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Abstract  

Individuals recovering from a concussion often experience sleep complications 

affecting their sleep quality and quantity, which may prolong their recovery and symptoms 

experienced following a concussion. This pilot feasibility study aims to examine the effects 

of 3D-MOT (specifically Neurotracker) on sleep quality and quantity in concussed athletic 

populations (18-35 years old). The study used a multiple-subject design and collected sleep 

data from 3 concussed adults (3M). The study collected 3 nights of sleep data before and after 

10 Neurotracker sessions over 5 weeks.  All participants in this study experienced decreases 

in REM and deep sleep following 10 Neurotracker sessions. After 10 Neurotracker sessions, 

performed twice a week for 5 weeks, all participants experienced an increase in perceptual 

and cognitive performance. Two of the three participants experienced an increase in the 

number of symptoms and perceived post-concussion symptom severity collected from self-

reporting measures using the Post-Concussion Symptom Scale (PCSS). As this is a small-

sample study, no definitive conclusions can be drawn. The findings from this study provide 

observational trends if 3D-MOT, specifically Neurotracker, may affect sleep quality and 

quantity in concussed adults and increase perceived PCSS. This study recommends future 

research examining the effects in a larger sample but provides insight into the potential 

effects of 3D-MOT on sleep quality and quantity.  
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Chapter 1 Introduction 

1.1 Rationale  

Concussions continue to be a widespread health concern, particularly among athletes. 

Approximately 1.6-3.8 million reported minor traumatic brain injuries (mTBI) are sport-

related concussions, and it is estimated that many more cases remain undiagnosed (Lai et al., 

2017). A concussion, defined by Wicklund et al. (2020), is a blow or strike to the neck, head, 

or face that may impair vision, balance, gait, cognitive functions, and sleep-wake cycles, with 

effects lasting days, months, or even years. Typically, concussion symptoms should 

significantly decline within 10-14 days, with physical and mental rest recommended for 24 

hours post-injury (Hoffman et al., 2020).  

 

Research indicates that up to 25% of individuals who have sustained a concussion 

may experience sleep disturbances, with shorter sleep durations linked to worsened 

concussion symptoms, poorer visual memory, and worse gait performance (Howell et al., 

2020). Sleep is essential for optimal mental and physical health, influencing several critical 

biological functions, including hormone regulation, cardiovascular health, immune system 

maintenance, memory consolidation, and cognitive function (Baranwal et al., 2023). To 

maintain adequate sleep quality and duration, the National Sleep Foundation and the 

Canadian Society for Exercise Physiology (CSEP) recommend that adults aim for 7-9 hours 

of sleep per night (Coats et al., 2023; Doherty et al., 2021). However, epidemiological 

research indicates that 29%-34% of adults fail to meet these recommendations, leading to 

adverse health effects such as hypertension, obesity, and cardiovascular diseases (Scott et al., 

2024). 
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Insomnia is reported in 30%-60% of individuals within the first month post-

concussion, with some experiencing long-term reductions in sleep quality and quantity that 

can last up to six years (Bramley et al., 2017). Impaired sleep can have a cascade effect, 

leading to cognitive impairments, hormonal abnormalities, and mood changes. Furthermore, 

sleep disturbances interfere with molecular and cellular restoration, immune health, brain 

growth, and recovery, contributing to long-term health complications (Troynikov et al., 

2018).  

1.2 Concussions and Sleep Disruptions 

Sleep regulation involves complex physiological mechanisms, with melatonin serving 

a central role. Produced in the pineal gland, melatonin release is controlled by the 

suprachiasmatic nucleus (SCN), which regulates the body’s circadian rhythm (Poza et al., 

2022). In concussed populations, damage to the brain’s sleep-regulation centres such as the 

hypothalamus and mid- and basal forebrain can alter neurotransmitter activity, disrupting 

sleep-wake cycles and melatonin synthesis (Bramley et al., 2017). These disruptions 

contribute significantly to the sleep disturbances commonly observed in concussion recovery. 

 

Sleep is critical in physical, cognitive, and emotional health, yet up to 70% of 

concussed athletes experience short-term or chronic sleep disturbances (Hoffman et al., 

2020). In addition to the effects of concussion itself, athletes often face additional sleep 

disruptions due to training, competition schedules, and external pressures from family, 

coaches, and personal stressors. These factors can exacerbate sleep disturbances, leading to 

insomnia and impaired daytime functioning, ultimately compromising the quality and 

quantity of their sleep (Nedelec et al., 2018). 
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1.3 3D-Multiple Object Tracking and Sleep Quality and Quantity  

Within recent years, accessibility to health technologies such as smart watches, 

inertial measuring units, and even mobile apps has increased, allowing its users to track and 

evaluate their physical and psychological health during training and rest periods. Emerging 

technologies such as Neurotracker, a three-dimensional multiple object tracking system (3D-

MOT), have been developed to improve perceptual skills and cognitive functions such as 

memory recall and to help improve brain plasticity within various demographic populations 

(Corbin‐Berrigan et al., 2020). Furthermore, recent research has examined Neurotracker and 

its beneficial effects in populations with sustained mTBI, suggesting that 3D-MOT programs 

improve executive functions without exacerbating mTBI symptoms (Corbin‐Berrigan et al., 

2020). However, despite the high prevalence of concussions, no published studies have 

examined the effects of 3D-MOT programs like Neurotracker on sleep quality and quantity in 

both concussed and concussion-naïve athletes. Therefore, this pilot feasibility study aims to 

investigate the observational trends of how rehabilitation with Neurotracker may impact sleep 

quality and quantity in concussed athletes (18-35 years old). 

1.4 Research Questions 
  i) Does the application of a 10-period intervention of three-dimensional multiple object 

tracking (3D-MOT) affect sleep quality and quantity in concussed participants?  

  ii) Does the application of a 10-period intervention of three-dimensional multiple object 

tracking (3D-MOT) affect perceptual-cognitive performance in concussed 

participants? 

iii) Does the application of a 10-period intervention of three-dimensional multiple object 

tracking (3D-MOT) impact perceived symptom severity? 

1.5 Limitations 

Only concussed adults who agreed to participate and who were eligible were accepted 

as participants. Due to the small sample size in this study, no statistical analysis or 
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significance testing was performed. Therefore, these findings provide suggestions, and future 

research is needed to draw conclusions. Furthermore, these pilot findings may not represent 

all concussed athletes (18-35 years old) within the Greater Victoria region.  

 

1.6 Operational Definitions  

Concussion:  

Injury to the head results in the brain undergoing rotational acceleration and deceleration. 

This trauma results in the tearing of axons and a disruption in the brain’s metabolic glucose 

cascade (Patel et al., 2024). 

Minor Traumatic Brain Injury (mTBI): 

Sometimes used interchangeably with the term concussion. Caused by an outside force, 

which could be a bump or jolt to the head, resulting in acute or chronic injuries (Greenwald et 

al., 2012). 

Sleep Quality: 

 An individual’s self-satisfaction with all aspects of the sleep experience (Koohsari et al., 

2023).  

Sleep Quantity: total amount of sleep obtained (Kohyama, 2021). 

Sleep disorder: disturbance in the quality or duration of sleep (Koohsari et al., 2023). 

Athlete: An individual who is trained in organized sports, aiming to improve performance in 

individual or group settings (Araújo & Scharhag, 2016). 
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Chapter 2 Literature Review 

 2.1 Concussions.   

As concussions occur from a rapid deceleration of the brain, either through a strike, 

blow, or sudden impact to the head, many brain regions may be affected, resulting in somatic, 

emotional, cognitive, and sleep complications or disturbances (Danielli et al., 2023; Romeu-

Mejia et al., 2019). Literature within the past ten years and even more has examined the 

implications of post-concussion symptoms (PCS) and how individuals with different 

cognitive abilities may experience symptom severity or recovery time differently, especially 

comparing concussed adolescent populations to concussed adult populations (Oldenburg et 

al., 2016). Within concussion literature, research has demonstrated that the degree of 

symptom severity may be the best predictor of recovery (Hoffman et al., 2020). Several 

studies have acknowledged the complexity of a physiological injury such as a concussion, as 

many physiological systems and organs may experience dysfunction post-injury (Dobson et 

al., 2017).  Post injury, symptoms such as light-headedness, dizziness, nausea, headaches, and 

physical and emotional impairments are common and can lead to cardiovascular autonomic 

dysfunction (CVAD; Dobson et al., 2017; Patel et al., 2024). Dobson et al. (2017) suggest 

that many PCS, such as light-headedness and postural disturbances, such as dizziness, are 

related to vestibular and autonomic dysfunction. Therefore, Dobson et al. sought to examine 

cardiovascular responses by monitoring BP and HR during standard autonomic tests of 

orthostatic tolerance and cardiovagal function (2017). Therefore, the purpose of their study 

was to investigate cardiovascular responses over 2 weeks, examining changes during forced 

breathing, standing, and the Valsalva maneuver, which involves forceful exhalation (Dobson 

et al., 2017). They conducted four tests at 48 hours, 24 hours, 1 week, and 2 weeks after the 

injury, for both the concussed and healthy control groups. To examine the differences in 

cardiovascular responses, heart rate (HR), systolic blood pressure (SBP), and diastolic blood 
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pressure (DBP) were measured with finger photoplethysmography. The results concluded 

that 48 hours post-injury, the concussed group had significantly greater resting SBP (P=.002), 

HR (P=0.03), and DBP (P=0.01) during standing compared to the healthy control group 

(Dobson et al., 2017). Furthermore, this study provides evidence that traumatic brain injuries 

(TBI), specifically concussions, may disrupt autonomic control, impacting involuntary 

regulations throughout the body (Dobson et al., 2017). 

 

2.2 Changes to the Autonomic Nervous System (ANS) Following a Concussion.  

The autonomic nervous system (ANS) regulates all internal organ functions, including 

heart rate, blood pressure, and endocrine secretions, and also innervates cardiac and smooth 

muscle and regulates metabolism (Pertab et al., 2018; Roche et al., 2024). The ANS system is 

divided into two subsystems: the parasympathetic nervous system (PNS), known for its “rest 

and digest” functions, and the sympathetic nervous system (SNS), responsible for “fight or 

flight” responses (Pertab et al., 2018). Following a mTBI, dysfunction and damage of the 

ANS can occur, resulting in headaches, dizziness, slurred speech, and exercise intolerance, 

which are symptoms commonly associated with post-concussion symptoms (Callaway & 

Kosofsky, 2019). Heart Rate Variability (HRV) reflects ANS control and can help examine 

ANS dysfunction (Anderson et al., 2020). Previously, research has proposed that resting 

HRV is negatively altered during the initial stages after a concussion (Harrison et al., 2022). 

While other publications indicate that during high levels of physiological stress, HRV levels 

remained altered beyond the initial stages of injury (Harrison et al., 2022; La Fountaine et al., 

2009). Therefore, Harrison et al. (2022) examined and assessed HRV during times of 

physical and mental stress in concussed and non-concussed adolescent athletes. All 

participants with concussions within the study underwent three series of HRV sessions. The 

three HRV sessions required participants to rest with no cognitive stimulation, complete a 
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cognitive task while resting, and complete the same cognitive task after a bout of submaximal 

aerobic exercise. The main findings from the study concluded that concussed athletes at rest 

did not show any differences in cardio-autonomic functions compared to the healthy control 

group (Harrison et al., 2022). However, during the cognitive task at rest and after aerobic 

exercise, athletes with a history of concussions demonstrated higher standard deviation (SD) 

and normal to normal (NN) intervals than healthy, non-concussed athletes (Harrison et al., 

2022).  These findings align with current published research, which suggests that stressors 

may influence and exacerbate functional deficits compared to resting conditions (Harrison et 

al., 2022). Other research has also reported that concussed athletes exhibit decreased low-

frequency (LF) values, increased or decreased high-frequency (HF) values, and increased 

root mean square of successive differences (RMSSD; Doucet et al., 2023). Therefore, current 

literature acknowledges that following a concussion, SNS activity increases while PNS 

activity decreases (Doucet et al., 2023). With trauma and dysfunction to the ANS, alterations 

to the circadian rhythm may occur, resulting in potential sleep disturbances or sleep 

deprivation (Purkayastha et al., 2019). 

 

2.3 Sleep Complications and Implications of Lack of Sleep.  

Sleep can be defined as a behavioural state which reduces or immobilizes responses to 

external stimuli (Vyazovskiy, 2015). As sleep is a fundamental need for an individual’s 

mental and physical health, research reports that approximately 70% of concussed athletes 

report sleep disturbances (Hoffman et al., 2020). Such disruptions can be associated with 

delayed recovery, worsening PCS, and poorer cognitive function. Within the athletic 

population, sleep is a crucial component of physical and mental recovery. It has been 

recommended that athletes aim for approximately 9 to 10 hours of sleep (Watson, 2017). 

Unfortunately, many athletes report experiencing sleep deprivation due to both high amounts 
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of training, frequent travelling, high stress levels, and lifestyle habits (Doherty et al., 

2021).  It has been hypothesized that individuals who experience short-term sleep deprivation 

may experience worsening PCS, delaying recovery. A study conducted by Hoffman et al. 

examined 151 concussed collegiate athletes, comparing symptom recovery and concussion 

assessment performance between individuals who either experienced short sleep durations, 

no sleep change, or prolonged sleep durations (2020). The study concluded that 24 to 48 

hours post-injury, individuals who experienced short sleep durations reported higher 

symptom severity (39.1 ± 20.7) compared with participants who had no change in sleep 

duration (25.1 ± 18.4, P = 0.007) and those with longer sleep duration (25.7 ± 21.8, P = 

0.004). 

Furthermore, the study examined participants 2 to 4 days post-injury with similar 

findings. Individuals with short sleep duration reported higher symptom severity (21.8± 21.8) 

compared to individuals with no sleep change (10.5 ± 10.8, P= 0.013) and longer sleep (11.9± 

14.2, P=0.007; Hoffman et al., 2020). In another study conducted by Hoffman et al. (2019), 

149 university students were examined to investigate changes in sleep shortly after and 

throughout symptom recovery in concussed participants compared to a control group. The 

primary findings suggested that concussed participants compared to the non-concussed 

control group experienced greater difficulties falling asleep 2-3 days post injury, significant 

differences between the Pittsburgh Sleep Quality Index (PSQI) scores as the concussed group 

reported poorer sleep quality since injury, compared to the control group which reported 

typical sleep quality, and worse sleep quality during recovery (Hoffman et al., 2019).  

To further understand the implications of sleep deprivation within concussed populations, 

Magliato et al. examined the association of self-reported sleep problems within concussed 

youth (2023). As poor sleep quality within healthy subjects has been previously associated 

with anxiety, depression, fatigue, and a decrease in motor function, Magliato et al. wanted to 
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examine the association between post-concussion sleep problems in concussed youth 2023. 

They aimed to examine postural stability, cognitive functions, symptom severity, and 

recovery outcomes, while also comparing their findings between patients with and without 

preexisting sleep problems (Magliato et al., 2023). According to their findings, 207 youth 

participated in the study, concluding that patients who reported sleep problems after injury 

exhibited higher symptom severity and poorer postural stability (Magliato et al., 2023). Their 

findings support prior research and indicate that sleep problems within concussed patients 

may delay recovery and prolong post-concussion symptoms (Magliato et al., 2023). 

 

2.4 Current Treatments for TBI.  

Following a TBI, rest and minimal physical activity were once considered the most 

effective treatment following injury (Silverberg & Iverson, 2013). Recently, within the past 

decade, it has been well studied that cognitive and physical rest are only recommended in the 

first 24-48 hours following injury. For sport-related concussions (SRC), physical rest may be 

required longer (Leddy et al., 2018). Current research now suggests that complete rest may 

hinder recovery and contribute to higher risks of depression, anxiety, and deconditioning 

(Callaway & Kosofsky, 2019). Within the literature, current research has examined youth and 

sport-related concussions, with limited research examining adult athletes (18+).   

2.4.1 Melatonin Supplementation  
 

There are gaps in the literature regarding melatonin prescriptions in adults (18+), as 

most published research has focused on the benefits for young athletes. Within the literature, 

two studies have examined melatonin supplementation in adults (18+). In a study conducted 

by Grima et al. (2018), the researchers acknowledge that untreated sleep disturbances 

following TBI may lead to lower productivity levels, cognitive dysfunction, and poorer 

rehabilitation outcomes. The purpose of their study was to evaluate the effectiveness of 
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melatonin supplementation (2mg/day) on sleep quality in participants with mild to severe 

TBI. The population of interest consisted of thirty-three individuals aged 18–65 who reported 

sleep complications. Participants were randomly assigned to a 4-week melatonin or placebo 

treatment. According to their findings, melatonin supplementation was associated with 

reduced self-reported anxiety and fatigue, improved subjective sleep quality, and enhanced 

mental functioning (Grima et al., 2018). There were no improvements regarding daytime 

sleepiness, nor self-reported PCS, such as depression. However, in conclusion, Grima et al. 

suggest that melatonin supplementation could be a potential treatment option for those who 

experience sleep disturbances following a TBI (2018). Furthermore, the authors 

acknowledged that such findings were the first to validate that melatonin prescription 

following a TBI may be beneficial as a treatment within TBI populations (Grima et al., 2021).  

 

To further expand on their preliminary findings, Grima et al. conducted another study 

to examine the association between TBI participants and self-reported symptoms, as well as 

the improvements in sleep quality after 4 weeks of melatonin treatment (2021). The study 

examined 33 TBI participants, either in a melatonin treatment group (2mg/day) or a placebo 

group, and asked them to take a capsule 2 hours before bedtime. The main findings of this 

study suggest that individuals who have sustained a TBI are more likely to benefit from 

melatonin treatment, regardless of injury timing or individual characteristics such as age or 

sex (Grima et al., 2021). 

 

2.4.2 Exercise Following TBI  
 

Previously, concussion guidelines recommended cognitive and physical rest post-

injury. Still, recent evidence now suggests that complete bed rest and rest until symptom 

resolution are ineffective approaches towards TBI recovery (Lawrence et al., 2018).  As 
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many concussed participants may experience exercise intolerance due to abnormal ANS 

regulation of cerebral blood flow, Leddy et al. wanted to examine the potential benefits of 

sub-threshold exercise as a treatment for TBI individuals (2019). Within this study, Leddy et 

al. examined the effects of aerobic exercise on concussed male youth (13-18 years old) using 

the Buffalo Concussion Treadmill Test (BCTT; 2019). Participants were divided into two 

groups: the exercise group and the rest group. To track and observe symptom severity, 

participants were required to report their symptoms daily in the evening over two weeks. For 

those in the exercise group, participants were asked to complete 20 minutes of daily exercise 

on a treadmill or stationary bike at subthreshold aerobic limits. Subthreshold exercise was 

calculated at 80% of the heart rate achieved at symptom exacerbation. The study concluded 

that participants in the exercise group had faster recovery times from the initial visit 

compared to the rest group (8.29±3.85 days versus 23.93± 41.73 days, P=0.048; Leddy et al., 

2019). By the end of the study, Leddy et al. reported that the exercise group had significantly 

fewer symptomatic participants, concluding that early subthreshold aerobic exercise, initiated 

within one week of a SRC, has the potential to accelerate recovery (2019). As these findings 

provide preliminary results, several limitations are present in the study. Several limitations 

were examined only in male adolescent athletes; therefore, the results cannot be generalized 

to adult or female populations. With acknowledgment of the limited research examining the 

benefits or risks associated with exercise as a potential treatment post-concussion, Snyder et 

al. wanted to investigate the effects of implementing aerobic exercise in adults aged 18-32 

years old, and its impact on symptom response, mood, sleep, cognition, and postural stability 

(2021). Concussed participants were either randomized into two groups: 1 week of daily 

aerobic exercise or 1 week of daily non-aerobic exercise, and non-concussed participants 

were assigned to the control group (Synder et al., 2021).  Following the intervention period, 

the study concluded that aerobic exercise does not negatively affect recovery. However, for 
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those with greater symptom severity, Snyder et al. (2021) state that exercise tolerance may be 

lower. 

2.4.3 Cognitive Behavioural Therapy (CBT)  
 

Cognitive behavioural therapy (CBT) has been the gold standard for participants 

diagnosed with insomnia and is now known to benefit individuals who are diagnosed with 

neurological ailments (Ludwig et al., 2024). Literature now suggests that CBT may be 

beneficial for participants who have sustained multiple concussions or moderate to severe 

cases of TBI. Ludwig et al. examined the evaluation of CBT for concussed participants who 

suffer from insomnia and evaluated changes in sleep outcomes as well as changes in 

concussion symptoms (2024). There is scarce research regarding CBT as an effective 

treatment in adult populations for those who have sustained a concussion. Ludwig et al. 

acknowledge that insomnia is common within concussed populations and that delayed 

recovery may occur due to poor sleep quality and quantity (2024).  Ludwig et al. examined 

forty individuals who had sustained either a moderate or severe concussion and were 

randomized into either a group that started CBT immediately following baseline assessment 

or into a group that started CBT six weeks following baseline assessment (2024). Following 

intervention in both groups, the results indicate that CBT is an effective treatment for 

concussed individuals who have insomnia and helps reduce post-concussion symptoms and 

severity (Ludwig et al., 2024).  

 

2.5 Neurotracker (3D-Multiple Object Tracking Therapy)   
 

Neurotracker is a three-dimensional multiple object tracking (3D-MOT) system that 

challenges working memory, motion integration, perceptual, and cognitive skills, as well as 

the ability to process multiple objects in time and space (Acquin et al., 2024).  Research now 

suggests that perceptual-cognitive training may benefit sport-specific tasks and individuals 
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who have suffered either a minor or severe TBI (Corbin‐Berrigan et al., 2020). Currently, 

there is no published research examining 3D-MOT programs, such as Neurotracker, and their 

effects on sleep in concussed adult athletic populations. Current research has explored 

programs such as Neurotracker and its significance as a clinical tool for recovery and 

rehabilitation (Corbin-Berrigan et al., 2020). Corbin-Berrigan et al. (2020) examined 

symptom resolution, balance and agility testing, along with complete return to cognitive 

activities in children and adolescents who either recovered from a mild traumatic brain injury 

(mTBI) or were part of a healthy control group. The study concluded that children and 

adolescents with mTBI achieved greater training gains than non-injured children in 

perceptual-cognitive tasks (Corbin-Berrigan et al., 2020). 

 

Furthermore, Corbin-Berrigan et al. found no difference between groups in terms of 

balance, coordination, fatigue, cognitive function, or quality of life, and suggest that 3D-

MOT programs, such as Neurotracker, may contribute to cognitive recovery and reduce the 

risk of complications following a mild traumatic brain injury (mTBI; 2020). Therefore, the 

purpose of this multiple-case study is to examine the trends in the application of 10 

Neurotracker sessions and the changes in sleep quality and quantity in concussed athletes.  
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Chapter 3 Method 

3.1 Design 

A multiple-subject pilot case study design was used to examine changes in sleep 

quality and quantity following the application of 3D-MOT (Neurotracker) in concussed 

athletes.  

3.2 Research Team  

The research team consisted of two professors, one graduate student, and one research 

assistant. All research members have completed the Canadian Tri-Council Policy Statement: 

Ethical Conduct for Research Involving Humans (TCPS-2) course and received ethical 

approval for data collection (see Appendix A). 

3.3 Sampling Frame and Final Sample 

Participants were recruited within the Greater Victoria region of BC through email 

and word of mouth. Emails were sent to the University of Victoria and Camosun College 

head sport coaches for athletes who had a concussion(s) within the past six years. Eligible 

participants were: (1) 18-35 years old male and female athletes; (2) who have sustained one 

or more concussions on or after January 1st, 2020; (3) who have sustained a mild or moderate 

concussion either self-diagnosed or professionally by a health care provider. Participants 

were excluded from the study if they: (1) had extreme ADHD or anxiety; (2) had any 

neurological impairments or diseases; (3) had any sleep impairments such as predisposed 

insomnia, or currently used any sleeping medications; (4) used any narcotics; or (5) had 

sustained a severe concussion before January 1, 2020 or during the study duration.  

3.4 Measures 
 

Data were collected using a Polar Ignite smartwatch and through participation in a 3D 

multiple-object tracking (3D-MOT) software program as the intervention. Before and after 

the intervention, participants assessed their sleep quality over the previous month (Appendix 
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B) and completed a self-report inventory questionnaire (Appendix C) measuring post-

concussion symptoms on a Likert scale. Participants wore the smartwatch for three 

consecutive nights before the intervention and for three consecutive nights after the five-week 

intervention period. The study spanned seven weeks and evaluated the impact of 3D-MOT 

programs, such as Neurotracker, on sleep quality and quantity in concussed participants. 

 

Participants in the study included Camosun Charger athletes and self-identified 

athletes who engaged in one or more sports within the greater Victoria, BC region. 

Recruitment occurred from February 2025 to July 2025. Prospective participants contacted 

the primary researcher via email to request additional information. Eligible individuals 

completed a screening interview questionnaire (Appendix D), consent form (Appendix E), 

and intake form (Appendix F) in person with a member of the primary research team at the 

Pacific Institute of Sport Education (PISE). After all forms were completed and submitted, 

each participant was assigned a unique, randomly generated identification number and 

provided with equipment, including a Polar Ignite watch, 3D glasses, a charger, and two 

questionnaire forms to assess sleep quality, sleep quantity, and post-concussion symptoms. 

All personal information was stored under assigned identification numbers in a password-

protected Excel spreadsheet. Paper copies were shredded after data entry. 

 

3.4.1 Polar Ignite Smartwatch  
 

Polar Ignite smartwatches were used to collect sleep data for three consecutive nights 

before and after the intervention period. Manufactured by Polar Electro Oy, Finland, these 

wearable devices provide physiological data, including heart rate, heart rate variability 

(HRV), sport-related metrics, and information on daily activities such as steps, walking, or 

hiking and when worn overnight on the non-dominant hand, provides sleep and breathing 
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data (Budig et al., 2021). For sleep and movement tracking, the smartwatches utilize an 

accelerometer to record movement and estimate wakefulness and inactivity as proxies for 

sleep (Parent et al., 2024). The devices generate measures such as total sleep time, total time 

scored as sleep, sleep onset latency (the interval from going to bed to the first epoch of sleep), 

wake after sleep onset, and sleep period time (Parent et al., 2024). Recent literature has 

evaluated the validity of Polar smartwatches, with findings indicating that Polar Electro Oy, 

Finland, provides sleep stage recognition accuracy comparable to or exceeding that of other 

smartwatch devices when assessed against polysomnography (PSG; Parent et al., 2024). All 

data collected from the Polar Ignite smartwatch was synced to the Polar Flow application 

(version 6.33.0, Polar Electro Oy, Kempele, Finland) by the primary researcher. The sleep 

data was then stored on a password-protected Excel spreadsheet. 

 

3.4.2 Neurotracker  
 

Neurotracker is a 3D multiple-object tracking (MOT) computerized program that 

challenges and trains visual abilities such as depth perception and peripheral vision, as well 

as visual-motor and perceptual-cognitive skills for sport-specific tasks, along with non-sport 

vision and attention skills (Vater et al., 2021). Neurotracker, developed in Montreal, Canada, 

and promoted and sold by the Faubert Applied Research Centre, requires participants to sit in 

a dark room, wear 3D glasses, and fixate on a green dot in the center of the screen while 

tracking the movement of 8 spheres (Vater et al., 2021). Each participant received a pair of 

3D glasses and was asked to complete 2 sessions per week, each session typically lasting six 

minutes, for 5 weeks, for a total of 10 sessions. In terms of test-retest reliability, Deschamps 

et al. (2022) examined and compared the test-retest reliability of the Immediate Post-

Concussion Assessment and Cognitive Testing (ImPACT) and NeuroTracker across two 

consecutive seasons in athletic populations at high risk for mTBI. ImPACT is a computerized 
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tool used to assess memory, attention span, reaction time, and processing speed (Mayers & 

Redick, 2012). Within the results section of Deschamps et al., (2022) they concluded that  

Neurotracker demonstrates acceptable test-retest reliability compared to ImPACT after 1 

year. In addition, Neurotracker demonstrated equal or better reliability than ImPACT in 

composite score comparisons.  

 

3.4.3 Sleep and Symptom Severity Checklist 
 

The Pittsburgh Sleep Quality Index (PSQI) is a 19-item self-reported questionnaire 

designed to assess subjective sleep quality, sleep latency, sleep duration, habitual sleep 

efficiency, sleep disturbances, use of sleep medications, and daytime dysfunction over a one-

month interval. The PSQI is a valid and reliable tool used in multiple studies examining sleep 

disturbances, primarily insomnia. The PSQI can be completed in five minutes or less and 

examines subjective and objective dimensions of sleep. Regarding scoring, there are seven 

subsections, each scored 0-3, yielding a global score of 0-2; any score greater than 5 indicates 

poorer sleep quality (Farrahi Moghaddam et al., 2012). In a preliminary study, Hoffman et al. 

(2020) examined the relationship between days to symptom recovery and all aspects of sleep, 

as measured by the PSQI, in a cohort of concussed athletes. The results of the study highlight 

the importance of the PSQI in identifying sleep disturbances but also note the limitations of 

self-reporting inventory questionnaires, which may be inaccurate because participants may 

only report or recall negative experiences (Hoffman et al. 2020).  In another study examining 

the reliability and validity of the PSQI among healthcare workers during the COVID-19 

pandemic, Wang et al. (2022) found that the PSQI is a strong indicator of sleep disturbances, 

particularly among participants with insomnia. As healthcare workers experience poor sleep 

quality and quantity, Wang et al. acknowledge that the PSQI demonstrates good reliability 

and validity but has limitations in its daytime dysfunction subsection (2022). 
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The Post-Concussion Symptom Scale (PCSS) is a self-reporting measure used to 

evaluate the post-concussion symptoms for concussed athletes to determine symptom 

severity.  The questionnaire comprises 22 items, each evaluated on a 7-point scale ranging 

from 0 (no symptoms) to 6 (severe). The PCSS is used to assess mTBI symptoms and is 

highly responsive and reliable within concussed populations. Langevin et al. examined the 

internal and external responsiveness of the PCSS among patients with long-term post-

concussion symptoms, as well as the longitudinal validity of the PCSS relative to other 

questionnaires with similar goals (2022). The study examined participants with ongoing 

symptoms and concluded that the PCSS is highly responsive to changes in these patients 

(Langevin et al., 2022). The PCSS scale has some limitations, as it has been reported that 

participants, more often in athletic populations who have sustained a concussion, are more 

likely to under-report symptoms due to the belief and fear of being removed or held back 

from their sport (Merritt et al., 2018). 

 
3.5 Procedure  
 

Participant data was collected through the utilization of the Polar Ignite watch to 

obtain REM, deep sleep, actual sleep, sleep time, sleep continuity, and sleep cycles, sleep 

data such when uploaded to the Polar Flow application while all Neurotracker data was 

collected through NeurotrackerX (the next generation of this platform), to obtain percentage 

of targets correct, percentage of consistency score, score, total time, and average response 

time. All participants had their own Polar and Neurotracker accounts created, and data 

extraction and syncing were conducted upon completion of the study. Participants were 

instructed to wear the Polar watch for three consecutive nights before and after the five weeks 

of Neurotracker. Each participant received verbal instructions and a folder containing written 

instructions for logging in to their own Neurotracker account, two copies of the PSQI 
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questionnaire, one copy of the PCSS questionnaire (post-test PCSS was emailed to the 

participant once they completed the study), and an in-depth PowerPoint on navigating 

Neurotracker (See Appendix F). The research assistant sent daily text and email reminders to 

each participant to wear their watches, to ensure they completed two Neurotracker sessions 

per week for five weeks, and to check their current study completion status. Participant 

information was also collected through an intake form, which recorded their identification 

number, age, sex, gender, weight, number and year concussions occurred, if consciousness 

was lost and for how long, mechanism of injury, if the concussion was self or professionally 

diagnosed, and the time duration it took to return to sport. Once all participants had 

completed the study and returned all equipment to the primary researcher, each participant 

was emailed the PCSS to complete.  
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Chapter 4 Results 
 

4.1 Sample Population Characteristics  
 

The recruitment goal of this study was approximately 15 participants. The initial 

number of participants in the study was N=7 (2 females), but due to high participant dropout, 

only three male participants completed this feasibility study (N=3; participants A, B, and 

C).  Due to several complications, such as participant drop out due to either moving away or 

moving away for work, limited equipment due to participants taking longer than the 

anticipated seven weeks of completion, recurrence of severe concussion(s), difficulties with 

residual concussion symptoms, and frustration or difficulty adhering to the study’s protocol, 

resulted in only 5 participants completing the study. After completion, participants D and E’s 

data could not be used due to incomplete or compromised data, leaving three participants. All 

female participants in the study dropped out. Participant F quotes dropping out of the study 

because “…my mental health and concussion pain have been really struggling this season of 

my life. With all the hiccups it was to get started made it a challenge. And then when I finally 

tried Neurotracker, it made me feel incredibly insecure and made my mental health plummet 

even more.”  Furthermore, participant G dropped out due to sustaining a concussion and 

reported, “not feeling well enough to continue the study”. The remaining two female 

participants did not start the study as one obtained a job in a remote location with no internet 

connection, and the other participant had to move out of the province.  

 

Participant D’s data was incomplete, and due to the use of narcotics that may have 

confounded results, was not included. Participant E’s data set is incomplete due to 

complications with memory recall, regardless of multiple reminders. Only three participants 

successfully completed the study and had complete data sets. When comparing trends among 

participants in the study (A, B, and C) vs. participants who dropped out (D, E, F, and G), the 
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total number of concussions each participant sustained may have influenced the dropout rate. 

Participants who dropped out recorded sustaining 3 or more concussions, compared to the 

participants who completed the study, who only sustained one or two concussions. Therefore, 

the participant dropout rate may have been attributed to these observational trends.  

 

Because of the low number of subjects, each was treated as a multiple-subject design 

for trend analysis purposes and to answer the research questions. Participant A, B, and C 

characteristics are presented in Table 4.1. 

Table 1 

 Demographic Characteristics of Concussed Athletes (N=3) Participating in the Study within 

the Greater Victoria Region  

ID Age Sex 
Weight 
(Kg) 

Level of 
Education 

Total # of 
Concussion 

Date of 
Concussion(
s) 

Lose 
Con 

Mech of 
Injury 

Concussion 
Diagnosis  

A 

23 
year
s 

Mal
e 

86.18k
g 

High 
school  2 2018, 2022 

Yes-
2018 

Baseball     
Basketball 

Athletic 
Therapist  

B 

24 
year
s 

Mal
e 

84.37k
g 

Bachelor's 
degree 1 2021 No 

Playing 
sports 

Athletic 
Therapist 

C 

33 
year
s 

Mal
e 

84.82k
g 

Bachelor's 
degree 2 2023 No Volleyball 

Self-
Reported 

Note. Lose Con = loss of consciousness; Mech of Injury = mechanism of injury. Number and 
dates of concussion(s) are based on participant self-report or medical diagnosis 
 
4.2.1 Does the application of a 10-period intervention of three-dimensional multiple 
object tracking (3D-MOT) affect sleep quality and quantity in concussed participants?  
 
4.2.2   Pittsburgh Sleep Quality Index (PSQI): Perceived sleep vs. Actual sleep  
 

Figure 1 displays the average pre-test perceived vs. actual sleep time for each 

participant, using data from the Pittsburgh Sleep Quality Index (PSQI) and the Polar Ignite 

watch, while Table 4.3 displays the average perceived vs. actual sleep time for each 

participant, using post-test PSQI scores and Polar Ignite data. In the pre-test scores, all 

https://www.google.com/url?sa=i&source=web&rct=j&url=https://en.wikipedia.org/wiki/Pittsburgh_Sleep_Quality_Index&ved=2ahUKEwjTs5aC5d6SAxUbEzQIHZ4PHhoQy_kOegYIAAgAEAM&opi=89978449&cd&psig=AOvVaw1BRBTTeTu0tMEgb1IVcqYo&ust=1771358029592000
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participants reported a perceived sleep duration of 420 minutes, but the individualized actual 

sleep data indicate varying discrepancies. Participant averages are: 422 minutes of actual 

sleep for participant A, 317 minutes of actual sleep for participant B, and 406 minutes of 

actual sleep for participant C. In the post-test scores, the same trend of overestimating sleep 

occurred for participant A, who reported 425 minutes of perceived sleep but only had 328 

minutes of actual sleep and participant C, who reported 435 minutes of perceived sleep but 

had 425 minutes of actual sleep.  In the post-test, Participant B slightly underestimated their 

sleep, reporting 390 minutes of actual sleep compared to 397 minutes. 

Figure 1 
 
Pre-Test PSQI Perceived Sleep vs. Actual Sleep Duration  
 

 
Note. Sleep duration is expressed in minutes.  
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Figure 2 
 
Post-Test PSQI Perceived Sleep vs. Actual Sleep Durations 
 

 
Note. Sleep duration is expressed in minutes 
 
 
4.2.3 Pittsburgh Sleep Quality Index (PSQI) Scores 
 

Figure 3 displays the pre- and post-test PSQI scores for each participant. Participants 

showed that PSQI remained the same pre- to post-test or trended upward slightly.  

Individually, participant A scored a 5 on both the pre- and post-test, while participant B 

scored a 4 on the pre-test but a 5 on the post-test.  Participant C scored a 6 on the pre-test 

compared to a 7 on the post-test.  
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Figure 3 
 
Pittsburgh Sleep Quality Index (PSQI) Scores Pre- and Post-Test Scores 
 

 
Note. Any score 5> poor sleep quality or sleep disorder (Carpi, 2025). 
 
4.2.4 Polar Ignite Sleep Data  
 

Figure 4 represents participant A’s sleep data as REM sleep decreases from 85 

minutes to 71 minutes, and deep sleep decreases from 84 minutes to 53 minutes. Sleep time 

also decreased from 465 to 342 minutes, and actual sleep time decreased from 423 to 328 

minutes. Sleep continuity increased from 2/5 to 2.4/5, while sleep cycle averages decreased 

from 4 to 3.5 

 

Figure 5 presents the average sleep data for participant B. As with the previous 

participant, REM sleep decreased from 58 to 53 minutes, and deep sleep decreased from 67 

to 57 minutes.  Sleep time increased from 339 to 428 minutes, as well as an increase in actual 
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sleep time from 317 to 397 minutes. Sleep continuity decreased from 3.3/5 to 2.5/5, while 

sleep cycles increased from 4.3 to 4.7. 

 

Participant C’s data is presented in Figure 6. Their REM sleep data shows a decrease 

from 117 minutes to 104 minutes, and their deep sleep averages also decrease from 59 

minutes to 56 minutes. Their sleep time increased from 444 to 461 minutes, and their actual 

sleep time increased from 406 to 425 minutes. Regarding their sleep continuity scores, 

participant C increased from 2.5/5 to 3.4/5, while their average sleep cycles decreased from 6 

to 5. Across all three participants, a trend emerges: all three experience a decrease in REM 

and deep sleep from pre- to post-test.  

Figure 4  
 
Participant A Polar Ignite Sleep Data. 

 
Note.  Pre and post-test sleep data were averaged, and sleep duration is expressed in minutes.  
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Figure 5 
 
Participant B Polar Ignite Sleep Data. 

 
Note.  Pre and post-test sleep data were averaged, and sleep duration is expressed in minutes.  
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Figure 6 
 
Participant C Polar Ignite Sleep Data. 

 
Note. Pre and post-test sleep data were averaged, and sleep duration is expressed in minutes.  
 
4.3 Does the application of a 10-period intervention of three-dimensional multiple object 
tracking (3D-MOT) affect perceptual-cognitive performance in concussed participants?  
 
4.3.1 Neurotracker Speed Scores 
 
Figure 7 presents Neurotracker scores for all participants across 10 sessions.  

Participant A (range: 0.97–2.13), Participant B (range: 0.99–2.66), and Participant C (range: 

0.81–2.79). While examining scores, participant C improved the most over the 10-session 

duration. Their lowest score was in their first session (0.81) and their highest in their last 

session (2.79).   Participants B and C completed 30 sessions, so their data were averaged, 

resulting in a greater learning bias than the others. 

 
 
 
 
 
 
 

0

50

100

150

200

250

300

350

400

450

500

REM
Pre
Sleep

REM
POST
Sleep

Deep
Sleep
PRE

Deep
Sleep
Post

Sleep
Time
Pre

Sleep
Time
Post

Actual
Sleep
PRE

Actual
Sleep
POST

Sleep
Con
Pre

Sleep
Con
Post

Sleep
Cycles
Pre

Sleep
Cycles
Post

M
in

ut
es

 

Participant C
Polar Ignite Sleep Data 



 

 

28 

Figure 7 
 
Neurotracker Speed Scores from all 10 Sessions. 

 
Note. Speed scores reflect the Neurotracker speed threshold, defined as the maximum speed 
at which participants maintained accurate identification of target spheres. 
 
4.3.2 Percentage of Target Correct  
 

Participants' percentages of targets correct are displayed in Figure 8 for participant A, 

Figure 9 for participant B, and Figure 10 for participant C. Participant B had the least 

variability in their percentages correct across the 10 Neurotracker sessions, with percentages 

ranging from 75% to 91.25%. Both participants A and C experienced a decrease in their 

percentage correct over the course of the sessions, but the main difference is that participant 

A's percentage increased from sessions 7 to 10, whereas participant C's percentage decreased 

from sessions 8 to 10. Participant A’s percentage correct ranged from 80%-91.25%, and 

participant C’s percentage correct ranged from 76.25% to 87.5%. 
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Figure 8 
 
Participant A Percentage of Targets Correct Following Each Neurotracker Session 

 
Note. Accuracy represents the proportion of correctly identified spheres in each Neurotracker 
session.  
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Figure 9 
 
Participant B Percentage of Targets Correct Following Each Neurotracker Session 

 
Note. Accuracy represents the proportion of correctly identified spheres in each Neurotracker 
session. 
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Figure 10 
 
Participant C Percentage of Targets Correct Following Each Neurotracker Session 

 
Note. Accuracy represents the proportion of correctly identified spheres in each Neurotracker 
session. 
 
4.4 Does the application of a 10-period intervention of three-dimensional multiple object 
tracking (3D-MOT) impact perceived symptom severity? 
 

Figures 11, 12 and 13 display each participant’s pre-test and post-test scores on the 

Post-Concussion Symptom Scale (PCSS). The most frequently reported pre-test symptom 

was fatigue or reduced sleep, while the most common post-test symptoms were drowsiness, 

mental fog, dizziness, and sadness. In the pre-test data, participant A reported a decrease in 

symptom severity from 4 to 2. The number of reported symptoms remained consistent across 

both pre-and post-test; however, the specific symptoms reported differed between the two.  
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Participant B experienced an increase in both symptom severity score and in the 

PCSS. They reported experiencing 5 symptoms in the pre-test and 11 in the post-test, and 

their PCSS increased from 6 to 12. Lastly, participant C also experienced an increase in both 

symptom severity score and in the PCSS. Participant C reported 1 symptom in their pre-test 

data, compared with 7 in their post-test. Participant C also experienced an increase in their 

PCSS from 1 in the pre-test to 10 in the post-test. Figure 14 displays the total symptom 

severity score for all three participants.  

Figure 11 

Participant A Post-Concussion Symptom Score Pre-and Post-Test 

 

 

 

Figure 4.12 

 

Figure 4.13 

 

 

 

 

 

Note. Symptom scores represent self-reported symptom severity collected at pre- and post-
intervention timepoints, with higher scores indicating greater symptom severity. 
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Figure 12 

Participant B Post-Concussion Symptom Score Pre-and Post-Test 

 

 

 

 

 

 

Figure 4.17  

 

 

 

 

Note. Symptom scores represent self-reported symptom severity collected at pre- and post-
intervention timepoints, with higher scores indicating greater symptom severity. 
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Figure 13 

Participant C Post-Concussion Symptom Score Pre-and Post-Test 

 

 

 

 

 

 

 

 

 

 

 

Note. Symptom scores represent self-reported symptom severity collected at pre- and post-
intervention timepoints, with higher scores indicating greater symptom severity. 
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Figure 14 

Post-Concussion Symptom Scale Score Pre- and Post-Test for all Participants  

 

 

 

 

 

 

 

 

 

 

 

Note. Total symptom scores represent the sum of self-reported post-concussion symptom 
severity across all participants at pre- and post-intervention, with higher scores indicating 
greater symptom burden. 
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Chapter 5 Discussion 

Neurotracker is a 3D multiple-object tracking (3D-MOT) training tool designed to 

improve perceptual-cognitive functions, such as attentional control, processing speed, and 

working memory, which are commonly impaired following concussion. As a result, it has 

been increasingly used as a rehabilitation modality in athletic populations, with previous 

research demonstrating improvements in cognitive performance in concussed individuals 

(Acquin et al., 2024; Corbin-Berrigan et al., 2020; Moen et al., 2018; Vater et al., 2021). In 

addition to cognitive deficits, individuals recovering from a concussion frequently report 

disruptions in sleep, which are known to negatively impact cognitive and perceptual 

functioning. Despite the established relationship between sleep and cognition, no studies have 

examined whether Neurotracker training influences sleep quality and quantity in concussed 

populations. Therefore, this pilot feasibility study aims to explore observational trends to 

determine whether Neurotracker may influence sleep quality and quantity, perceptual-

cognitive performance, or perceived symptom severity in concussed athletes.   

 
 
5.1) Does the application of a 10-period intervention of three-dimensional multiple 
object tracking (3D-MOT) affect sleep quality and quantity in concussed participants?  

 
While all participants in the study reported an average of 420 minutes (7 hours) of 

perceived sleep, the actual sleep data indicate they received fewer than 420 minutes. 

Research indicates that regularly sleeping less than 420 minutes per night may negatively 

impact cardiovascular, physical, and mental health (Watson et al., 2015). Regarding pre-test 

scores obtained through the PSQI questionnaire and post-test scores obtained through the 

Polar Ignite watch, participant A was the only participant who reported their sleep accurately, 

while the remaining three participants overestimated the amount of sleep they were obtaining 

(perceived vs. actual sleep). These results are similar to those of Carter et al. (2020), who 

found that, on average, athletes tend to overestimate the amount of sleep they obtain. Based 
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on the PSQI scores, both the pre-test and post-test data indicate that all three participants 

experience sleep disturbances and complications. The PSQI questionnaire is frequently used 

in clinical research to assess sleep disorders, and any score of 5 or higher indicates poor sleep 

quality (Carpi, 2025). All participants scored 5 or higher on both the pre-test and the post-

test; participants B and C reported higher PSQI scores than their pre-test scores. Therefore, 

these observational trends suggest each participant in this study experienced an increase in 

poor sleep quality with the application of Neurotracker over the five weeks.  

 

Regarding the sleep data from the Polar Ignite watches, a trend emerges: participants’ 

sleep time and actual sleep time increase for two participants when comparing pre- and post-

test data, whereas the opposite occurs for participant A. For all three participants, comparing 

pre- and post-test data, both REM sleep and deep sleep declined. This data suggests that, 

regardless of whether sleep quantity increased or decreased, sleep quality decreased and was 

affected by completing 10 Neurotracker sessions. This could also be reflected in changes in 

sleep cycles, especially for participants A and C, who showed a decrease in the number of 

sleep cycles in their post-test sleep data. These pilot results suggest that, with 10 

Neurotracker sessions, an inverse relationship exists within this project: as sleep duration 

increases, sleep quality decreases. This may be similar to a training response experienced 

during physical training. A training response occurs when a new stimulus is introduced, 

leading to acute and chronic adaptations when the stimulus is repeated over time (Hawley, 

2002). During the initial training stimulus, performance decreases and fatigue increases; 

depending on frequency, duration, progressive overload, specificity, and recovery, cellular 

and metabolic adaptations occur, and over time with prolonged exposure to the stimulus, 

performance increases and fatigue decreases (Hawley, 2002). Future research could 

investigate longitudinal changes in cognitive adaptations by increasing the number of 
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Neurotracker sessions per week and extending the study duration to further examine the 

effects of Neurotracker and the changes in sleep quality and quantity in concussed athletes.  

 

5.2 Does the application of a 10-period intervention of three-dimensional multiple object 
tracking (3D-MOT) affect perceptual-cognitive performance in concussed participants? 
 

Research examining 3D-MOT (Neurotracker) technology suggests that it improves 

attention and working memory and enhances perceptual-cognitive performance in 

populations who have suffered an mTBI (Lysenko-Martin et al., 2020). Furthermore, 

previous research has concluded that 3D-MOT performance may be linked to the severity of 

concussion symptoms (Lysenko-Martin et al., 2020). Following a Neurotracker session, each 

participant received a score representing their attention capacity during the session. The score 

represents the fastest speed at which the participant can correctly track the targets about 50% 

of the time during the task. When interpreting the speed scores obtained at the end of one 

session, the speed score adapts to provide the optimal level of challenge. In 3D-MOT 

programs such as Neurotracker, there may be a speed-accuracy trade-off. As one value 

increases, such as speed, accuracy tends to decrease as Neurotracker progressively overloads 

after each trial. 

 

Participant A demonstrated the highest percentage of targets correct in the first 

session (91.25%) and maintained high accuracy (about 80–90%) throughout the 10 sessions. 

Over the same period, speed scores increased from 0.97 to 2.13, suggesting improved 

perceptual-cognitive processing. Participant B showed an overall increase in speed across 

sessions (0.99 - 2.66), indicating improved perceptual-cognitive capacity. The percentage of 

targets correctly identified remained high (75–91%) even at higher speeds. Participant C 

showed increased speed across sessions (0.81-2.79), suggesting improved perceptual-

cognitive processing capacity, while the percentage of targets correct remained high (76–
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87%) throughout training. All three participants improved during the 10 Neurotracker 

sessions, but two participants (B and C) completed three times the requested number of 

sessions. These observational trends suggest that 10 sessions of Neurotracker may improve 

perceptual-cognitive performance, while reductions in sleep quantity and quality were 

observed during the study period.  

 
5.3 Does the application of a 10-period intervention of three-dimensional multiple object 
tracking (3D-MOT) impact perceived symptom severity? 
 

As the PCSS scale is used to report the number and intensity of symptoms following a 

concussion, each participant's pre- and post-test scores were totalled. The higher the 

participant's score, the greater the severity of PCS. In both the pre-test and post-test data, all 

participants scored within the mild range (1-2) for experiencing a symptom, and no 

participant reported a level 3 or higher, which is considered moderate. 

 

  Previously, research suggested that post-concussion symptoms (PCS) typically 

resolve within 7 days post-injury, but current research indicates that PCS, such as headaches, 

fatigue, and dizziness, may persist for longer than previously expected (Eisenberg et al., 

2014; Majerske et al., 2008). Participant A reported a decrease in the severity of perceived 

symptoms (pre-test score 4 and post-test score 2) but still reported experiencing 2 PCS 

symptoms in both the pre- and post-test data. Both participants B and C experienced an 

increase in the number of reported PCS and in their PCSS score. Participant B reported 5 

symptoms pre-test and 11 post-tests, and their perceived symptom score increased from 6 in 

the pre-test to 12 in the post-test. Participant C reported 1 symptom pre-test and 7 symptoms 

post-test, and an increase in their PCSS score from a 1 in the pre-test to a 10 in the post-test.  
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As 3D-MOT programs such as Neurotracker require cognitive focus and activity, rest 

and recovery are essential for regulation in productivity, memory, alertness, and attentional 

focus. When sleep quality and quantity decrease, executive functions are impaired, cognitive 

control and attention decline, and sensory processing is compromised (Hyndych et al., 2025). 

Therefore, in concussed populations, individuals who experience sleep complications post-

concussion experience more severe symptoms than those who do not (Magliato et al., 2022). 

Therefore, these observational trends suggest that 3D-MOT may affect perceived symptom 

severity and the number of PCS, but further research is needed.  

 
5.4 Limitations 

As this is a pilot feasibility study with only three subjects successfully completing all 

of the intervention and data collection, several limitations apply. First, the sample size is 

small; in future research, a larger sample would allow for statistical analysis and enable the 

detection of statistical significance.  Second, even though the research assistant sent daily 

reminders to participants to complete their 3D-MOT sessions to help ensure adherence and 

keep them on track throughout the project's 7 weeks, many participants forgot and took 

longer than 5 weeks to complete all 10 sessions or completed three times the amount of 

Neurotracker sessions, which could have resulted in a learning bias. In future research, 

having participants travel to and commute to a facility to complete the sessions may improve 

adherence rates and ensure that participants complete the required number of sessions. This 

would also ensure that participants completed the sessions at a scheduled time, as they did not 

consistently do so at the same time of day or on the same day each week. Despite the small 

number of participants, this study provides insight into individual responses to Neurotracker 

and its effects on sleep quality and quantity, as well as PCS, which may help inform future 

research and directions.  
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5.5 Conclusions 

The current study’s goal was to determine if 3D-MOT technology impacted sleep 

quality and quantity in concussed adults. The data obtained in this feasibility study provide 

observational trend data that 3D-MOT technology improves perceptual-cognitive 

performance but affects sleep quality and perceived symptoms commonly experienced post-

concussion.  To date, this feasibility study is the first to examine 3D-MOT and its potential 

effects on sleep quality and quantity. As this study cannot draw conclusions due to its small 

sample size, it can only report observational trends suggesting that 3D-MOT therapy may 

negatively impact sleep quality and PCS symptoms in some individuals.  Future research 

should examine the effects of longer-duration 3D-MOT therapies on sleep quality and 

quantity, as well as on PCS symptoms, in larger samples of concussed individuals. 
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