporal gyrus, E) right fusiform 

gyrus, F) right supramarginal gyrus, G) left angular gyrus, H) lingual gyri. Error bars represent 

standard error. *** = significant difference between groups. 

 

Crude ROI analysis 

The linear mixed model for crude normalized absolute perfusion (adjusted for motion and 

mean global grey matter perfusion only) confirmed the significant main effect of group in the 

L_ACC_MFC, F(1,96) = 14.20, p < .001, R_MFG, F(1,96) = 8.05, p = .006, L_MFG, F(1,96) = 

5.71, p =.019, R_STG, F(1,97) = 8.19, p =.005, R_fusiform, F(1,95) = 13.85, p <.001, 

L_angular, F(1,94) = 11.22, p =.001, R_SMG, F(1,96) = 5.46, p =.022, and lingual gyrus, 

F(1,93) = 9.65, p =.003. Each ROI’s main effect of group survived after Bonferroni correction (p 

< .0063), except the L_MFG and R_SMG. After Bonferroni correction, the concussion group 

G) H) 

*** 
*** 
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displayed significantly increased perfusion compared to OIs at both time points in the 

L_ACC_MFC, R_MFG, and L_angular, and the OI group displayed significantly increased 

perfusion at both time points in the R_STG, R_fusiform, and lingual. A significant interaction 

between group and time was also present in the L_ACC_MFC, R_MFG, and R_SMG, but none 

survived after Bonferroni correction. See Figure 10 for mean crude normalized absolute 

perfusion values for each ROI. 

 

 

 

C) D) 

A) B) 

*** *** 

*** *** 
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Figure 10. Mean crude normalized absolute perfusion in the A) left anterior cingulate/medial 

frontal cortex, B) right middle frontal gyrus, C) left middle frontal gyrus, D) right superior 

temporal gyrus, E) right fusiform gyrus, F) right supramarginal gyrus, G) left angular gyrus, H) 

lingual gyri. Error bars represent standard error. *** = significant difference between groups. 

 

Analysis 2: 5P score, resilience, and CBF predicting 2- and 4-week concussion symptoms  

Based on the results from analysis 1, mean global grey matter was excluded from further 

analyses since it did not differ between concussed and OI participants. Instead, absolute regional 

E) F) 

F) G) H) 

*** *** 

*** 
*** 
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perfusion in the L_ACC_MFC and R_MFG were used since they were determined to 

significantly differ between groups and over time. These regions also had significant interactions 

in the normalized absolute analyses, although they did not survive after Bonferroni correction.  

The multiple regression model revealed that when controlling for motion, the 5P score, 

L_ACC_MFC perfusion, and resilience combined did not significantly predict 2-week (p = .12) 

or 4-week (p = .16) HBI scores for the concussion group. The 5P score (2 weeks: B = .55, p = 

.51, 4 weeks: B = .55, p = .51), L_ACC_MFC perfusion, (2 weeks: B = -.60, p = .29, 4 weeks: B 

= -.83, p = .12) and resilience (2 weeks: B = -.33, p = .11, 4 weeks: B = -.25, p = .18) also did not 

independently predict symptoms. 

 The same model, including R_MFG perfusion rather than L_ACC_MFC perfusion, also 

did not predict 2-week (p = .11) or 4-week (p = .23) scores. The 5P score (2 weeks: B = .60, p = 

.48, 4 weeks: B = 1.10, p = .16), R_MFG perfusion, (2 weeks: B = .25, p = .27, 4 weeks: B = .26, 

p = .23) and resilience (2 weeks: B = -.39, p = .07, 4 weeks: B = -.30, p = .12) also did not 

independently predict symptoms. See Table 6 for mean values of each variable for the 

concussion group. 

 

Table 6. Mean Values for the Variables Included in the Multiple Regression Analyses 

Variable Mean Value 

5P Score 6.63 ± 1.78 (medium risk) 

CD_RISC 26.03 ± 7.18 

L_ACC_MFC CBF 16.60 ± 3.92 ml/100g/min  
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R_MFG CBF 26.00 ± 6.23 ml/100g/min  

2-week HBI 15.48 ± 11.20 

4-week HBI 11.96 ± 10.76 

 

 

Exploratory analyses: acute CBF predicting 4-week symptoms by group 
 

Moderating effect of group on perfusion and HBI scores 

 Although perfusion, when combined with 5P score and resilience, were not predictive of 

symptoms for the concussion group, further exploratory analyses examined whether regional 

perfusion was predictive of symptoms, and whether this relationship was moderated by group 

(concussion versus OI). Only 4-week scores were used for this analysis since HBI scores were 

not collected for OI participants at 2 weeks. The mean 4-week HBI score was 12.45±10.17 for 

the OI group and 11.96±10.76 for the concussion group.  

 Moderation models, adjusted for age, sex, and motion (and mean global grey matter CBF 

for normalized aCBF), were conducted to examine the effect of group on the relationship 

between regional perfusion and symptoms. These were conducted using the PROCESS macro 

for SPSS (Hayes, 2013). Based on the first analysis, absolute perfusion in the L_ACC_MFC, 

R_MFG and L_angular, and normalized absolute perfusion in the L_ACC_MFC, R_MFG, 

L_angular, R_STG, R_fusiform, and lingual were all tested separately. None of these models 

yielded significant interactions, or significant main effects.  
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Discussion 

The present study investigated changes in perfusion between concussed children and 

orthopedic injury controls from 72 hours to 4 weeks post-injury. Results from this analysis 

helped drive further analyses, which examined whether perfusion, when combined with 

psychological resilience and the 5P score, could improve prediction of concussion symptoms at 2 

and 4 weeks post-injury. Additional exploratory analyses examined whether perfusion predicted 

symptoms at 4 weeks, and whether this differed between concussed participants and OI controls. 

It was hypothesized that perfusion would differ between groups and over time, such that the 

concussed group would exhibit decreased perfusion initially at 72 hours, and perfusion would 

increase to resemble that of OI controls by 4 weeks. It was also hypothesized that perfusion, the 

5P score, and resilience combined would improve prediction of symptoms in the concussion 

group at 2 and 4 weeks.  

The hypothesis concerning perfusion changes between groups over time was partially 

confirmed. There were no significant differences between groups or time points for mean global 

grey matter perfusion. However, regional CBF differed between groups and/or time points. For 

absolute regional perfusion analyses, there were significant group*time interactions in the 

L_ACC_MFC and R_MFG, and a significant group effect in the L_angular. In the 

L_ACC_MFC, the concussed group had significantly increased CBF at both time points 

compared to OI controls. For the R_MFG, the concussed group had significantly increased 

perfusion compared to OIs at 4 weeks only. The concussed participants’ perfusion significantly 

increased over time in both the L_ACC_MFC and R_MFG. Further, in the L_angular, the 

concussed group had increased perfusion compared to OIs, but perfusion did not differ between 

time points for either group. For the normalized absolute regional perfusion analyses, some 
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regions showed increased perfusion compared to OI controls, and some showed decreased. After 

Bonferroni correction, the concussion group displayed significantly increased perfusion 

compared to OIs in the L_ACC_MFC, R_MFG, and L_angular, and significantly decreased 

perfusion in the R_STG, R_fusiform, and lingual. Neither group had statistically significant 

differences in perfusion between time points after Bonferroni correction. There were also 

group*time interactions for normalized absolute CBF in the L_ACC_MFC, R_MFG, and 

R_SMG, and main effects of group in the L_MFG and R_SMG. but these did not survive 

Bonferroni correction.  

Finally, it was expected that the 5P score, psychological resilience, and acute CBF 

combined would improve prediction of symptoms at 2 and 4 weeks post-injury in the concussion 

group. This hypothesis was not confirmed, as the multiple regression models were not 

significant.  

Since there were some significant regional alterations found in the first analysis, 

additional exploratory analyses were conducted to examine whether acute regional CBF could 

predict symptom burden, and whether this differed between OI and concussed groups. There was 

not a significant relationship between any region identified in the first analysis (aCBF in the 

L_ACC_MFC, R_MFG, L_angular, and normalized aCBF L_ACC_MFC, R_MFG, L_angular, 

R_STG, R_fusiform, lingual) and 4-week symptoms, and there was no moderating effect of 

group. 
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Changes in CBF by group and by time point 

Mean global grey matter perfusion  

 While it was expected that mean global grey matter perfusion would differ between 

concussed and OI participants over time, there were no statistically significant differences in this 

sample. Although most previous research points to decreased mean global perfusion following 

concussion compared to controls, some studies have found no difference between groups, 

although they vary in terms of participant characteristics and image acquisition time (Churchill et 

al., 2019; M. J. Ellis et al., 2016; Militana et al., 2016; Möller et al., 2017; Mutch et al., 2018). 

Most previous studies that found acute decreased global perfusion in youth focused only on 

sport-related concussions, whereas our sample was recruited from the emergency department, 

with heterogeneity regarding mechanism of injury. It is possible that different mechanisms of 

injury (e.g., sport, falls, motor vehicle accidents) produce different patterns of altered CBF.  

Recently, it was suggested that the CBF recovery process in mild to moderate TBI may 

occur regionally rather than globally (Quinn et al., 2020). Although mean global perfusion did 

not differ between groups or over time in this sample, there were some regional differences 

present. Similar to this study, three previous studies found regional perfusion abnormalities 

despite normal global perfusion values (Brooks et al., 2019; Churchill, Hutchison, Richards, et 

al., 2017; M. J. Ellis et al., 2016).  

 

Regional perfusion 

In our study, there were regions of both hypo- and hyperperfusion in concussed children 

compared to OI controls. Similarly, a study by Brooks et al. (2019) examining perfusion in 

children years after concussion (mean time since injury=2.7 years) found regions of both hypo 
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and hyperperfusion despite normal global CBF. Specifically, they found that youth with a history 

of concussion had increased perfusion in anterior/frontal regions years after concussion 

compared to OI controls. In adults with concussion, increased CBF in frontal regions compared 

to healthy controls has also been found in the acute and subacute stages (Doshi et al., 2015). 

Among children with sport-related concussion, increased CBF in the dorsal ACC was present at 

2 weeks, and persisted at 6 weeks (Stephens et al., 2018). Our study corroborates these findings, 

as hyperperfusion was found in frontal regions, specifically the L_ACC_MFC and R_MFG. 

However, contrary to those studies, besides in the anterior regions our study also found 

hyperperfusion in the L_angular. Barlow et al. (2017) similarly found scattered regions (both 

anterior and posterior) of hyperperfusion in symptomatic children compared to asymptomatic 

children 4 to 6 weeks post-injury, including the L_angular. Although the time points of these 

studies all vary, it appears as though our results of hyperperfusion are in line with previous 

findings.  

The same study by Brooks et al. (2019) also found hypoperfusion in posterior, inferior 

frontal and inferior temporal lobes. Regions included the bilateral lingual gyri, and left fusiform. 

In our study, both the lingual and right fusiform similarly exhibited hypoperfusion compared to 

OI controls. There was also hypoperfusion found in the R_STG in our study. Though we also 

found hyperperfusion in the R_SMG and hypoperfusion in the L_MFG, those regions did not 

survive Bonferroni correction, and might therefore be false positives. Overall, our study supports 

that the transition from the acute to subacute phase of a pediatric concussion is associated with 

scattered perfusion alterations. Specifically, there appears to be hyperperfusion in anterior 

regions of the brain and hypoperfusion in posterior/temporal regions. 
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The localization of hypo and hyperperfusion in this sample is interesting. It is possible 

that decreased CBF in certain regions leads to specific deficits, and hyperperfusion represents a 

compensation for deficits in regions with hypoperfusion (June et al., 2020; Li, Lu, Shang, Chen, 

Wang, Haidari, Chen, & Yin, 2020). Without multimodal imaging (e.g., measures of cerebral 

vasoreactivity and autoregulation), the mechanisms contributing to both increased and decreased 

perfusion are unclear. It is also worth noting that location of the injury may affect regional blood 

flow (Bigler et al., 2018; Churchill, Hutchison, Richards, et al., 2017; Eierud et al., 2014; 

McCrea et al., 2010), but this was not examined in the present study. It is possible that our 

sample experienced mainly coup-contre-coup injuries, which might explain why perfusion was 

affected in anterior and posterior regions. Multiple studies have also noted that the frontal and 

temporal lobes might be especially vulnerable to impact in concussion (Bigler et al., 2018; 

Churchill, Hutchison, Richards, et al., 2017; Eierud et al., 2014; McCrea et al., 2010). Since CBF 

in anterior/frontal regions was increased in our study, it is possible that this was an initial 

compensatory mechanism to restore homeostasis and meet increased metabolic demand (Doshi 

et al., 2015; Williams & Danan, 2016; Xu et al., 2021). Also, decreased posterior/temporal CBF 

in this sample could be due to damage to microvasculature (Len & Neary, 2011; Meier et al., 

2015). 

 It is interesting that significant interactions were found in the L_ACC_MFC and R_MFG 

in the absolute analyses, meaning that CBF differed by group and by time point. These regions 

also had significant interactions in the normalized aCBF analyses, but did not survive Bonferroni 

correction. In both regions, absolute CBF increased from 72 hours to 4 weeks in children with 

concussion, but did not differ between time points for the OI group. Similar to Stephens et al. 

(2018) who found that dorsal ACC hyperperfusion persisted from 2 to 6 weeks post-injury, our 
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study also found that anterior hyperperfusion persisted over time. It is unclear as to why CBF 

continued to increase for concussed participants in these specific regions from 72 hours to 4 

weeks, but Barlow et al. (2017) suggests that clinical recovery precedes recovery of CBF. It 

would be interesting to examine whether absolute CBF trajectories in these regions map onto 

clinical presentation and recovery.   

 

5P score, resilience, and CBF predicting 2- and 4-week concussion symptoms 

 Our results demonstrated that CBF, psychological resilience, and the 5P score combined 

did not improve prediction of symptoms at 2 or 4 weeks in concussed children. Although 

unexpected, this potentially occurred due to the symptom scale used in our study, which was the 

HBI. Although the 5P score has previously been shown to predict symptoms measured with the 

HBI in a larger pediatric sample (Sader, 2021), the original 5P study used the post-concussion 

symptom inventory (PCSI), which reflects more domains. The HBI only comprises cognitive and 

somatic domains, and thus it is possible that our sample was experiencing more emotional and 

fatigue symptoms at 2 and 4 weeks that were not captured by the scale we used. Additionally, 

since psychological resilience is associated with pediatric mental health (Mesman et al., 2021), it 

may not have been predictive of cognitive or somatic symptoms measured with the HBI, since it 

is more likely predictive of emotional symptoms.   

 The sample size of this study is another potential reason as to why the 5P score and 

resilience were not predictive of symptoms. Since CBF was included in the analysis, this limited 

the number of participants that could be used, since they had to have underwent both MRI scans 

and passed motion review. The original 5P study also assessed presence/absence of PPCS as an 

outcome variable, but total symptom score was used in our study since the sample size was too 
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small to dichotomize the outcome. Since the concussion group, on average, was considered 

medium risk according to their 5P scores, it is also possible that most of our sample had 

clinically recovered by the 4-week time point. A larger sample size for both concussion and OI 

groups would likely provide a greater spectrum of risk scores, psychosocial factors, and recovery 

patterns.  

The scale used to assess resilience may also explain why psychological resilience was not 

predictive of symptoms. While our study used the CD-RISC, it is possible that assessing other 

dimensions of resilience, such as protective factors (e.g., social support, optimism) may produce 

different results. It has also been suggested that resilience may not be an independent contributor 

to PPCS, and is rather mediated by anxiety and depressive symptoms (Durish et al., 2019). It 

would therefore be interesting to examine whether mental health diagnoses affect reporting of 

resilience and symptoms in pediatric concussion. It would also be of interest to compare multiple 

scales that assess different dimensions of resilience, rather than only the ability to bounce back.  

 

Exploratory analyses: acute CBF predicting 4-week symptoms by group 

 Although regional CBF, when combined with resilience and the 5P score, was not 

predictive of symptoms, further exploratory analyses were conducted to determine whether any 

regions of interest identified in the first analysis was independently predictive of symptoms, and 

whether this differed between the concussion and OI groups. Regression analyses revealed there 

was no relationship between any ROI and 4-week symptoms, and no moderating effect of group. 

As few studies have examined whether CBF can predict symptoms, it is difficult to compare 

these results to other reports, however there are several potential reasons as to why these results 

may have come about. First, the OI group was reduced to 29 participants following motion 
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review, meaning that the sample size may not have been large enough to detect an effect in this 

group. Interestingly, the OI group also had a higher 4-week HBI score than the concussion 

group, but this may also be due to the small sample size.  

Previous studies have found relationships between the ROIs identified in this study and 

concussion symptoms. One study found that increased CBF in the ACC was associated with self-

reported fatigue in concussed adults in the chronic stage (Möller et al., 2017). On the contrary, 

another study found that lower ACC CBF was associated with increased fatigue and emotional 

symptoms in a mild-to-severe adult TBI population (Thomas et al., 2021). Although the direction 

of the relationship remains unclear, it is possible that the regions of interest in our study are more 

closely related to emotional and fatigue symptoms, which may not have been adequately 

captured by the HBI. However, one study found that increased left dorsal ACC perfusion 

predicted increased physical symptoms measured with the ImPACT post-concussion symptom 

scale in athletes at the subacute stage (Stephens et al., 2018). Additionally, Wang et al. (2019) 

found that CBF in the R_MFG was positively associated with memory symptoms, and negatively 

associated with impulse control. Both of these symptoms were also measured with the ImPACT 

test, which is comprised of a symptom scale and neurocognitive tests. Barlow et al. (2021) also 

found that generally, higher frontal relative CBF at 4 to 6 weeks predicted poorer recovery at 10 

weeks. That study utilized the PCSI rather than the HBI, which also reflect more domains. These 

studies provide further support that a more extensive symptom scale, and looking at specific 

symptom subtypes, might help to elucidate how CBF alterations relate to symptom burden.  

Our study results were most similar to those of Brooks et al. (2019), as ROIs were similar 

and patterns of CBF in the ROIs were similar. They examined the relationship between regional 

CBF years after concussion and demographics, pre-injury functioning, concussion history, time 
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since injury, and symptoms. They did not find any significant associations between CBF and 

those variables, similar to our findings. It is also possible that regions of increased blood flow 

were not associated with symptoms as this was compensatory (June 2020, Li 2020), and 

increases in CBF masked certain deficits. June et al. (2020) found increased CBF in temporal, 

frontal, and parietal regions that were previously shown to exhibit hypometabolism, and also 

relate to PPCS and cognitive symptoms. They postulated that increased CBF in those regions 

might serve to counteract the symptoms, as they found normal cognition among their sample. Li 

et al. (2020) also suggested that increased CBF found in the temporal lobe in the acute stage 

might be compensatory for cognitive deficits seen in mTBI. Once again, as the regions identified 

in this study were unrelated to symptom burden in this sample, it is unclear what the alterations 

in CBF may be compensating for. Further investigation should examine symptom correlates at 

the same time points during which scans are obtained to create a more clear picture of how CBF 

relates to symptoms.  

Interestingly, Churchill et al. (2017) found that after separating concussed athletes into 

symptom subgroups, those experiencing predominantly somatic versus cognitive symptoms 

displayed different CBF patterns. Participants experiencing somatic symptoms displayed higher 

regional CBF, whereas those experiencing more cognitive symptoms showed reduced CBF. 

Churchill et al. (2017) suggest that the somatic group may exhibit increased CBF due to 

neuroinflammation, and that the cognitive group’s symptoms might be due to lack of oxygen 

from reduced CBF. They also suggest that combining subgroups might obscure CBF 

abnormalities that are present. Perhaps separating concussed participants into distinct symptom 

subgroups would yield different results and shed light on how CBF alterations are related to 

specific symptom domains.  
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Strengths 

 There are a number of strengths to this research. To our knowledge, this is the first 

pediatric concussion study to acquire ASL images within 72 hours post-injury, and to examine 

longitudinal changes in CBF between concussion and OI groups from the acute to subacute 

stages. Most published studies have obtained scans at only one time point weeks-to-months post-

injury, and were limited by having a small sample size. This study also had a relatively large 

sample size (N=99) for participants who underwent both MRI scans, which is greater than most 

published studies to-date. Additionally, we took a conservative approach to adjusting for 

multiple comparisons with the imaging data. All regions identified in the whole brain analyses 

survived family-wise error correction, and the final regions reported in the ROI analyses had to 

survive Bonferroni correction. These corrections all reduced the possibility of false positive 

findings in our study. Another strength of this study was the inclusion of orthopedic injury 

controls. Since the control group was also recruited from the emergency department, this allowed 

for control of injury-related characteristics that would not be present in a healthy control sample 

(e.g., pain, post-traumatic stress, medical treatment) (Wilde et al., 2018). The orthopedic injury 

control group also completed many of the same assessments as the concussion group, allowing 

us to ascertain whether certain outcomes are concussion-specific. Both the concussion and OI 

group were well-balanced with respect to age and sex, which are both important variables to 

consider in ASL studies (Wang et al., 2020). They were also well-balanced in terms of the other 

demographic variables, such as injury mechanisms and diagnoses. Finally, the concussion 

literature tends to focus on sports-related concussion and not consider other mechanisms of 

injury. Since recruitment took place in the emergency department, this allowed for the inclusion 

of children who were injured in a variety of ways, including sport.  
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Limitations  

Despite many strengths of the present study, there are some limitations that need to be 

addressed. Since recruitment took place solely from the emergency department, this sample 

might represent children who present with more severe concussive injuries, which might 

therefore limit generalizability. Additionally, since there are currently no objective biomarkers to 

definitively diagnose concussion, we cannot be certain that the OI participants did not also have 

a concussion. However, the multiple screening tools used to detect concussion were thorough, 

and the diagnosis also relied on physician judgement. Moreover, only regions that differed 

between concussion and OI groups were considered as potential predictors of symptoms in the 

multiple regressions and exploratory analyses. Since we used Bonferroni correction for multiple 

comparisons, this created a stringent significance threshold, which could have produced false 

negative findings. It is possible that other regions not identified in the initial whole brain analysis 

are associated with symptoms. Finally, although sex and age were taken into account in this 

study, there are a number of other covariates that were not taken into account due to lack of 

power. Other potentially important covariates to consider include ethnicity and race (Holmes et 

al., 2016), socio-economic status (Harkins, 2020), and history of concussion (Churchill et al., 

2019; M. Ellis et al., 2018). Although there is no consensus on which covariates are most 

important to include (besides age and sex), a larger sample size would have increased power and 

allowed for the inclusion of more prognostically important covariates.  

Future Directions 

There are a number of potential future directions for research of this nature: 
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1. Including scales that reflect more symptom domains is an important future direction. It 

would also be interesting to examine other markers of recovery besides subjective 

symptom reporting, such as balance, cognitive, and neuropsychological testing.   

2. Adequately powered studies should take into account other prognostically important 

covariates, besides just age and sex.  

3. Future studies could recruit healthy controls in addition to an orthopedic injury control 

group. This would allow for controlling of injury-related characteristics, as well as 

comparison to non-clinical, typically developing children (Wilde et al., 2018). 

4. It would be interesting to compare CBF with measures of cerebral vasoreactivity and 

autoregulation, as this could help elucidate the mechanisms behind altered CBF following 

concussion.  

5. Though resilience is strongly tied to mental health, future analyses could examine 

whether different mental health diagnoses contribute to persistent symptoms.  

6. Future whole brain analyses should be conducted to assess whether any other regions not 

identified in this study are related to symptom burden following pediatric concussion. 

Our lab will be doing this analysis in the future, as well as looking at whether 

longitudinal changes in CBF relate to changes in symptom reporting, and whether this 

differs between concussion and OI groups. We will also be looking at total HBI symptom 

scores as well as cognitive and somatic sub-scores. 

 

Conclusions 

Regional differences in CBF between children with concussion and OI were found, but 

were unrelated to 4-week symptom burden in this sample. The combination of 5P score, 
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psychological resilience, and regional CBF also did not improve prediction of symptoms at 2 or 

4 weeks post-injury. Nonetheless, these results are an important contribution to the pediatric 

concussion literature, as they indicate that longitudinal CBF alterations may be important for 

understanding persistent neurobiological deficits after concussion. The role of CBF as a 

biomarker for concussion recovery in children should not be ruled out based on these results, and 

more research is needed to determine how CBF alterations contribute to clinical presentation 

after pediatric concussion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 52 

References  

Alsop, D. C., Detre, J. A., Golay, X., Günther, M., Hendrikse, J., Hernandez-Garcia, L., Lu, H., 
Macintosh, B. J., Parkes, L. M., Smits, M., van Osch, M. J. P., Wang, D. J. J., Wong, E. C., 
& Zaharchuk, G. (2015). Recommended implementation of arterial spin-labeled Perfusion 
mri for clinical applications: A consensus of the ISMRM Perfusion Study group and the 
European consortium for ASL in dementia. Magnetic Resonance in Medicine, 73(1), 102–
116. https://doi.org/10.1002/mrm.25197 

Anderson, V., Davis, G. A., Takagi, M., Dunne, K., Clarke, C., Anderson, N., Rausa, V. C., 
Doyle, M., Parkin, G., Truss, K., Thompson, E., Bressan, S., Hearps, S., & Babl, F. E. 
(2020). Trajectories and Predictors of Clinician-Determined Recovery after Child 
Concussion. Https://Home-Liebertpub-Com.Proxy.Bib.Uottawa.ca/Neu, 37(12), 1392–
1400. https://doi.org/10.1089/NEU.2019.6683 

Ashburner, J., Barnes, G., Chen, C.-C., Daunizeau, J., Flandin, G., Friston, K., Gitelman, D., 
Glauche, V., Henson, R., Hutton, C., Jafarian, A., Kiebel, S., Kilner, J., Litvak, V., Mattout, 
J., Moran, R., Penny, W., Phillips, C., Razi, A., … Zeidman, P. (2021). SPM12 Manual . 
https://www.fil.ion.ucl.ac.uk/spm/ 

Ayr, L. K., Yeates, K. O., Taylor, H. G., & Browne, M. (2009). Dimensions of postconcussive 
symptoms in children with mild traumatic brain injuries. Journal of the International 
Neuropsychological Society, 15(1), 19–30. https://doi.org/10.1017/S1355617708090188 

Backhausen, L. L., Herting, M. M., Buse, J., Roessner, V., Smolka, M. N., & Vetter, N. C. 
(2016). Quality control of structural MRI images applied using FreeSurfer-a hands-on 
workflow to rate motion artifacts. Frontiers in Neuroscience, 10(DEC). 
https://doi.org/10.3389/fnins.2016.00558 

Barlow, K. M. (2016). Postconcussion Syndrome: A Review. Journal of Child Neurology, 31(1), 
57–67. https://doi.org/10.1177/0883073814543305 

Barlow, K. M., Iyer, K., Yan, T., Scurfield, A., Carlson, H., & Wang, Y. (2021). Cerebral Blood 
Flow Predicts Recovery in Children with Persistent Post-Concussion Symptoms after Mild 
Traumatic Brain Injury. Journal of Neurotrauma. https://doi.org/10.1089/neu.2020.7566 

Barlow, K. M., Marcil, L. D., Dewey, D., Carlson, H. L., MacMaster, F. P., Brooks, B. L., & 
Lebel, R. M. (2017). Cerebral Perfusion Changes in Post-Concussion Syndrome: A 
Prospective Controlled Cohort Study. Journal of Neurotrauma, 34(5), 996–1004. 
https://doi.org/10.1089/neu.2016.4634 

Bartnik-Olson, B. L., Holshouser, B., Wang, H., Grube, M., Tong, K., Wong, V., & Ashwal, S. 
(2014). Impaired neurovascular unit function contributes to persistent symptoms after 
concussion: a pilot study. Journal of Neurotrauma, 31(17), 1497–1506. 
https://doi.org/10.1089/NEU.2013.3213 

Bigler, E. D., Finuf, C., Abildskov, T. J., Goodrich-Hunsaker, N. J., Petrie, J. A., Wood, D. M., 
Hesselink, J. R., Wilde, E. A., & Max, J. E. (2018). Cortical thickness in pediatric mild 
traumatic brain injury including sports-related concussion. International Journal of 
Psychophysiology, 132, 99–104. https://doi.org/10.1016/J.IJPSYCHO.2018.07.474 

Blennow, K., Hardy, J., & Zetterberg, H. (2012). The Neuropathology and Neurobiology of 
Traumatic Brain Injury. Neuron, 76(5), 886–899. 
https://doi.org/10.1016/J.NEURON.2012.11.021 

Brooks, B. L., Low, T. A., Plourde, V., Virani, S., Jadavji, Z., MacMaster, F. P., Barlow, K. M., 
Lebel, R. M., & Yeates, K. O. (2019). Cerebral blood flow in children and adolescents 



 53 

several years after concussion. Brain Injury, 33(2), 233–241. 
https://doi.org/10.1080/02699052.2018.1540798 

Bunt, S. C., Meredith-Duliba, T., Didehhani, N., Hynan, L. S., LoBue, C., Stokes, M., Miller, S. 
M., Bell, K., Batjer, H., & Cullum, C. M. (2021). Resilience and recovery from sports 
related concussion in adolescents and young adults. 
Https://Doi.Org/10.1080/13803395.2021.1990214, 43(7), 677–688. 
https://doi.org/10.1080/13803395.2021.1990214 

Campbell-Sills, L., Cohan, S. L., & Stein, M. B. (2006). Relationship of resilience to personality, 
coping, and psychiatric symptoms in young adults. Behaviour Research and Therapy, 44, 
585–599. https://doi.org/10.1016/j.brat.2005.05.001 

Campbell-Sills, L., & Stein, M. B. (2007). Psychometric Analysis and Refinement of the 
Connor-Davidson Resilience Scale (CD-RISC): Validation of a 10-Item Measure of 
Resilience. Journal of Traumatic Stress, 20(6), 1019–1028. 
https://doi.org/10.1002/jts.20271 

Cancelliere, C., Hincapié, C. A., Keightley, M., Godbolt, A. K., Côté, P., Kristman, V. L., 
Stålnacke, B. M., Carroll, L. J., Hung, R., Borg, J., Nygren-De Boussard, C., Coronado, V. 
G., Donovan, J., & Cassidy, J. D. (2014). Systematic review of prognosis and return to play 
after sport concussion: Results of the international collaboration on mild traumatic brain 
injury prognosis. In Archives of Physical Medicine and Rehabilitation (Vol. 95, Issue 3 
SUPPL, pp. S210–S229). W.B. Saunders. https://doi.org/10.1016/j.apmr.2013.06.035 

Cassetta, B. D., Cairncross, M., Brasher, P. M. A., Panenka, W. J., & Silverberg, N. D. (2021). 
Avoidance and endurance coping after mild traumatic brain injury are associated with 
disability outcomes. Rehabilitation Psychology, 66(2), 160–169. 
https://doi.org/10.1037/REP0000372 

Chappell, M., Macintosh, B., & Okell, T. (2017). Introduction to perfusion quantification using 
arterial Spin labelling. In Introduction to Perfusion Quantification using Arterial Spin 
Labelling. Oxford University Press. https://doi.org/10.1093/oso/9780198793816.001.0001 

Chappell, M., Macintosh, B., & Okell, T. (2018). Introduction to Perfusion Quantification using 
Arterial Spin Labelling. In Introduction to Perfusion Quantification using Arterial Spin 
Labelling. Oxford University Press. 

Churchill, N. W., Hutchison, M. G., Graham, S. J., & Schweizer, T. A. (2017). Symptom 
correlates of cerebral blood flow following acute concussion. NeuroImage: Clinical, 16, 
234–239. https://doi.org/10.1016/j.nicl.2017.07.019 

Churchill, N. W., Hutchison, M. G., Graham, S. J., & Schweizer, T. A. (2019). Evaluating 
Cerebrovascular Reactivity during the Early Symptomatic Phase of Sport Concussion. 
Https://Home.Liebertpub.Com/Neu, 36(10), 1518–1525. 
https://doi.org/10.1089/NEU.2018.6024 

Churchill, N. W., Hutchison, M. G., Richards, D., Leung, G., Graham, S. J., & Schweizer, T. A. 
(2017). The first week after concussion: Blood flow, brain function and white matter 
microstructure. NeuroImage. Clinical, 14, 480–489. 
https://doi.org/10.1016/J.NICL.2017.02.015 

Connor, K. M., & Davidson, J. R. T. (2003). Development of a new Resilience scale: The 
Connor-Davidson Resilience scale (CD-RISC). Depression and Anxiety, 18(2), 76–82. 
https://doi.org/10.1002/da.10113 

Doshi, H., Wiseman, N., Liu, J., Wang, W., Welch, R. D., O’Neil, B. J., Zuk, C., Wang, X., 
Mika, V., Szaflarski, J. P., Haacke, E. M., & Kou, Z. (2015). Cerebral hemodynamic 



 54 

changes of mild traumatic brain injury at the acute stage. PloS One, 10(2). 
https://doi.org/10.1371/JOURNAL.PONE.0118061 

Durish, C. L., Yeates, K. O., & Brooks, B. L. (2018). Psychological Resilience as a Predictor of 
Persistent Post-Concussive Symptoms in Children with Single and Multiple Concussion. 
Journal of the International Neuropsychological Society, 24(8), 759–768. 
https://doi.org/10.1017/S1355617718000437 

Durish, C. L., Yeates, K. O., & Brooks, B. L. (2019). Psychological Resilience as a Predictor of 
Symptom Severity in Adolescents with Poor Recovery Following Concussion. Journal of 
the International Neuropsychological Society, 25(4), 346–354. 
https://doi.org/10.1017/S1355617718001169 

Eierud, C., Craddock, R. C., Fletcher, S., Aulakh, M., King-Casas, B., Kuehl, D., & Laconte, S. 
M. (2014). Neuroimaging after mild traumatic brain injury: Review and meta-analysis. 
NeuroImage : Clinical, 4, 283. https://doi.org/10.1016/J.NICL.2013.12.009 

Ellis, M. J., Mutch, W. A. C., Ryner, L. N., Graham, M. R., Dufault, B., Gregson, B., Hall, T., 
Bunge, M., Essig, M., Fisher, J. A., Duffin, J., & Mikulis, D. J. (2016). Brain magnetic 
resonance imaging CO2 stress testing in adolescent postconcussion syndrome. Journal of 
Neurosurgery, 125(3), 648–660. https://doi.org/10.3171/2015.6.JNS15972 

Ellis, M., Krisko, C., Selci, E., & Russell, K. (2018). Effect of concussion history on symptom 
burden and recovery following pediatric sports-related concussion. Journal of 
Neurosurgery: Pediatrics, 21(4), 401–408. https://doi.org/10.3171/2017.9.PEDS17392 

Ewing-Cobbs, L., Cox, C. S., Clark, A. E., Holubkov, R., & Keenan, H. T. (2018). Persistent 
postconcussion symptoms after injury. Pediatrics, 142(5), 20180939. 
https://doi.org/10.1542/peds.2018-0939 

Fordal, L., Stenberg, J., Iverson, G. L., Saksvik, S. B., Karaliute, M., Vik, A., Olsen, A., & 
Skandsen, T. (2022). Trajectories of Persistent Postconcussion Symptoms and Factors 
Associated With Symptom Reporting After Mild Traumatic Brain Injury. Archives of 
Physical Medicine and Rehabilitation, 103(2), 313–322. 
https://doi.org/10.1016/J.APMR.2021.09.016 

Frantz, J., Ferraro, M., Sabo, T., Davis, P., Bell, K., & Purkayastha, S. (2017). Cerebral 
Vasoreactivity Is Impaired Beyond Symptom Resolution Following Concussion in 
Collegiate Athletes. International Journal of Exercise Science: Conference Proceedings, 
2(9). https://digitalcommons.wku.edu/ijesab/vol2/iss9/19 

Garden, N., Sullivan, K. A., & Lange, R. T. (2010). The relationship between personality 
characteristics and postconcussion symptoms in a nonclinical sample. Neuropsychology, 
24(2), 168–175. https://doi.org/10.1037/A0017431 

Giza, C., & Hovda, D. (2014). The new neurometabolic cascade of concussion. Neurosurgery, 
75(0 4), S24–S33. https://doi.org/10.1227/NEU.0000000000000505 

Gornall, A., Takagi, M., Clarke, C., Babl, F. E., Davis, G. A., Dunne, K., Anderson, N., Hearps, 
S. J. C., Demaneuf, T., Rausa, V., & Anderson, V. (2019). Behavioral and Emotional 
Difficulties after Pediatric Concussion. Https://Home.Liebertpub.Com/Neu, 37(1), 163–169. 
https://doi.org/10.1089/NEU.2018.6235 

Gornall, A., Takagi, M., Morawakage, T., Liu, X., & Anderson, V. (2021). Mental health after 
paediatric concussion: a systematic review and meta-analysis. British Journal of Sports 
Medicine. https://doi.org/10.1136/BJSPORTS-2020-103548 

Graham, R., Rivara, F. P., Ford, M. A., Spicer, C. M., Youth, C. on S.-R. C. in, Board on 
Children, Y. and F., Medicine, I. of, & Council, N. R. (2014). Sports-Related Concussions 



 55 

in Youth. In Sports-Related Concussions in Youth. National Academies Press. 
https://doi.org/10.17226/18377 

Haarbauer-Krupa, J., Arbogast, K. B., Metzger, K. B., Greenspan, A. I., Kessler, R., Curry, A. 
E., Bell, J. M., DePadilla, L., Pfeiffer, M. R., Zonfrillo, M. R., & Master, C. L. (2018). 
Variations in Mechanisms of Injury for Children with Concussion. Journal of Pediatrics, 
197, 241-248.e1. https://doi.org/10.1016/j.jpeds.2018.01.075 

Harkins, J. (2020). SOCIOECONOMIC STATUS, ED VISITS AND HOSPITALIZATIONS FOR 
PEDIATRIC CONCUSSION. York University. 

Harris, P. A., Taylor, R., Minor, B. L., Elliott, V., Fernandez, M., O’Neal, L., McLeod, L., 
Delacqua, G., Delacqua, F., Kirby, J., & Duda, S. N. (2019). The REDCap consortium: 
Building an international community of software platform partners. In Journal of 
Biomedical Informatics (Vol. 95). Academic Press Inc. 
https://doi.org/10.1016/j.jbi.2019.103208 

Harris, P. A., Taylor, R., Thielke, R., Payne, J., Gonzalez, N., & Conde, J. G. (2009). Research 
electronic data capture (REDCap)-A metadata-driven methodology and workflow process 
for providing translational research informatics support. Journal of Biomedical Informatics, 
42(2), 377–381. https://doi.org/10.1016/j.jbi.2008.08.010 

Hayes, A. (2013). Introduction to mediation, moderation, and conditional process analysis: A 
regression-based approach. https://psycnet.apa.org/record/2013-21121-000 

Holmes, A., Chen, Z., Yahng, L., Fletcher, D., & Kawata, K. (2020). Return to Learn: Academic 
Effects of Concussion in High School and College Student-Athletes. Frontiers in 
Pediatrics, 8, 57. https://doi.org/10.3389/fped.2020.00057 

Holmes, L., Tworig, J., Casini, J., Morgan, I., O’Brien, K., Oceanic, P., & Dabney, K. (2016). 
Implication of Socio-Demographics on Cognitive-Related Symptoms in Sports Concussion 
Among Children. Sports Medicine - Open, 2(1). https://doi.org/10.1186/S40798-016-0058-8 

Hyatt, C. S., Owens, M. M., Crowe, M. L., Carter, N. T., Lynam, D. R., & Miller, J. D. (2020). 
The quandary of covarying: A brief review and empirical examination of covariate use in 
structural neuroimaging studies on psychological variables. NeuroImage, 205, 116225. 
https://doi.org/10.1016/J.NEUROIMAGE.2019.116225 

Jenkinson, M., Bannister, P., Brady, M., & Smith, S. (2002). Improved optimization for the 
robust and accurate linear registration and motion correction of brain images. NeuroImage, 
17(2), 825–841. https://doi.org/10.1016/S1053-8119(02)91132-8 

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., & Smith, S. M. (2012). 
FSL. NeuroImage, 62(2), 782–790. https://doi.org/10.1016/j.neuroimage.2011.09.015 

June, D., Williams, O. A., Huang, C. W., An, Y., Landman, B. A., Davatzikos, C., Bilgel, M., 
Resnick, S. M., & Beason-Held, L. L. (2020). Lasting consequences of concussion on the 
aging brain: Findings from the Baltimore Longitudinal Study of Aging. NeuroImage, 221, 
117182. https://doi.org/10.1016/J.NEUROIMAGE.2020.117182 

Laliberté Durish, C., Yeates, K. O., & Brooks, B. L. (2018). Convergent and divergent validity 
of the Connor-Davidson Resilience Scale in children with concussion and orthopaedic 
injury. Brain Injury, 32(12), 1525–1533. https://doi.org/10.1080/02699052.2018.1502471 

Langer, L. K., Alavinia, S. M., Lawrence, D. W., Munce, S. E. P., Kam, A., Tam, A., Ruttan, L., 
Comper, P., & Bayley, M. T. (2021). Prediction of risk of prolonged post-concussion 
symptoms: Derivation and validation of the TRICORDRR (Toronto Rehabilitation Institute 
Concussion Outcome Determination and Rehab Recommendations) score. PLOS Medicine, 
18(7), e1003652. https://doi.org/10.1371/JOURNAL.PMED.1003652 



 56 

Leddy, J. J., Kozlowski, K., Donnelly, J. P., Pendergast, D. R., Epstein, L. H., & Willer, B. 
(2010). A preliminary study of subsymptom threshold exercise training for refractory post-
concussion syndrome. Clinical Journal of Sport Medicine, 20(1), 21–27. 
https://doi.org/10.1097/JSM.0B013E3181C6C22C 

Ledoux, A. A., Barrowman, N., Bijelić, V., Borghese, M. M., Davis, A., Reid, S., Sangha, G., 
Yeates, K. O., Tremblay, M. S., McGahern, C., Belanger, K., Barnes, J. D., Farion, K. J., 
DeMatteo, C. A., Reed, N., & Zemek, R. (2022). Is early activity resumption after 
paediatric concussion safe and does it reduce symptom burden at 2 weeks post injury? The 
Pediatric Concussion Assessment of Rest and Exertion (PedCARE) multicentre randomised 
clinical trial. British Journal of Sports Medicine, 56(5), 271–278. 
https://doi.org/10.1136/BJSPORTS-2021-105030 

Ledoux, A. A., Barrowman, N. J., Boutis, K., Davis, A., Reid, S., Sangha, G., Farion, K. J., 
Belanger, K., Tremblay, M. S., Yeates, K. O., Dematteo, C., Reed, N., & Zemek, R. (2019). 
Multicentre, randomised clinical trial of paediatric concussion assessment of rest and 
exertion (PedCARE): A study to determine when to resume physical activities following 
concussion in children. British Journal of Sports Medicine, 53(3), 195. 
https://doi.org/10.1136/bjsports-2017-097981 

Ledoux, A. A., Tang, K., Yeates, K. O., Pusic, M. v., Boutis, K., Craig, W. R., Gravel, J., 
Freedman, S. B., Gagnon, I., Gioia, G. A., Osmond, M. H., & Zemek, R. L. (2019). Natural 
Progression of Symptom Change and Recovery from Concussion in a Pediatric Population. 
JAMA Pediatrics, 173(1). https://doi.org/10.1001/jamapediatrics.2018.3820 

Len, T. K., & Neary, J. P. (2011). Cerebrovascular pathophysiology following mild traumatic 
brain injury. Clinical Physiology and Functional Imaging, 31(2), 85–93. 
https://doi.org/10.1111/J.1475-097X.2010.00990.X 

Li, F., Lu, L., Shang, S., Chen, H., Wang, P., Haidari, N. A., Chen, Y. C., & Yin, X. (2020). 
Cerebral Blood Flow and Its Connectivity Deficits in Mild Traumatic Brain Injury at the 
Acute Stage. Neural Plasticity, 2020. https://doi.org/10.1155/2020/2174371 

Li, F., Lu, L., Shang, S., Chen, H., Wang, P., Haidari, N. A., Chen, Y.-C. C., Yin, X., Shang, an, 
Chen, H., Wang, P., Ahmad Haidari, N., Chen, Y.-C. C., Yin, X., & Bagnato, S. (2020). 
Cerebral Blood Flow and Its Connectivity Deficits in Mild Traumatic Brain Injury at the 
Acute Stage. Neural Plasticity, 2020. https://doi.org/10.1155/2020/2174371 

Losoi, H., Silverberg, N. D., Wäljas, M., Turunen, S., Rosti-Otajärvi, E., Helminen, M., Luoto, 
T. M. A., Julkunen, J., Öhman, J., & Iverson, G. L. (2015). Resilience Is Associated with 
Outcome from Mild Traumatic Brain Injury. Journal of Neurotrauma, 32(13), 942–949. 
https://doi.org/10.1089/neu.2014.3799 

Maugans, T. A., Farley, C., Altaye, M., Leach, J., & Cecil, K. M. (2012). Pediatric sports-related 
concussion produces cerebral blood flow alterations. Pediatrics, 129(1), 28–37. 
https://doi.org/10.1542/peds.2011-2083 

McCrea, M., Prichep, L., Powell, M. R., Chabot, R., & Barr, W. B. (2010). Acute effects and 
recovery after sport-related concussion: A neurocognitive and quantitative brain electrical 
activity study. Journal of Head Trauma Rehabilitation, 25(4), 283–292. 
https://doi.org/10.1097/HTR.0B013E3181E67923 

McCrory, P., Meeuwisse, W., Dvorak, J., Aubry, M., Bailes, J., Broglio, S., Cantu, R. C., 
Cassidy, D., Echemendia, R. J., Castellani, R. J., Davis, G. A., Ellenbogen, R., Emery, C., 
Engebretsen, L., Feddermann-Demont, N., Giza, C. C., Guskiewicz, K. M., Herring, S., 
Iverson, G. L., … Vos, P. E. (2017). Consensus statement on concussion in sport—the 5th 



 57 

international conference on concussion in sport held in Berlin, October 2016. British 
Journal of Sports Medicine, 51(11), 838–847. https://doi.org/10.1136/BJSPORTS-2017-
097699 

McCrory, P., Meeuwisse, W. H., Aubry, M., Cantu, B., Dvořák, J., Echemendia, R. J., 
Engebretsen, L., Johnston, K., Kutcher, J. S., Raftery, M., Sills, A., Benson, B. W., Davis, 
G. A., Ellenbogen, R. G., Guskiewicz, K., Herring, S. A., Iverson, G. L., Jordan, B. D., 
Kissick, J., … Turner, M. (2013). Consensus statement on concussion in sport: The 4th 
International Conference on Concussion in Sport held in Zurich, November 2012. British 
Journal of Sports Medicine, 47(5), 250–258. https://doi.org/10.1136/bjsports-2013-092313 

Mcgillivray, C. J., & Pidgeon, A. M. (2015). Resilience attributes among university students: A 
comparative study of psychological distress, sleep disturbances and mindfulness. In 
Scientific Journal (Vol. 11, Issue 5). http://epublications.bond.edu.au/fsd_papers/221 

McKeon, J. M. M., Livingston, S. C., Reed, A., Hosey, R. G., Black, W. S., & Bush, H. M. 
(2013). Trends in concussion return-to-play timelines among high school athletes from 2007 
through 2009. Journal of Athletic Training, 48(6), 836–843. https://doi.org/10.4085/1062-
6050-48.6.17 

McNally, K. A., Bangert, B., Dietrich, A., Nuss, K., Rusin, J., Wright, M., Gerry Taylor, H., & 
Yeates, K. O. (2013). Injury versus noninjury factors as predictors of postconcussive 
symptoms following mild traumatic brain injury in children. Neuropsychology, 27(1), 1–12. 
https://doi.org/10.1037/A0031370 

Meier, T. B., Bellgowan, P. S. F., Singh, R., Kuplicki, R., Polanski, D. W., & Mayer, A. R. 
(2015). Recovery of cerebral blood flow following sports-related concussion. JAMA 
Neurology, 72(5), 530–538. https://doi.org/10.1001/jamaneurol.2014.4778 

Mesman, E., Vreeker, A., & Hillegers, M. (2021). Resilience and mental health in children and 
adolescents: An update of the recent literature and future directions. Current Opinion in 
Psychiatry, 34(6), 586–592. https://doi.org/10.1097/YCO.0000000000000741 

Militana, A. R., Donahue, M. J., Sills, A. K., Solomon, G. S., Gregory, A. J., Strother, M. K., & 
Morgan, V. L. (2016). Alterations in default-mode network connectivity may be influenced 
by cerebrovascular changes within one week of sports related concussion in college varsity 
athletes: a pilot study. Brain Imaging and Behavior, 10(2), 559. 
https://doi.org/10.1007/S11682-015-9407-3 

Möller, M. C., Nordin, L. E., Bartfai, A., Julin, P., & Li, T. Q. (2017). Fatigue and Cognitive 
Fatigability in Mild Traumatic Brain Injury are Correlated with Altered Neural Activity 
during Vigilance Test Performance. Frontiers in Neurology, 8(SEP), 496. 
https://doi.org/10.3389/FNEUR.2017.00496 

Mutch, W. A. C., Ellis, M. J., Ryner, L. N., McDonald, P. J., Morissette, M. P., Pries, P., Essig, 
M., Mikulis, D. J., Duffin, J., & Fisher, J. A. (2018). Patient-Specific Alterations in CO 2 
Cerebrovascular Responsiveness in Acute and Sub-Acute Sports-Related Concussion. 
Frontiers in Neurology, 9(JAN). https://doi.org/10.3389/FNEUR.2018.00023 

Netuveli, G., Wiggins, R. D., Montgomery, S. M., Hildon, Z., & Blane, D. (2008). Mental health 
and resilience at older ages: Bouncing back after adversity in the British Household Panel 
Survey. Journal of Epidemiology and Community Health, 62(11), 987–991. 
https://doi.org/10.1136/jech.2007.069138 

Novak, Z., Aglipay, M., Barrowman, N., Yeates, K. O., Beauchamp, M. H., Gravel, J., 
Freedman, S. B., Gagnon, I., Gioia, G., Boutis, K., Burns, E., Ledoux, A. A., Osmond, M. 
H., & Zemek, R. L. (2016). Association of persistent postconcussion symptoms with 



 58 

pediatric quality of life. JAMA Pediatrics, 170(12), e162900–e162900. 
https://doi.org/10.1001/jamapediatrics.2016.2900 

Oakes, T. R., Johnstone, T., Ores Walsh, K. S., Greischar, L. L., Alexander, A. L., Fox, A. S., & 
Davidson, R. J. (2005). Comparison of fMRI motion correction software tools. 
NeuroImage, 28(3), 529–543. https://doi.org/10.1016/j.neuroimage.2005.05.058 

Pardini, D., Stump, J., Lovell, M., Collins, M., Moritz, K., & Fu, F. H. (2004). 032 The Post-
concussion Symptom Scale (pcss): A Factor Analysis. Undefined. 

Permenter, C. M., Thomas, R. J. F., & Sherman, A. l. (2017). Postconcussive syndrome. In 
Sports-Related Concussion: Diagnosis and Management, Second Edition (pp. 99–130). 
CRC Press. https://doi.org/10.1201/9781315153629 

Petcharunpaisan, S. (2010). Arterial spin labeling in neuroimaging. World Journal of Radiology, 
2(10), 384. https://doi.org/10.4329/wjr.v2.i10.384 

Peterson, A., Gabella, B. A., Johnson, J., Hume, B., Liu, A., Costich, J. F., Hathaway, J., 
Slavova, S., Johnson, R., & Breiding, M. (2021). Multisite medical record review of 
emergency department visits for unspecified injury of head following the ICD-10-CM 
coding transition. Injury Prevention, 27(Suppl 1), i13. 
https://doi.org/10.1136/INJURYPREV-2019-043517 

Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., & Petersen, S. E. (2012). Spurious 
but systematic correlations in functional connectivity MRI networks arise from subject 
motion. NeuroImage, 59(3), 2142–2154. https://doi.org/10.1016/j.neuroimage.2011.10.018 

Purkayastha, S., Sorond, F. A., Lyng, S., Frantz, J., Murphy, M. N., Hynan, L. S., Sabo, T., & 
Bell, K. R. (2019). Impaired Cerebral Vasoreactivity Despite Symptom Resolution in 
Sports-Related Concussion. Https://Home.Liebertpub.Com/Neu, 36(16), 2385–2390. 
https://doi.org/10.1089/NEU.2018.5861 

Quinn, D. K., Upston, J., Jones, T., Brandt, E., Story-Remer, J., Fratzke, V., Wilson, J. K., 
Rieger, R., Hunter, M. A., Gill, D., Richardson, J. D., Campbell, R., Clark, V. P., Yeo, R. 
A., Shuttleworth, C. W., & Mayer, A. R. (2020). Cerebral Perfusion Effects of Cognitive 
Training and Transcranial Direct Current Stimulation in Mild-Moderate TBI. Frontiers in 
Neurology, 11, 1159. https://doi.org/10.3389/FNEUR.2020.545174/BIBTEX 

Sader, N. (2021). Can Quantitative Susceptibility Mapping Help Diagnose and Predict Recovery 
of Concussion in Children? [University of Calgary]. http://hdl.handle.net/1880/113649 

Shirley, E., Hudspeth, L. J., & Maynard, J. R. (2018). Managing Sports-related Concussions 
from Time of Injury Through Return to Play. In Journal of the American Academy of 
Orthopaedic Surgeons (Vol. 26, Issue 13, pp. E279–E286). Lippincott Williams and 
Wilkins. https://doi.org/10.5435/JAAOS-D-16-00684 

Shrivastava, A., & Desousa, A. (2016). Resilience: A psychobiological construct for psychiatric 
disorders. In Indian Journal of Psychiatry (Vol. 58, Issue 1, pp. 38–43). Medknow 
Publications. https://doi.org/10.4103/0019-5545.174365 

Simmons, J. P., Nelson, L. D., & Simonsohn, U. (2011). False-positive psychology: Undisclosed 
flexibility in data collection and analysis allows presenting anything as significant. 
Psychological Science, 22(11), 1359–1366. https://doi.org/10.1177/0956797611417632 

Skandsen, T., Stenberg, J., Follestad, T., Karaliute, M., Saksvik, S. B., Einarsen, C. E., 
Lillehaug, H., Håberg, A. K., Vik, A., Olsen, A., & Iverson, G. L. (2021). Personal Factors 
Associated With Postconcussion Symptoms 3 Months After Mild Traumatic Brain Injury. 
Archives of Physical Medicine and Rehabilitation, 102(6), 1102–1112. 
https://doi.org/10.1016/J.APMR.2020.10.106 



 59 

Sours, C., Zhuo, J., Roys, S., Shanmuganathan, K., & Gullapalli, R. P. (2015). Disruptions in 
Resting State Functional Connectivity and Cerebral Blood Flow in Mild Traumatic Brain 
Injury Patients. PLOS ONE, 10(8), e0134019. https://doi.org/10.1371/journal.pone.0134019 

Southwick, S. M., Vythilingam, M., & Charney, D. S. (2005). The psychobiology of depression 
and resilience to stress: Implications for prevention and treatment. In Annual Review of 
Clinical Psychology (Vol. 1, pp. 255–291). Annu Rev Clin Psychol. 
https://doi.org/10.1146/annurev.clinpsy.1.102803.143948 

Stephens, J. A., Liu, P., Lu, H., & Suskauer, S. J. (2018). Cerebral Blood Flow after Mild 
Traumatic Brain Injury: Associations between Symptoms and Post-Injury Perfusion. 
Journal of Neurotrauma, 35(2), 241. https://doi.org/10.1089/NEU.2017.5237 

Tan, C. O., Meehan, W. P., Iverson, G. L., & Taylor, J. A. (2014). Cerebrovascular regulation, 
exercise, and mild traumatic brain injury. In Neurology (Vol. 83, Issue 18, pp. 1665–1672). 
American Academy of Neurology. https://doi.org/10.1212/WNL.0000000000000944 

Thomas, B. P., Tarumi, T., Wang, C., Zhu, D. C., Tomoto, T., Munro Cullum, C., Dieppa, M., 
Diaz-Arrastia, R., Bell, K., Madden, C., Zhang, R., & Ding, K. (2021). Hippocampal and 
rostral anterior cingulate blood flow is associated with affective symptoms in chronic 
traumatic brain injury. Brain Research, 1771, 147631. 
https://doi.org/10.1016/J.BRAINRES.2021.147631 

Villalba, N., Sonkusare, S. K., Longden, T. A., Tran, T. L., Sackheim, A. M., Nelson, M. T., 
Wellman, G. C., & Freeman, K. (2014). Traumatic Brain Injury Disrupts Cerebrovascular 
Tone Through Endothelial Inducible Nitric Oxide Synthase Expression and Nitric Oxide 
Gain of Function. Journal of the American Heart Association, 3(6). 
https://doi.org/10.1161/JAHA.114.001474 

Wäljas, M., Iverson, G. L., Lange, R. T., Hakulinen, U., Dastidar, P., Huhtala, H., Liimatainen, 
S., Hartikainen, K., & Öhman, J. (2015). A prospective biopsychosocial study of the 
persistent post-concussion symptoms following mild traumatic brain injury. Journal of 
Neurotrauma, 32(8), 534–547. https://doi.org/10.1089/neu.2014.3339 

Wang, J., & Licht, D. J. (2006). Pediatric perfusion MR imaging using arterial spin labeling. In 
Neuroimaging Clinics of North America (Vol. 16, Issue 1, pp. 149–167). W.B. Saunders. 
https://doi.org/10.1016/j.nic.2005.10.002 

Wang, Y., Bartels, H. M., & Nelson, L. D. (2020). A Systematic Review of ASL Perfusion MRI 
in Mild TBI. In Neuropsychology Review. Springer. https://doi.org/10.1007/s11065-020-
09451-7 

Wang, Y., Nelson, L. D., Laroche, A. A., Pfaller, A. Y., Nencka, A. S., Koch, K. M., & McCrea, 
M. A. (2016). Cerebral Blood Flow Alterations in Acute Sport-Related Concussion. Journal 
of Neurotrauma, 33(13), 1227–1236. https://doi.org/10.1089/neu.2015.4072 

Wang, Y., Nencka, A. S., Meier, T. B., Guskiewicz, K., Mihalik, J. P., Brooks, M. A., Saykin, A. 
J., Koch, K. M., Wu, Y.-C., Nelson, L. D., McAllister, T. W., Broglio, S. P., & McCrea, M. 
A. (2019). Cerebral blood flow in acute concussion: preliminary ASL findings from the 
NCAA-DoD CARE consortium. Brain Imaging and Behavior, 13(5), 1375. 
https://doi.org/10.1007/S11682-018-9946-5 

Wilde, E. A., Ware, A. L., Li, X., Wu, T. C., McCauley, S. R., Barnes, A., Newsome, M. R., 
Biekman, B. D., Hunter, J. v., Chu, Z. D., & Levin, H. S. (2018). Orthopedic Injured versus 
Uninjured Comparison Groups for Neuroimaging Research in Mild Traumatic Brain Injury. 
Https://Home.Liebertpub.Com/Neu, 36(2), 239–249. 
https://doi.org/10.1089/NEU.2017.5513 



 60 

Williams, V. B., & Danan, I. J. (2016). A Historical Perspective on Sports Concussion: Where 
We Have Been and Where We Are Going. Current Pain and Headache Reports, 20(6), 1–8. 
https://doi.org/10.1007/S11916-016-0569-5/FIGURES/2 

Wright, A. D., Smirl, J. D., Bryk, K., Fraser, S., Jakovac, M., & van Donkelaar, P. (2018). 
Cerebral Autoregulation Is Disrupted Following a Season of Contact Sports Participation. 
Frontiers in Neurology, 0(OCT), 868. https://doi.org/10.3389/FNEUR.2018.00868 

Xu, L., Ware, J. B., Kim, J. J., Shahim, P., Silverman, E., Magdamo, B., Dabrowski, C., Wesley, 
L., Le, M. D., Morrison, J., Zamore, H., Lynch, C. E., Petrov, D., Chen, H. I., Schuster, J., 
Diaz-Arrastia, R., & Sandsmark, D. K. (2021). Arterial Spin Labeling Reveals Elevated 
Cerebral Blood Flow with Distinct Clusters of Hypo- and Hyperperfusion after Traumatic 
Brain Injury. Journal of Neurotrauma, 38(18), 2538–2548. 
https://doi.org/10.1089/NEU.2020.7553 

Yeates, K. O., Kaizar, E., Rusin, J., Bangert, B., Dietrich, A., Nuss, K., Wright, M., & Taylor, H. 
G. (2012). Reliable change in postconcussive symptoms and its functional consequences 
among children with mild traumatic brain injury. Archives of Pediatrics and Adolescent 
Medicine, 166(7), 615–622. https://doi.org/10.1001/archpediatrics.2011.1082 

Zemek, R., Barrowman, N., Freedman, S. B., Gravel, J., Gagnon, I., McGahern, C., Aglipay, M., 
Sangha, G., Boutis, K., Beer, D., Craig, W., Burns, E., Farion, K. J., Mikrogianakis, A., 
Barlow, K., Dubrovsky, A. S., Meeuwisse, W., Gioia, G., Meehan, W. P., … Moore, J. 
(2016). Clinical risk score for persistent postconcussion symptomsamong children with 
acute concussion in the ED. JAMA - Journal of the American Medical Association, 315(10), 
1014–1025. https://doi.org/10.1001/jama.2016.1203 

Zemek, R. L., Grool, A. M., Rodriguez Duque, D., DeMatteo, C., Rothman, L., Benchimol, E. I., 
Guttmann, A., & Macpherson, A. K. (2017). Annual and Seasonal Trends in Ambulatory 
Visits for Pediatric Concussion in Ontario between 2003 and 2013. Journal of Pediatrics, 
181, 222-228.e2. https://doi.org/10.1016/j.jpeds.2016.10.067 

Zemek, R., Osmond, M. H., & Barrowman, N. (2013). Predicting and preventing postconcussive 
problems in paediatrics (5P) study: Protocol for a prospective multicentre clinical prediction 
rule derivation study in children with concussion. BMJ Open, 3(8). 
https://doi.org/10.1136/bmjopen-2013-003550 

  
 
 


