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Abstract
Concussion awareness continues to grow in all aspects of healthcare, including the areas of prevention,
acute care, and ongoing rehabilitation. Most of the concussion research to date has focussed on the
challenges around screening and diagnosing what can be a complex mix of brain impairments that overlay
with additional pre-existing comorbidities. While we expect further progress in concussion diagnosis,
progress also continues to be made around proactive rehabilitation, with the emergence of interventions
that can enhance the recovery process, maximise function and independence with a return to study, work,
and play.

Traditionally, optimal multimodal assessments of concussion have treated the physical, cognitive, and
psychological domains of brain injury separately, which supports diagnosis, and informs appropriate follow-
up care. Due to the complex nature of brain injury, multimodal assessments direct care toward professionals
from many different disciplines including medicine, physiotherapy, psychology, neuropsychology,
ophthalmology, and exercise physiology. In addition, these professionals may work in different fields such as
sports, neurorehabilitation, vestibular, musculoskeletal, community, vocational, and general practice
clinical settings. Rehabilitation interventions for concussions employed in practice are also likely to use a
blend of theoretical principles from motor control, cognitive, and psychological sciences. This scale of
diversity can make information dissemination, collaboration, and innovation challenging. The Ten
Movement Training Principles (MTPs) have been proposed as a usable and relevant concept to guide and
support clinical reasoning in neurorehabilitation. When applied to concussion rehabilitation, these same 10
principles provide a comprehensive overview of key rehabilitation strategies for current and future practice.
Future collaborations can use these training principles to support clinical and research innovations
including the rapid rise of technologies in this growing field of rehabilitation practice.

Categories: Physical Medicine & Rehabilitation, Sports Medicine
Keywords: training, movement, rehabilitation, traumatic brain injuries, concussion

Introduction And Background
Concussions are fairly common injuries. In the United States, between 1.7 and 3 million concussions occur
each year, with 223,000 traumatic brain injury (TBI)-related hospitalisations [1]. In Australia, it is estimated
that around 200,000 TBIs occur each year with around 180,000 of them likely to be mild TBIs/concussions
[2]. In Europe, regional studies show an incidence rate of TBI up to 849 per 100,000 population per year [3].
Causes of concussion range from falls, motor vehicle accidents, domestic violence, and sporting and
playground accidents.

Concussion diagnosis and recovery have become part of public discussion with growing awareness,
particularly around elite athletes. Multimodal assessment and rehabilitation of concussion can be complex,
with the potential for many different brain functions to be impaired. Multimodal assessments play an
important role in early diagnostic assessments and as well as in examining those with persistent signs and
symptoms. This includes physical, cognitive, and psychological changes that need to be assessed, monitored,
and targeted as part of an optimal rehabilitation program. Many health professionals bring their expertise
into the assessment and rehabilitation of concussion including medical, physiotherapy, psychology,
neuropsychology, ophthalmology, and exercise physiology. In addition, these professionals may work in
different clinical fields such as sports, neurorehabilitation, emergency, vestibular, community, vocational,
and general practice settings. Most of the research literature concerning concussions comes from the
sporting fields; however, concussion is a common occurrence outside of this field where it is frequently seen
in emergency departments, school clinics, and general practice. Neurological and vestibular clinics also
work with many people with concussion/TBI as part of best-practice neurorehabilitation, where
multidisciplinary links are made.

Rapid progress in concussion assessment and rehabilitation over the past decade has been exciting, but it
also presents challenges that arise when bringing such a diverse group of clinical and research expertise
together. It is already known that progress in rehabilitation and training can be affected by confusion
related to vague language [4]. Concussion interventions have evolved from many clinical fields including
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neurocognitive, musculoskeletal, sports, vestibular, visual, and psychology. If we are to make further
progress, these fields will need to collaborate to explore promising research and disseminate and implement
current best practices.

The Ten Movement Training Principles (MTPs) aim to help this process by providing consistent terminology
and have been previously discussed in relation to neurorehabilitation [5]. This paper will discuss MTPs in
relation to concussion rehabilitation, where each training principle will review training targets that are
emerging in research and clinical practice. A review of concussion rehabilitation in relation to each MTP
aims to provide a clear and comprehensive insight into the clinical reasoning process that informs
individualised, multidisciplinary rehabilitation. The MTPs may potentially help in the design of future
multimodal interventions that combine training principles that might then be enhanced with innovation
and future technologies. Explicit and accessible information about proactive rehabilitation following
concussion may also help with the current culture of under-reporting of concussions, improve symptom
disclosure, and guide people toward the most appropriate health professionals. Table 1 provides a summary
of the 10-MTPs with a focus on factors to consider in concussion rehabilitation.

Movement
training
principle

Factors to consider in concussion rehabilitation

Actual and
predicted bodily
state

Body schema. Spatial cognition. Cervical joint position sense errors

Feedback
Visual and vestibular feedback dependence. Sensory reweighting. Integration and perceptual dysfunction. Overemphasis on
symptom reporting

Error-based
learning

Gaze stability and balance training. Vision training

Reward-based
learning

Behavioural changes. Motivations and pressures. Managing expectations

Cognitive
selection and
planning

Memory and concentration changes. Executive dysfunction. Cognitive adaptations, loads, and fatigue. Slowed processing speed.
Difficulty with increasing complexity

Practice and
variability

Time for learning and adaptation. Frequency, intensity, and duration of practice to be effective. Variability and integration of
different domains into rehabilitation. Autonomic and cardiovascular limitations. Prescribed rests/breaks

Biomechanics
Forces for brain damage and cervical whiplash injury. Prevention via protective gear. Prevention via motor skill training. Motor
control and muscle compensations. Post-traumatic benign paroxysmal positional vertigo (BPPV)

Physical capacity
Detrimental rest. Autonomic dysfunction and postural orthostatic tachycardia syndrome (POTS). Deconditioning. Neck strength and
stability

Attentional focus
Dual-task challenges. Attention-deficit/hyperactivity disorder (ADHD) and concussion testing. Functional overlay, external focus,
and distraction techniques. Overemphasis on symptoms and hypervigilance illness behaviours

Beliefs and self-
efficacy

Anxiety. Depression. Post-traumatic stress disorder (PTSD). Psychological flexibility. Negative beliefs and nocebo effects.
Community misinformation and messaging

TABLE 1: A summary of the Ten Movement Training Principles with factors to consider in
concussion rehabilitation

Review
Actual and predicted bodily state
Actual and predicted bodily state refers to the proprioceptive awareness of body segments in relation to
each other, the external environment, and a spatial awareness of the surroundings. All these abilities can
become dysfunctional following a concussion. A reduced proprioceptive awareness of neck position in
relation to external space by using the cervical joint position sense error test has been described in some
studies. This measure has been shown to increase concussion risk in rugby players and can easily be added to
the cervical examination in general practice. Spatial awareness can also be affected, with a study of
concussed adolescent hockey players demonstrating an impairment in the ability to form cognitive maps [6-
9]. People who sustained a concussion more than a month prior demonstrated decision-making impairments
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in the ability to walk to a target via an obstacle with less cautious behaviour. A similar impaired judgement
was observed in those with a history of concussion (in the past year) as they tried to avoid another walker by
approaching from a 90-degree angle [10, 11]. In sports, subsequent injury risk following concussion is
increased, but the types of injury and the type of sport may need to be considered more closely [12]. A large
study of junior Australian rules footballers showed similar increased subsequent injury risk following both
concussion and non-concussion injuries, with the concussion group less likely to sustain a contact-type
injury [13]. This raises further questions about not only the mechanism of injuries but on-field behaviour and
decision-making that may relate to spatial cognition for specific sports and day-to-day tasks.

Two types of reference frames constitute spatial cognition. The egocentric reference frame refers to the
ability to locate objects in the environment in reference to self. The allocentric reference frame refers to the
ability to locate objects in relation to each other, or another fixed landmark in the environment. While there
are clinical tests that help measure cervical position sense, the challenge is to find and use other clinical
tests that help measure the function of both reference frames of spatial cognition. Virtual reality tasks show
promise in this area, where it has been used in Alzheimer’s disease and, more recently, concussions [14,9].

Training the ability to scan and search the visual world when moving, while holding a memory of spatial
information may become a key part of concussion rehabilitation. Inaccurate perception seems to affect quick
decision-making, which is likely to contribute to injury and repeat concussions in sports. Ongoing deficits
may also influence the decision-making around readiness for return to work or play. An active process of
learning via dynamic interaction with the environment can promote multisensory integration of visual,
vestibular, and proprioceptive inputs in addition to allocentric and egocentric reference frames of spatial
cognition [15].

Feedback
External and internal feedback are important tools used in rehabilitation. External feedback can be provided
by therapists or coaches via verbal prompts, visual feedback tools such as laser pointers/mirrors, or via
tactile cues. Internal feedback from visual, proprioceptive, and vestibular inputs also helps with motor
learning and control. If feedback is to be perceived and integrated effectively, the sensory, attention, and
integrational networks in the brain need to be effective. In terms of controlling standing balance,
concussions can lead to an over-dependence on visual and vestibular feedback as indicated by exaggerated
responses to changes in the visual scene or galvanic vestibular stimulation [16]. This means that sensory
feedback about visual or vestibular motion results in reduced control of postural sway. This indicates a
change in sensorimotor processing that would influence the adaptive processing that is exploited through
sensory substitution in vestibular rehabilitation [15]. Vestibular rehabilitation is emerging as an effective
early intervention following concussion to reduce dizziness and improve balance [17]. Further knowledge
around sensory reweighting with increased visual dependency will help with the design and selection of
individual types of training used.

Reduced cortical excitability following concussions also results in reduced ability to maximally activate
muscle activity with additional change in perception of force [18]. If you combine this with a dependency on
vision and the reduced ability to upregulate other sensory information for action, the selection and
progression of movement training strategies will need to take this into account. This may require a more
structured way of introducing different sensory inputs to enable the perception and control of movement to
be gradually learned.

To date, the diagnosis of concussion and the decisions around recovery have been heavily determined by
symptom reporting. Symptoms like headache, dizziness, visual blurring, feelings of fogginess, anxiety,
nausea, sensitivity to light or noise, or problems with concentration are just some of the symptoms that
form part of a continual assessment process. In rehabilitation, people with concussions are always asked for
feedback on their symptoms. This can be important when designing sub-symptom aerobic exercise plans for
example, where feedback around symptoms and levels of exertion are collected every minute during the
Buffalo treadmill test [19]. However, as we discuss in the final principle of belief and self-efficacy, over-
emphasising symptom feedback may create other problems around anxiety and low confidence, which can
lead to delayed recovery. Symptom reporting and types of feedback used in concussion rehabilitation
certainly require further investigation. A focus on symptom improvement and education around symptom
types and expectations may be a sensible strategy, as well as developing further objective tests that measure
signs of dysfunction and recovery that do not rely on symptom reporting.

Error-based learning
The feedforward predictive abilities of the brain allow expected sensory inputs to be compared to actual
sensations. Any differences in what is predicted are referred to as sensory prediction errors, and these are
important in many types of error-based learning. Error-based learning for gaze stability and balance
strategies is likely to be fundamental for the effective visual and vestibular rehabilitation interventions used
following concussions [17].

Vision training often targets convergence and accommodative insufficiency commonly seen after concussion
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[20,21], while gaze stability training is an integral part of vestibular rehabilitation where adaptation of the
vestibular-ocular reflex uses error-based learning of retinal slip when the eyes stabilise on a target during
incremental increases in head speeds. Studies have shown a critical period of enhanced neuroplasticity in
this form of learning in the first few weeks following unilateral vestibular hypofunction insult [22], with
relevance for concussion when considering that peripheral vestibular nerve dysfunction can occur [23]. This
supports the role of early, specific vestibular rehabilitation to improve outcomes for a subset of concussions
with peripheral vestibular signs.

Error-based learning is likely to be fundamental for skill acquisition in the rehabilitation of balance, vertigo,
and vision. Strategies that consider types of sensory errors and the ways these can be amplified and
manipulated to enhance learning in therapy following concussion need further research.

Reward-based learning
Reward-based learning is integral to rehabilitation as it relates to the deep-seated motivations that reinforce
learning and behaviour. Rewards are likely influenced by individual and cultural factors, where the brain
gives credit to priority outcomes that match the desires and needs of the individual. Reward-based learning
is likely to help consolidate and retain important memories and skills that help with recovery [24,25].

Concussion brings a set of challenges that are likely to impact reward-based learning. One major issue is low
levels of disclosure in sports, with one study showing that 22% of school students do not report concussions
to an adult [26, 27]. Poor knowledge of the signs and symptoms of concussion and concerns about missing
sporting games and employment opportunities are likely to not only lead to non-reporting of symptoms but
also influence the motivations that drive people to seek out and engage in effective rehabilitation. The wider
sporting culture should also be considered. Sports fans, particularly waging sports fans who exaggerate their
concussion knowledge are likely to contribute to nondisclosure pressure in athletes [28].

Incentives help with the rehabilitation goal-setting process to drive motivation and can be useful when
there is a desire to return to work or play. In sports, incentives for some may relate to returning to play
earlier, while for others in general practice, it may be more about symptom relief. Therefore, goal-setting
needs to be tailored to the individual. Premature return to play is a major concern with an increased risk
of further concussion and a two-fold increase in musculoskeletal injury [29,12]. These health risks may
motivate some to ensure optimal recovery time and training before return to play, while for others the risk
of poor performance, loss of form, and confidence for an early return might be more motivating given that
professional sport is performance-driven [30,31]. Delayed recovery with persistent symptoms influences
behaviour, and hence objective tests of performance that demonstrate recovery and improvement should be
included. Managing expectations is also critical as signs and symptoms will rapidly improve for many people
within weeks, while persistent symptoms can occur in over 50% of people up to one-year post-concussion
[32]. Symptoms such as headache, dizziness, apathy, and fatigue can all influence motivation and therefore
reward-based learning. Care with the delivery of information following assessment is likely to be important,
along with the use of strategies to build confidence in meaningful activities. Managing anxiety and stress is
also important as this can interfere with the learning and compensation processes required for optimal
recovery and cognitive performance [33].

Cognitive selection and planning
Cognitive processes such as memory, concentration, and attention can all be affected following concussion,
and these are important factors to be considered within training programs. Executive function refers to the
ability to organise external stimuli and plan a suitable response and involves working memory, self-control,
and flexible thinking. It has been shown that executive function changes with tasks that involve conflict
resolution and task switching following concussion [34]. For example, in a lower limb leg press task, brain
activity in adolescents with a history of concussion shows that the left inferior parietal lobule/supramarginal
gyrus (IPL) increases its activity and connectivity with the right posterior cingulate gyrus/precuneus cortex
and right IPL [35]. This shift in brain networking may lead to movement compensations, increased neural
drive, fatigue, and limitations with the demands of increasing complexity such as when additional dual tasks
are included. This has been demonstrated in gait performance following concussions [36,37].

A visually guided motor task that requires additional cognitive-motor integration can identify concussion
and is also present in asymptomatic, previously concussed elite athletes with slower reaction time and
reduced accuracy [38,39]. More research is needed to understand the relationship between different
neurocognitive functions and their role in injury risk in sports [40]. Processing speed within brain networks
is likely to be important, with simple reaction time testing showing comparable sensitivity and specificity for
detecting concussion when compared to more detailed and time-consuming neurocognitive testing
protocols [41]. Faster reaction times have been shown to reduce the risk of severe head impact in American
football [42] and ice hockey [43]. Simple reaction time tests can also be easily employed in general practice.
These rapid perception and action functions should not only be part of the assessment but can also be
introduced into rehabilitation programs [44]. Somatosensory reaction time and increased intracortical
inhibition with transcranial magnetic stimulation have been demonstrated in those people with persistent
symptoms following concussion [45]. Context is important in rehabilitation, with a need to move away from
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clinical and laboratory tests to task performance at a specific level in real-world scenarios. Training
programs that gradually increase the complexity of cognitive performances required for specific tasks could
involve incorporating expertise from occupational therapists for return to work and activities of daily living,
and speciality coaches in the case of sports.

Practice and variability
Following brain injury, a person needs time to adapt and learn with practice. It is important to build
confidence in home and work tasks, including sports and recreational activities. Practice with variability
helps build capacity, such as strength and fitness, while specific exercises can target skill acquisition for
tasks that are integral to recovery. Each type of practice will likely require different approaches in terms of
frequency, intensity, and duration depending on the goals around capacity building, types of behavioural,
cognitive, or motor learning, and symptom provocation. Variability within practice helps drive adaptation
and learning that reflects real-world demands.

Vision training after concussion has been shown to be beneficial following 20 minutes of specific training,
twice a week, for six weeks, or six times per week for 2.5 weeks with a once-per-week maintenance program
[21]. Rehabilitation for dizziness following whiplash has used specific neck exercises involving motor
relearning, strength, and endurance. The amount of effective practice for this type of therapy involves twice-
a-week supervised exercise with a physiotherapist with home exercises for three months [46].

It is interesting to note that early after a concussion there is limited evidence related to stand-alone cervical,
vestibular, or oculomotor therapies. However, if these domains are combined within physiotherapy, evidence
demonstrates earlier recovery and improved outcomes [47]. This suggests that functional integration and
variability in movement-based rehabilitation is preferable. Multimodal physiotherapy twice a week that
involves a combination of cervical treatment, and vestibular and ocular retraining are some of the most
effective treatments over the first month after a concussion [48], or weekly physiotherapy sessions with
exercises over eight weeks [6].

Pushing cardiovascular autonomic adaptation with daily aerobic exercise, or eight sessions over 11 days has
also been shown to be effective in accelerating recovery after concussion [49]. Currently, these types of
training of cervical, ocular vestibular, and sub-threshold aerobic exercises represent best practices in early
concussion interventions and require both supervised and specifically prescribed unsupervised practice.

A study investigating the effects of a pre-activity movement exercise intervention aimed to reduce the
incidence of injury and concussion in rugby players. It showed a clear reduction in concussion incidence,
with a dose-response effect if the exercises were increased from around two times per week to more than
three times per week [50]. This suggests that regular exposure to exercises involving balance/perturbation,
resistance, plyometric training, and sports-specific agility techniques may need a minimum practice dose if
it is to be effective in practice. 

Practice prescription also needs to consider rest breaks to help with symptom control and fatigue and allow
adequate time for consolidation of learning that requires rest and sleep [51]. Return to work and learn
strategies use specific advice around breaks to help deal with photo/phono sensitivity, eye fatigue, and
limitations in cognitive attention, memory, and concentration [52]. This is an important part of effective
concussion rehabilitation.

Biomechanics
Biomechanics focuses on the physics and physiology of human movement. When considering the forces
needed for concussion to occur, biomechanics plays a role in concussion prevention and the rehabilitation of
normal biomechanical functions. Whiplash injury to the cervical spine is likely to co-occur yet cervical
evaluation is often not included in standard concussion clinical assessments [53], where cervical and
thoracic range of motion, palpation, strength, endurance, stability, and proprioceptive awareness are likely
to be extremely important for assessment in general practice [54,55].

Brain injury prevention strategies should consider the linear and rotational head accelerations that lead to
concussive brain injury [56]. Higher forces in areas of the brainstem nuclei involved in arousal are more
likely to produce loss of consciousness [57]. Helmets may help dissipate large linear forces perhaps more
relevant to severe TBI, and can protect skull fractures, facial injuries, lacerations, and cauliflower ears
(common in rugby). However, helmets remain limited in their ability to significantly reduce the forces that
lead to diffuse axonal injury in concussion. Not surprisingly, a study in Australian football has shown no
effect of helmets in reducing concussions [58]. In American football, new soft-shell covers such as the
‘Guardian Cap’ are designed to reduce forces, with ongoing research underway [59-61].

Head and neck responses to internal and external perturbations have implications for concussion injury.
Rugby players who had suffered a concussion within the past two years showed delayed anticipated head
displacement and higher initial head acceleration. These alterations in motor control lead to biomechanical
changes that place a vulnerable brain and brainstem at risk of further diffuse axonal damage [62]. Further
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understanding of the biomechanics of injury has implications for not only helmet and neck brace
technologies but also training techniques for sporting skills such as tackling, heading soccer balls, and
techniques for safely going to the ground. Techniques for falling and body position during collisions with
other people or objects have relevance for not only sports and work but also fall prevention rehabilitation in
the elderly, and accidental falls in children [63].

Increased trunk muscle size and thickness in multifidus and internal oblique muscles following concussion
may indicate compensatory biomechanical strategies in movement and balance used to stiffen and stabilise
the trunk [64-66]. Future research could expand on these findings to determine if these compensatory
strategies are detrimental to long-term performance [66].

Post-traumatic benign paroxysmal positional vertigo (BPPV) is common after concussion and is successfully
treated with canal repositioning manoeuvres that require specific biomechanical head movements in space
to move debris within specific semi-circular canals back into the otolith organs [67]. BPPV is often effectively
treated within one treatment session and should not be missed in the treatment of vertigo and balance
following concussion [68].

Physical capacity
Too much rest following a concussion can be detrimental, and research on early physical activity and
exercise now supports sub-threshold aerobic exercise as early as a few days following a concussion event.
Controlled exercise protocols such as the Buffalo concussion treadmill test are a safe and reliable treatment
to accelerate recovery [19]. Exercise protocols that are guided by symptom provocation, exertion levels, and
heart rate response improve recovery [49], with the benefits possibly being driven by a number of important
factors. Factors may include adaptation to abnormal autonomic cardiovascular responses common after
concussion, and stimulating neuroprotective responses such as the release of neurotrophic factors important
for structural brain recovery [49,69,70]. Early physical activity is also likely to have many psychological,
physical, and social benefits that help build confidence, strength, and cardiovascular capacity that can be
quickly lost with inactivity. In general practice, orthostatic intolerance testing of supine then standing blood
pressure and heart rate helps screen for postural orthostatic tachycardia syndrome (POTS), a sign of
autonomic dysregulation common after concussion [71]. POTS and autonomic dysfunction can be major
contributors to persisting symptoms that should not be missed during assessment.

The association between neck strength and concussion incidence has been another area of interest due to its
potential role in decreasing the impact forces on the brain, with a possible link when analysing current
evidence [72,73]. Types of strength, stability, and anticipatory motor control needed to reduce the risk of
concussion for certain functions and sports will be an important area of future research [62].

Attentional focus
While attention is an important part of the earlier principle of ‘cognitive selection and planning’, it is a
component of training worth exploring further. Dual-task challenges of simultaneously completing
cognitive attention tasks during motor performance is an area of great interest. Dual-task with tandem gait
shows deterioration after concussion with slowed times [37]. This reflects a difficulty with balance and gait
performance when attentional demand is required for simultaneously integrating other tasks. In competitive
sports, these deficits may explain the increased risk of injury and repeat concussion [72] as attention has
been previously linked to musculoskeletal injury [74]. Shifts in neural activity after concussion may indicate
changes in sensory integration and attention, which may contribute to neuromuscular changes and
increased injury risk [35]. While there is limited research evidence with regard to dual-task assessment and
training, future concussion protocols could investigate gait velocity, cognitive errors, and movement
performance quality to determine what measures will provide meaningful information to confirm
concussion diagnosis and help facilitate recovery. Training protocols can incrementally introduce different
types of attentional tasks that reflect the functions and tasks needed to reach a person’s required
rehabilitation goals.

People with attention-deficit/hyperactivity disorder (ADHD) experience difficulties with attentional focus,
and can present with symptoms mimicking concussion, which can make assessment interpretation difficult
[75]. This becomes all the more challenging given that people with ADHD show deficits in vestibular-ocular
motor testing of saccades, convergence, vestibular-ocular reflex, and visual motion sensitivity at baseline
[76]. People with ADHD also show reduced scores on neurocognitive performance [77]. This lends support to
the use of multimodal baseline concussion testing to help interpret post-concussion assessments. While
attention is involved in many brain functions tested following concussion, any association of ADHD with
concussion recovery outcomes is not yet clear [78].

Following concussion, anxiety and fear avoidance can theoretically contribute to an overlay of functional
neurological disorder and somatic symptoms disorder [79]. Distraction techniques and a shift to more
external attention demands are known to improve signs and symptoms in these disorders [80,81], which will
have relevance in rehabilitation for concussion/TBI where functional overlay is suspected. As observed in
many populations, internalising attention can be detrimental to performance, ranging from ‘choking’ in
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elite sports to fall risk in the elderly [82]. Currently, symptom reporting helps to determine readiness for
return to play decision in sports; however, after more intense physically demanding tests, symptom
provocation is more likely [83]. This raises questions about how much internal attentional focus on
symptoms is needed to support clinical decisions, while also considering that an overemphasis on symptoms
could potentially contribute to unhealthy illness behaviours in some people. The use of more diverse
multimodal assessments that also include objective tests may have advantages with regard to individualised
clinical decision-making [84].

Beliefs and self-efficacy
Mental health is an enormous concern following concussion. Anxiety and depression can easily be screened
in general practice and are major issues post-brain injury [85,86], including serious mental health issues in
children [87], with a two-fold increase in suicide risk [88]. However, the influence of concussion on negative
beliefs extends beyond anxiety and depression. For some people, post-traumatic stress symptoms are a
possibility and will need to be considered in the overall management [89,90]. Psychological assessments
following concussion often classify findings into domains such as stress, anxiety, and depression; however,
as evidence has shown with physical domains, combining cervical, vestibular, and ocular domains within
treatment leads to better treatment outcomes [47]. More effective training strategies could consider how to
combine psychological domains as well. ‘Psychological flexibility’ is one such combined mechanism that can
influence concussion outcomes and involves strategies for handling distress and taking appropriate actions
[91]. Targeting psychological flexibility early in rehabilitation has the potential to improve outcomes and is
worth exploring.

The rise in research, media exposure, and delivery of community messaging can have the unintended
consequences of creating negative beliefs about concussion at the level of both the individual and broader
society. Over the past decade, we have witnessed a shift in the way concussions are viewed. Negative
expectations about symptoms and recovery can lead to misattribution of normal symptoms, resulting in a
‘nocebo effect’ [92]. This needs to be seriously considered when communicating with concussion patients
and their families during rehabilitation. More clear, accurate, and well-balanced messaging to the
community about concussion recovery is also vital [92,93], especially given that both preinjury and post-
concussion somatisation have been identified as risk factors for delayed recovery [94-96].

Summary
The 10 MTPs discussed above provide a comprehensive framework to plan and design individual concussion
rehabilitation training for return to learn, work, and play with effective multidisciplinary working. The MTPs
could be used to critically evaluate technologies that are rapidly emerging in this field. Virtual reality has the
potential to explore combinations of physical, cognitive, and behavioural tasks that are more closely aligned
with the demands of real life to help with both assessment and training following concussion [97]. Visual
eye-tracking technologies also have the potential to assess many relevant vestibular, ocular, and cognitive
functions relevant to concussion [98, 99]. Eye tracking has been used in vestibular practice for many years to
assess peripheral and central dysfunction [100]; however, sports clinicians are less familiar with it and have
had little access to or experience in the use of such devices [101]. Further education and collaboration
regarding the potential benefits of these devices may help to institute specific individualised assessment
and training protocols and may also help gain deeper insights into recovery mechanisms in relation to many
of the MTPs. Eye tracking may also have the potential for remote tracking in concussion rehabilitation [102].

Conclusions
Current evidence highlights the potential for effective interventions that target many different domains
affected by concussions. There is a potential to improve recovery outcomes and recovery time and reduce
the risk of secondary concussions, injury, and serious complications such as a decline in mental health,
employment loss, and worsening long-term quality of life. Progress will continue to emerge from diverse
fields including neurorehabilitation, sports, musculoskeletal, vestibular, exercise physiology, psychology,
and neuropsychology practice. Given such vast diversity, it is anticipated that the MTPs discussed can
provide a common language to facilitate future collaborations in both clinical care and research and
guide practices that promote innovative, multidisciplinary rehabilitation. This may foster rapid innovations
in this exciting area of practice.

Additional Information
Author Contributions
All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design:  James McLoughlin

Acquisition, analysis, or interpretation of data:  James McLoughlin

2023 McLoughlin et al. Cureus 15(10): e46520. DOI 10.7759/cureus.46520 7 of 11

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


Drafting of the manuscript:  James McLoughlin

Critical review of the manuscript for important intellectual content:  James McLoughlin

Disclosures
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

References
1. CDC: traumatic brain injury/concussion . (2023). Accessed: August 14, 2023:

https://www.cdc.gov/traumaticbraininjury/.
2. Fitzgerald M, Ponsford J, Lannin NA, et al.: AUS-TBI: the Australian health informatics approach to predict

outcomes and monitor intervention efficacy after moderate-to-severe traumatic brain injury. Neurotrauma
Rep. 2022, 3:217-23. 10.1089/neur.2022.0002

3. Brazinova A, Rehorcikova V, Taylor MS, et al.: Epidemiology of traumatic brain injury in Europe: a living
systematic review. J Neurotrauma. 2021, 38:1411-40. 10.1089/neu.2015.4126

4. Hart T, Tsaousides T, Zanca JM, Whyte J, Packel A, Ferraro M, Dijkers MP: Toward a theory-driven
classification of rehabilitation treatments. Arch Phys Med Rehabil. 2014, 95:S33-44.
10.1016/j.apmr.2013.05.032

5. McLoughlin J: Ten guiding principles for movement training in neurorehabilitation . Open Physio J. 2020,
1:3-7. 10.14426/art/1260

6. Schneider KJ, Meeuwisse WH, Nettel-Aguirre A, Barlow K, Boyd L, Kang J, Emery CA: Cervicovestibular
rehabilitation in sport-related concussion: a randomised controlled trial. Br J Sports Med. 2014, 48:1294-8.
10.1136/bjsports-2013-093267

7. Schneider KJ, Meeuwisse WH, Palacios-Derflingher L, Emery CA: Changes in measures of cervical spine
function, vestibulo-ocular reflex, dynamic balance, and divided attention following sport-related concussion
in elite youth ice hockey players. J Orthop Sports Phys Ther. 2018, 48:974-81. 10.2519/jospt.2018.8258

8. Farley T, Barry E, Bester K, et al.: Poor cervical proprioception as a risk factor for concussion in professional
male rugby union players. Phys Ther Sport. 2022, 55:211-7. 10.1016/j.ptsp.2022.03.010

9. McFarlane LH, Burles F, Yeates KO, Schneider K, Iaria G: A pilot study evaluating the effects of concussion
on the ability to form cognitive maps for spatial orientation in adolescent hockey players. Brain Inj. 2020,
34:1112-7. 10.1080/02699052.2020.1773537

10. Baker CS, Cinelli ME: Visuomotor deficits during locomotion in previously concussed athletes 30 or more
days following return to play. Physiol Rep. 2014, 2:1-5. 10.14814/phy2.12252

11. Snyder N, Cinelli M, Rapos V, Crétual A, Olivier AH: Collision avoidance strategies between two athlete
walkers: Understanding impaired avoidance behaviours in athletes with a previous concussion. Gait Posture.
2022, 92:24-9. 10.1016/j.gaitpost.2021.11.003

12. McPherson AL, Nagai T, Webster KE, Hewett TE: Musculoskeletal injury risk after sport-related concussion:
a systematic review and meta-analysis. Am J Sports Med. 2019, 47:1754-62. 10.1177/0363546518785901

13. Bennett H, Chalmers S, Fuller J: The impact of concussion on subsequent injury risk in elite junior
Australian football athletes. J Sci Med Sport. 2023, 26:247-52. 10.1016/j.jsams.2023.03.013

14. Cushman LA, Stein K, Duffy CJ: Detecting navigational deficits in cognitive aging and Alzheimer disease
using virtual reality. Neurology. 2008, 71:888-95. 10.1212/01.wnl.0000326262.67613.fe

15. Lacour M, Bernard-Demanze L: Interaction between vestibular compensation mechanisms and vestibular
rehabilitation therapy: 10 recommendations for optimal functional recovery. Front Neurol. 2014, 5:285.
10.3389/fneur.2014.00285

16. Caccese JB, Santos FV, Yamaguchi FK, Buckley TA, Jeka JJ: Persistent visual and vestibular impairments for
postural control following concussion: a cross-sectional study in university students. Sports Med. 2021,
51:2209-20. 10.1007/s40279-021-01472-3

17. Galeno E, Pullano E, Mourad F, Galeoto G, Frontani F: Effectiveness of vestibular rehabilitation after
concussion: a systematic review of randomised controlled trial. Healthcare (Basel). 2022, 11:3-7.
10.3390/healthcare11010090

18. Powers KC, Cinelli ME, Kalmar JM: Cortical hypoexcitability persists beyond the symptomatic phase of a
concussion. Brain Inj. 2014, 28:465-71. 10.3109/02699052.2014.888759

19. Leddy J, Hinds A, Sirica D, Willer B: The role of controlled exercise in concussion management . PM R. 2016,
8:S91-S100. 10.1016/j.pmrj.2015.10.017

20. Gallaway M, Scheiman M, Mitchell GL: Vision therapy for post-concussion vision disorders . Optom Vis Sci.
2017, 94:68-73. 10.1097/OPX.0000000000000935

21. Clark JF, Colosimo A, Ellis JK, et al.: Vision training methods for sports concussion mitigation and
management. J Vis Exp. 2015, 3:e52648. 10.3791/52648

22. Lacour M, Tardivet L, Thiry A: A critical period for rehabilitation of unilateral vestibular hypofunction
patients with the unidirectional rotation paradigm. Journal Rehabil Ther. 2020, 2:1-5.

23. Gard A, Al-Husseini A, Kornaropoulos EN, et al.: Post-concussive vestibular dysfunction is related to injury
to the inferior vestibular nerve. J Neurotrauma. 2022, 39:829-40. 10.1089/neu.2021.0447

24. Galea JM, Mallia E, Rothwell J, Diedrichsen J: The dissociable effects of punishment and reward on motor
learning. Nat Neurosci. 2015, 18:597-602. 10.1038/nn.3956

25. Schultz W: Neuronal reward and decision signals: from theories to data . Physiol Rev. 2015, 95:853-951.

2023 McLoughlin et al. Cureus 15(10): e46520. DOI 10.7759/cureus.46520 8 of 11

https://www.cdc.gov/traumaticbraininjury/
https://www.cdc.gov/traumaticbraininjury/
https://dx.doi.org/10.1089/neur.2022.0002
https://dx.doi.org/10.1089/neur.2022.0002
https://dx.doi.org/10.1089/neu.2015.4126
https://dx.doi.org/10.1089/neu.2015.4126
https://dx.doi.org/10.1016/j.apmr.2013.05.032
https://dx.doi.org/10.1016/j.apmr.2013.05.032
https://dx.doi.org/10.14426/art/1260
https://dx.doi.org/10.14426/art/1260
https://dx.doi.org/10.1136/bjsports-2013-093267
https://dx.doi.org/10.1136/bjsports-2013-093267
https://dx.doi.org/10.2519/jospt.2018.8258
https://dx.doi.org/10.2519/jospt.2018.8258
https://dx.doi.org/10.1016/j.ptsp.2022.03.010
https://dx.doi.org/10.1016/j.ptsp.2022.03.010
https://dx.doi.org/10.1080/02699052.2020.1773537
https://dx.doi.org/10.1080/02699052.2020.1773537
https://dx.doi.org/10.14814/phy2.12252
https://dx.doi.org/10.14814/phy2.12252
https://dx.doi.org/10.1016/j.gaitpost.2021.11.003
https://dx.doi.org/10.1016/j.gaitpost.2021.11.003
https://dx.doi.org/10.1177/0363546518785901
https://dx.doi.org/10.1177/0363546518785901
https://dx.doi.org/10.1016/j.jsams.2023.03.013
https://dx.doi.org/10.1016/j.jsams.2023.03.013
https://dx.doi.org/10.1212/01.wnl.0000326262.67613.fe
https://dx.doi.org/10.1212/01.wnl.0000326262.67613.fe
https://dx.doi.org/10.3389/fneur.2014.00285
https://dx.doi.org/10.3389/fneur.2014.00285
https://dx.doi.org/10.1007/s40279-021-01472-3
https://dx.doi.org/10.1007/s40279-021-01472-3
https://dx.doi.org/10.3390/healthcare11010090
https://dx.doi.org/10.3390/healthcare11010090
https://dx.doi.org/10.3109/02699052.2014.888759
https://dx.doi.org/10.3109/02699052.2014.888759
https://dx.doi.org/10.1016/j.pmrj.2015.10.017
https://dx.doi.org/10.1016/j.pmrj.2015.10.017
https://dx.doi.org/10.1097/OPX.0000000000000935
https://dx.doi.org/10.1097/OPX.0000000000000935
https://dx.doi.org/10.3791/52648
https://dx.doi.org/10.3791/52648
https://www.rehabiljournal.com/articles/a-critical-period-for-rehabilitation-of-unilateral-vestibular-hypofunction-patients-with-the-unidirectional-rotation-paradigm.html
https://dx.doi.org/10.1089/neu.2021.0447
https://dx.doi.org/10.1089/neu.2021.0447
https://dx.doi.org/10.1038/nn.3956
https://dx.doi.org/10.1038/nn.3956
https://dx.doi.org/10.1152/physrev.00023.2014


10.1152/physrev.00023.2014
26. Bunt SC, LoBue C, Hynan LS, et al.: Early vs. delayed evaluation and persisting concussion symptoms during

recovery in adults. Clin Neuropsychol. 2023, 37:1410-27. 10.1080/13854046.2022.2119165
27. Waltzman D, Daugherty J, Snedaker K, Bouton J, Wang D: Concussion reporting, return to learn, and return

to play experiences in a sample of private preparatory high school students. Brain Inj. 2020, 34:1193-201.
10.1080/02699052.2020.1793388

28. Sullivan KA, Jaganathan KS, and Kinmond S: Sports fans, wagering, and concussion knowledge: implications
for injury nondisclosure. Brain Impair. 2022, 2:1-11. 10.1017/BrImp.2022.2

29. Reneker JC, Babl R, Flowers MM: History of concussion and risk of subsequent injury in athletes and service
members: a systematic review and meta-analysis. Musculoskelet Sci Pract. 2019, 42:173-85.
10.1016/j.msksp.2019.04.004

30. Reams N, Hayward RA, Kutcher JS, Burke JF: Effect of concussion on performance of National Football
League players. Int J Sports Physiol Perform. 2017, 12:1100-4. 10.1123/ijspp.2016-0508

31. Kumar NS, Chin M, O'Neill C, Jakoi AM, Tabb L, Wolf M: On-field performance of National Football League
players after return from concussion. Am J Sports Med. 2014, 42:2050-5. 10.1177/0363546514539449

32. Machamer J, Temkin N, Dikmen S, et al.: Symptom frequency and persistence in the first year after
traumatic brain injury: A TRACK-TBI Study. J Neurotrauma. 2022, 39:358-70. 10.1089/neu.2021.0348

33. Sandi C: Stress and cognition. Wiley Interdiscip Rev Cogn Sci. 2013, 4:245-61. 10.1002/wcs.1222
34. Howell D, Osternig L, Van Donkelaar P, Mayr U, Chou LS: Effects of concussion on attention and executive

function in adolescents. Med Sci Sports Exerc. 2013, 45:1030-7. 10.1249/MSS.0b013e3182814595
35. Zuleger TM, Slutsky-Ganesh AB, Anand M, et al.: The effects of sports-related concussion history on female

adolescent brain activity and connectivity for bilateral lower extremity knee motor control.
Psychophysiology. 2023, 60:e14314. 10.1111/psyp.14314

36. Lee H, Sullivan SJ, Schneiders AG: The use of the dual-task paradigm in detecting gait performance deficits
following a sports-related concussion: a systematic review and meta-analysis. J Sci Med Sport. 2013, 16:2-7.
10.1016/j.jsams.2012.03.013

37. Kleiner M, Wong L, Dubé A, Wnuk K, Hunter SW, Graham LJ: Dual-task assessment protocols in concussion
assessment: a systematic literature review. J Orthop Sports Phys Ther. 2018, 48:87-103.
10.2519/jospt.2018.7432

38. Brown JA, Dalecki M, Hughes C, Macpherson AK, Sergio LE: Cognitive-motor integration deficits in young
adult athletes following concussion. BMC Sports Sci Med Rehabil. 2015, 7:25. 10.1186/s13102-015-0019-4

39. Hurtubise J, Gorbet D, Hamandi Y, Macpherson A, Sergio L: The effect of concussion history on cognitive-
motor integration in elite hockey players. Concussion. 2016, 1:CNC17. 10.2217/cnc-2016-0006

40. Avedesian JM, Covassi T, Dufek JS: The influence of sport-related concussion on lower extremity injury risk:
a review of current return-to-play practices and clinical implications. Int J Exerc Sci. 2020, 13:873-89.

41. Eckner JT, Kutcher JS, Broglio SP, Richardson JK: Effect of sport-related concussion on clinically measured
simple reaction time. Br J Sports Med. 2014, 48:112-8. 10.1136/bjsports-2012-091579

42. Harpham JA, Mihalik JP, Littleton AC, Frank BS, Guskiewicz KM: The effect of visual and sensory
performance on head impact biomechanics in college football players. Ann Biomed Eng. 2014, 42:1-10.
10.1007/s10439-013-0881-8

43. Mihalik JP, Blackburn JT, Greenwald RM, Cantu RC, Marshall SW, Guskiewicz KM: Collision type and player
anticipation affect head impact severity among youth ice hockey players. Pediatrics. 2010, 125:e1394-401.
10.1542/peds.2009-2849

44. Honda J, Chang SH, Kim K: The effects of vision training, neck musculature strength, and reaction time on
concussions in an athletic population. J Exerc Rehabil. 2018, 14:706-12. 10.12965/jer.1836416.208

45. Pearce AJ, Kidgell DJ, Frazer AK, King DA, Buckland ME, Tommerdahl M: Corticomotor correlates of
somatosensory reaction time and variability in individuals with post concussion symptoms. Somatosens Mot
Res. 2020, 37:14-21. 10.1080/08990220.2019.1699045

46. Treleaven J, Peterson G, Ludvigsson ML, Kammerlind AS, Peolsson A: Balance, dizziness and proprioception
in patients with chronic whiplash associated disorders complaining of dizziness: a prospective randomized
study comparing three exercise programs. Man Ther. 2016, 22:122-30. 10.1016/j.math.2015.10.017

47. Reid SA, Farbenblum J, McLeod S: Do physical interventions improve outcomes following concussion: a
systematic review and meta-analysis?. Br J Sports Med. 2022, 56:292-8. 10.1136/bjsports-2020-103470

48. Reneker JC, Hassen A, Phillips RS, Moughiman MC, Donaldson M, Moughiman J: Feasibility of early physical
therapy for dizziness after a sports-related concussion: a randomized clinical trial. Scand J Med Sci Sports.
2017, 27:2009-18. 10.1111/sms.12827

49. Hutchison MG, Di Battista AP, Lawrence DW, Pyndiura K, Corallo D, Richards D: Randomized controlled
trial of early aerobic exercise following sport-related concussion: progressive percentage of age-predicted
maximal heart rate versus usual care. PLoS One. 2022, 17:e0276336. 10.1371/journal.pone.0276336

50. Hislop MD, Stokes KA, Williams S, McKay CD, England ME, Kemp SP, Trewartha G: Reducing
musculoskeletal injury and concussion risk in schoolboy rugby players with a pre-activity movement control
exercise programme: a cluster randomised controlled trial. Br J Sports Med. 2017, 51:1140-6.
10.1136/bjsports-2016-097434

51. Ruch S, Valiadis M, Gharabaghi A: Sleep to learn. Sleep. 2021, 44:3-7. 10.1093/sleep/zsab160
52. Memmini AK, Popovich MJ, Schuyten KH, et al.: Achieving consensus through a modified Delphi technique

to create the post-concussion collegiate return-to-learn protocol. Sports Med. 2023, 53:903-16.
10.1007/s40279-022-01788-8

53. Mohai A, Gifford J, Herkt R, Parker A, Toder A, Dixon D, Kennedy E: A scoping review of cervical spine
evaluation in standardised clinical concussion evaluation tools. Phys Ther Sport. 2022, 57:95-104.
10.1016/j.ptsp.2022.07.010

54. Marshall CM, Vernon H, Leddy JJ, Baldwin BA: The role of the cervical spine in post-concussion syndrome .
Phys Sportsmed. 2015, 43:274-84. 10.1080/00913847.2015.1064301

55. Galea O, O'Leary S, Treleaven J: Cervical musculoskeletal and sensorimotor impairments 4 weeks to 6
months following mild traumatic brain injury: an observational cohort study. Musculoskelet Sci Pract. 2022,

2023 McLoughlin et al. Cureus 15(10): e46520. DOI 10.7759/cureus.46520 9 of 11

https://dx.doi.org/10.1152/physrev.00023.2014
https://dx.doi.org/10.1080/13854046.2022.2119165
https://dx.doi.org/10.1080/13854046.2022.2119165
https://dx.doi.org/10.1080/02699052.2020.1793388
https://dx.doi.org/10.1080/02699052.2020.1793388
https://dx.doi.org/10.1017/BrImp.2022.2
https://dx.doi.org/10.1017/BrImp.2022.2
https://dx.doi.org/10.1016/j.msksp.2019.04.004
https://dx.doi.org/10.1016/j.msksp.2019.04.004
https://dx.doi.org/10.1123/ijspp.2016-0508
https://dx.doi.org/10.1123/ijspp.2016-0508
https://dx.doi.org/10.1177/0363546514539449
https://dx.doi.org/10.1177/0363546514539449
https://dx.doi.org/10.1089/neu.2021.0348
https://dx.doi.org/10.1089/neu.2021.0348
https://dx.doi.org/10.1002/wcs.1222
https://dx.doi.org/10.1002/wcs.1222
https://dx.doi.org/10.1249/MSS.0b013e3182814595
https://dx.doi.org/10.1249/MSS.0b013e3182814595
https://dx.doi.org/10.1111/psyp.14314
https://dx.doi.org/10.1111/psyp.14314
https://dx.doi.org/10.1016/j.jsams.2012.03.013
https://dx.doi.org/10.1016/j.jsams.2012.03.013
https://dx.doi.org/10.2519/jospt.2018.7432
https://dx.doi.org/10.2519/jospt.2018.7432
https://dx.doi.org/10.1186/s13102-015-0019-4
https://dx.doi.org/10.1186/s13102-015-0019-4
https://dx.doi.org/10.2217/cnc-2016-0006
https://dx.doi.org/10.2217/cnc-2016-0006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7449327/
https://dx.doi.org/10.1136/bjsports-2012-091579
https://dx.doi.org/10.1136/bjsports-2012-091579
https://dx.doi.org/10.1007/s10439-013-0881-8
https://dx.doi.org/10.1007/s10439-013-0881-8
https://dx.doi.org/10.1542/peds.2009-2849
https://dx.doi.org/10.1542/peds.2009-2849
https://dx.doi.org/10.12965/jer.1836416.208
https://dx.doi.org/10.12965/jer.1836416.208
https://dx.doi.org/10.1080/08990220.2019.1699045
https://dx.doi.org/10.1080/08990220.2019.1699045
https://dx.doi.org/10.1016/j.math.2015.10.017
https://dx.doi.org/10.1016/j.math.2015.10.017
https://dx.doi.org/10.1136/bjsports-2020-103470
https://dx.doi.org/10.1136/bjsports-2020-103470
https://dx.doi.org/10.1111/sms.12827
https://dx.doi.org/10.1111/sms.12827
https://dx.doi.org/10.1371/journal.pone.0276336
https://dx.doi.org/10.1371/journal.pone.0276336
https://dx.doi.org/10.1136/bjsports-2016-097434
https://dx.doi.org/10.1136/bjsports-2016-097434
https://dx.doi.org/10.1093/sleep/zsab160
https://dx.doi.org/10.1093/sleep/zsab160
https://dx.doi.org/10.1007/s40279-022-01788-8
https://dx.doi.org/10.1007/s40279-022-01788-8
https://dx.doi.org/10.1016/j.ptsp.2022.07.010
https://dx.doi.org/10.1016/j.ptsp.2022.07.010
https://dx.doi.org/10.1080/00913847.2015.1064301
https://dx.doi.org/10.1080/00913847.2015.1064301
https://dx.doi.org/10.1016/j.msksp.2021.102490


57:102490. 10.1016/j.msksp.2021.102490
56. Guskiewicz KM, Mihalik JP: Biomechanics of sport concussion: quest for the elusive injury threshold . Exerc

Sport Sci Rev. 2011, 39:4-11. 10.1097/JES.0b013e318201f53e
57. Zimmerman KA, Cournoyer J, Lai H, et al.: The biomechanical signature of loss of consciousness:

computational modelling of elite athlete head injuries. Brain. 2023, 146:3063-78. 10.1093/brain/awac485
58. Makovec Knight J, Mitra B, McIntosh A, et al.: The association of padded headgear with concussion and

injury risk in junior Australian football: A prospective cohort study. J Sci Med Sport. 2022, 25:312-20.
10.1016/j.jsams.2021.11.043

59. O’Connell K, Brown C, Tripp PM: American football soft-shell helmet covers reduce head impact severity: a
critically appraised topic. Athletic Ther Today. 2023, 1:1-6. 10.1123/ijatt.2022-0134

60. Quigley KG, Hopfe D, Taylor MR, Pavilionis P, Owusu-Amankonah V, Islas A, Murray NG: Preliminary
examination of Guardian Cap head impact data using instrumented mouthguards. ArXiv. 2023, 1:3-7.

61. Donahue CC, Rosenblum DR, Pugh KF, Resch JE: A-21 Do Guardian Caps reduce concussion frequency,
symptom severity, and time-loss after concussion in football athletes?. Arch Clin Neuropsychol. 2023,
38:823. 10.1093/arclin/acad042.21

62. Bussey MD, Pinfold J, Romanchuk J, Salmon D: Anticipatory head control mechanisms in response to
impact perturbations: an investigation of club rugby players with and without a history of concussion
injury. Phys Ther Sport. 2023, 59:7-16. 10.1016/j.ptsp.2022.11.002

63. DelCastillo-Andrés O, Toronjo-Hornillo L, González-Campos G, et al.: Intervention proposal "Safe Fall":
injury prevention in schoolchildren through safe and protected falling forms. J Sport Health Res. 2017,
9:137-42.

64. Leung F, Mendis M, Franettovich M, Rahmann AE, Hides JA: Altered trunk function in adolescent rugby
union players with a history of concussion. J Sci Med Sport. 2019, 22:S45-S6. 10.1016/j.jsams.2019.08.226

65. Leung FT, Mendis MD, Franettovich Smith MM, Rahmann A, Treleaven J, Hides JA: Sensorimotor system
changes in adolescent rugby players post-concussion: a prospective investigation from the subacute period
through to return-to-sport. Musculoskelet Sci Pract. 2022, 57:102492. 10.1016/j.msksp.2021.102492

66. Hides JA, Franettovich Smith MM, Mendis MD, et al.: A prospective investigation of changes in the
sensorimotor system following sports concussion. An exploratory study. Musculoskelet Sci Pract. 2017,
29:7-19. 10.1016/j.msksp.2017.02.003

67. Wang A, Zhou G, Kawai K, O'Brien M, Shearer AE, Brodsky JR: Benign paroxysmal positional vertigo in
children and adolescents with concussion. Sports Health. 2021, 13:380-6. 10.1177/1941738120970515

68. McCormick K, Kolar B: Research letter: rate of BPPV in patients diagnosed with concussion . J Head Trauma
Rehabil. 2023, 2:3-7. 10.1097/HTR.0000000000000867

69. Griesbach GS, Hovda DA, Molteni R, Wu A, Gomez-Pinilla F: Voluntary exercise following traumatic brain
injury: brain-derived neurotrophic factor upregulation and recovery of function. Neuroscience. 2004,
125:129-39. 10.1016/j.neuroscience.2004.01.030

70. Erickson KI, Voss MW, Prakash RS, et al.: Exercise training increases size of hippocampus and improves
memory. Proc Natl Acad Sci U S A. 2011, 108:3017-22. 10.1073/pnas.1015950108

71. Miranda NA, Boris JR, Kouvel KM, Stiles L: Activity and exercise intolerance after concussion: identification
and management of postural orthostatic tachycardia syndrome. J Neurol Phys Ther. 2018, 42:163-71.
10.1097/NPT.0000000000000231

72. Howell DR, Lynall RC, Buckley TA, Herman DC: Neuromuscular control deficits and the risk of subsequent
injury after a concussion: a scoping review. Sports Med. 2018, 48:1097-115. 10.1007/s40279-018-0871-y

73. Garrett JM, Mastrorocco M, Peek K, van den Hoek DJ, McGuckian TB: The relationship between neck
strength and sports-related concussion in team sports: a systematic review with meta-analysis. J Orthop
Sports Phys Ther. 2023, 1:1-9. 10.2519/jospt.2023.11727

74. Guy JA, Knight LM, Wang Y, Jerrell JM: Factors associated with musculoskeletal injuries in children and
adolescents with attention-deficit/hyperactivity disorder. Prim Care Companion CNS Disord. 2016, 18:3-7.
10.4088/PCC.16m01937

75. Cook NE, Sapigao RG, Silverberg ND, Maxwell BA, Zafonte R, Berkner PD, Iverson GL: Attention-
deficit/hyperactivity disorder mimics the post-concussion syndrome in adolescents. Front Pediatr. 2020, 8:2.
10.3389/fped.2020.00002

76. Moran RN, Wallace J, Murray NG, Covassin T: Effects of attention deficit hyperactivity disorder and learning
disability on vestibular and ocular baseline concussion assessment in pediatric athletes. Appl Neuropsychol
Child. 2021, 10:276-82. 10.1080/21622965.2019.1683453

77. Salinas CM, Dean P, LoGalbo A, Dougherty M, Field M, Webbe FM: Attention-deficit hyperactivity disorder
status and baseline neurocognitive performance in high school athletes. Appl Neuropsychol Child. 2016,
5:264-72. 10.1080/21622965.2015.1052814

78. Cook NE, Iaccarino MA, Karr JE, Iverson GL: Attention-deficit/hyperactivity disorder and outcome after
concussion: a systematic review. J Dev Behav Pediatr. 2020, 41:571-82. 10.1097/DBP.0000000000000808

79. Picon EL, Perez DL, Burke MJ, Debert CT, Iverson GL, Panenka WJ, Silverberg ND: Unexpected symptoms
after concussion: potential links to functional neurological and somatic symptom disorders. J Psychosom
Res. 2021, 151:110661. 10.1016/j.jpsychores.2021.110661

80. Pareés I, Saifee TA, Kassavetis P, et al.: Believing is perceiving: mismatch between self-report and
actigraphy in psychogenic tremor. Brain. 2012, 135:117-23. 10.1093/brain/awr292

81. Gilmour GS, Nielsen G, Teodoro T, et al.: Management of functional neurological disorder . J Neurol. 2020,
267:2164-72. 10.1007/s00415-020-09772-w

82. Harris DJ, Wilkinson S, Ellmers TJ: From fear of falling to choking under pressure: a predictive processing
perspective of disrupted motor control under anxiety. Neurosci Biobehav Rev. 2023, 148:105115.
10.1016/j.neubiorev.2023.105115

83. Marshall CM, Chan N, Tran P, DeMatteo C: The use of an intensive physical exertion test as a final return to
play measure in concussed athletes: a prospective cohort. Phys Sportsmed. 2019, 47:158-66.
10.1080/00913847.2018.1542258

84. Resch JE, Brown CN, Schmidt J, Macciocchi SN, Blueitt D, Cullum CM, Ferrara MS: The sensitivity and

2023 McLoughlin et al. Cureus 15(10): e46520. DOI 10.7759/cureus.46520 10 of 11

https://dx.doi.org/10.1016/j.msksp.2021.102490
https://dx.doi.org/10.1097/JES.0b013e318201f53e
https://dx.doi.org/10.1097/JES.0b013e318201f53e
https://dx.doi.org/10.1093/brain/awac485
https://dx.doi.org/10.1093/brain/awac485
https://dx.doi.org/10.1016/j.jsams.2021.11.043
https://dx.doi.org/10.1016/j.jsams.2021.11.043
https://dx.doi.org/10.1123/ijatt.2022-0134
https://dx.doi.org/10.1123/ijatt.2022-0134
https://pubmed.ncbi.nlm.nih.gov/36866230/
https://dx.doi.org/10.1093/arclin/acad042.21
https://dx.doi.org/10.1093/arclin/acad042.21
https://dx.doi.org/10.1016/j.ptsp.2022.11.002
https://dx.doi.org/10.1016/j.ptsp.2022.11.002
https://www.cabdirect.org/globalhealth/abstract/20173288993
https://dx.doi.org/10.1016/j.jsams.2019.08.226
https://dx.doi.org/10.1016/j.jsams.2019.08.226
https://dx.doi.org/10.1016/j.msksp.2021.102492
https://dx.doi.org/10.1016/j.msksp.2021.102492
https://dx.doi.org/10.1016/j.msksp.2017.02.003
https://dx.doi.org/10.1016/j.msksp.2017.02.003
https://dx.doi.org/10.1177/1941738120970515
https://dx.doi.org/10.1177/1941738120970515
https://dx.doi.org/10.1097/HTR.0000000000000867
https://dx.doi.org/10.1097/HTR.0000000000000867
https://dx.doi.org/10.1016/j.neuroscience.2004.01.030
https://dx.doi.org/10.1016/j.neuroscience.2004.01.030
https://dx.doi.org/10.1073/pnas.1015950108
https://dx.doi.org/10.1073/pnas.1015950108
https://dx.doi.org/10.1097/NPT.0000000000000231
https://dx.doi.org/10.1097/NPT.0000000000000231
https://dx.doi.org/10.1007/s40279-018-0871-y
https://dx.doi.org/10.1007/s40279-018-0871-y
https://dx.doi.org/10.2519/jospt.2023.11727
https://dx.doi.org/10.2519/jospt.2023.11727
https://dx.doi.org/10.4088/PCC.16m01937
https://dx.doi.org/10.4088/PCC.16m01937
https://dx.doi.org/10.3389/fped.2020.00002
https://dx.doi.org/10.3389/fped.2020.00002
https://dx.doi.org/10.1080/21622965.2019.1683453
https://dx.doi.org/10.1080/21622965.2019.1683453
https://dx.doi.org/10.1080/21622965.2015.1052814
https://dx.doi.org/10.1080/21622965.2015.1052814
https://dx.doi.org/10.1097/DBP.0000000000000808
https://dx.doi.org/10.1097/DBP.0000000000000808
https://dx.doi.org/10.1016/j.jpsychores.2021.110661
https://dx.doi.org/10.1016/j.jpsychores.2021.110661
https://dx.doi.org/10.1093/brain/awr292
https://dx.doi.org/10.1093/brain/awr292
https://dx.doi.org/10.1007/s00415-020-09772-w
https://dx.doi.org/10.1007/s00415-020-09772-w
https://dx.doi.org/10.1016/j.neubiorev.2023.105115
https://dx.doi.org/10.1016/j.neubiorev.2023.105115
https://dx.doi.org/10.1080/00913847.2018.1542258
https://dx.doi.org/10.1080/00913847.2018.1542258
https://dx.doi.org/10.1136/bmjsem-2015-000012


specificity of clinical measures of sport concussion: three tests are better than one. BMJ Open Sport Exerc
Med. 2016, 2:e000012. 10.1136/bmjsem-2015-000012

85. Sheldrake E, Al-Hakeem H, Lam B, et al.: Mental health outcomes across the lifespan in individuals with
persistent post-concussion symptoms: a scoping review. Front Neurol. 2022, 13:850590.
10.3389/fneur.2022.850590

86. Sigurdardottir S, Andelic N, Roe C, Schanke AK: Depressive symptoms and psychological distress during the
first five years after traumatic brain injury: relationship with psychosocial stressors, fatigue and pain. J
Rehabil Med. 2013, 45:808-14. 10.2340/16501977-1156

87. Ledoux AA, Webster RJ, Clarke AE, et al.: Risk of mental health problems in children and youths following
concussion. JAMA Netw Open. 2022, 5:e221235. 10.1001/jamanetworkopen.2022.1235

88. Fralick M, Sy E, Hassan A, Burke MJ, Mostofsky E, Karsies T: Association of concussion with the risk of
suicide: a systematic review and meta-analysis. JAMA Neurol. 2019, 76:144-51.
10.1001/jamaneurol.2018.3487

89. Truss K, Godfrey C, Takagi M, et al.: Trajectories and risk factors for post-traumatic stress symptoms
following pediatric concussion. J Neurotrauma. 2017, 34:2272-9. 10.1089/neu.2016.4842

90. Mac Donald CL, Adam OR, Johnson AM, Nelson EC, Werner NJ, Rivet DJ, Brody DL: Acute post-traumatic
stress symptoms and age predict outcome in military blast concussion. Brain. 2015, 138:1314-26.
10.1093/brain/awv038

91. Faulkner JW, Snell DL, Theadom A, Mahon S, Barker-Collo S: The influence of psychological flexibility on
persistent post concussion symptoms and functional status after mild traumatic brain injury. Disabil
Rehabil. 2023, 45:1192-201. 10.1080/09638288.2022.2055167

92. Polich G, Iaccarino MA, Kaptchuk TJ, Morales-Quezada L, Zafonte R: Nocebo effects in concussion: is all
that is told beneficial?. Am J Phys Med Rehabil. 2020, 99:71-80. 10.1097/PHM.0000000000001290

93. Kirkwood MW, Howell DR, Brooks BL, Wilson JC, Meehan Iii WP: The nocebo effect and pediatric
concussion. J Sport Rehabil. 2021, 30:837-43. 10.1123/jsr.2020-0519

94. Perrine K, Gibaldi JC: Somatization in post-concussion syndrome: a retrospective study . Cureus. 2016,
8:e743. 10.7759/cureus.743

95. Green KE, Purtzki J, Chapman A, Oberlander TF, Silverberg ND, Dhariwal AK: Somatization in adolescents
with persistent symptoms after concussion: a retrospective chart review. J Neuropsychiatry Clin Neurosci.
2022, 34:378-85. 10.1176/appi.neuropsych.21070169

96. Nelson LD, Tarima S, LaRoche AA, et al.: Preinjury somatization symptoms contribute to clinical recovery
after sport-related concussion. Neurology. 2016, 86:1856-63. 10.1212/WNL.0000000000002679

97. Santos FV, Yamaguchi F, Buckley TA, Caccese JB: Virtual reality in concussion management: from lab to
clinic. J Clin Transl Res. 2020, 5:148-54.

98. Ventura RE, Balcer LJ, Galetta SL, Rucker JC: Ocular motor assessment in concussion: current status and
future directions. J Neurol Sci. 2016, 361:79-86. 10.1016/j.jns.2015.12.010

99. Snegireva N, Derman W, Patricios J, Welman KE: Eye tracking technology in sports-related concussion: a
systematic review and meta-analysis. Physiol Meas. 2018, 39:12TR01. 10.1088/1361-6579/aaef44

100. Curthoys IS, McGarvie LA, MacDougall HG, Burgess AM, Halmagyi GM, Rey-Martinez J, Dlugaiczyk J: A
review of the geometrical basis and the principles underlying the use and interpretation of the video head
impulse test (vHIT) in clinical vestibular testing. Front Neurol. 2023, 14:1147253.
10.3389/fneur.2023.1147253

101. Snegireva N, Derman W, Patricios J, Welman KE: Awareness and perceived value of eye tracking technology
for concussion assessment among sports medicine clinicians: a multinational study. Phys Sportsmed. 2020,
48:165-72. 10.1080/00913847.2019.1645577

102. Hill S, Barr C, Killington M, McLoughlin J, Daniels R, van den Berg M: The design and development of
MOVE-IT: a system for remote vestibular and oculomotor assessment in people with concussion. Telehealth
Innovations in Remote Healthcare Services Delivery. Maeder AJ, Higa C, van den Berg M, Gough C (ed): IOS
PRESS, Amsterdam, Netherlands; 2021. 277:27-36. 10.3233/SHT1210025

2023 McLoughlin et al. Cureus 15(10): e46520. DOI 10.7759/cureus.46520 11 of 11

https://dx.doi.org/10.1136/bmjsem-2015-000012
https://dx.doi.org/10.3389/fneur.2022.850590
https://dx.doi.org/10.3389/fneur.2022.850590
https://dx.doi.org/10.2340/16501977-1156
https://dx.doi.org/10.2340/16501977-1156
https://dx.doi.org/10.1001/jamanetworkopen.2022.1235
https://dx.doi.org/10.1001/jamanetworkopen.2022.1235
https://dx.doi.org/10.1001/jamaneurol.2018.3487
https://dx.doi.org/10.1001/jamaneurol.2018.3487
https://dx.doi.org/10.1089/neu.2016.4842
https://dx.doi.org/10.1089/neu.2016.4842
https://dx.doi.org/10.1093/brain/awv038
https://dx.doi.org/10.1093/brain/awv038
https://dx.doi.org/10.1080/09638288.2022.2055167
https://dx.doi.org/10.1080/09638288.2022.2055167
https://dx.doi.org/10.1097/PHM.0000000000001290
https://dx.doi.org/10.1097/PHM.0000000000001290
https://dx.doi.org/10.1123/jsr.2020-0519
https://dx.doi.org/10.1123/jsr.2020-0519
https://dx.doi.org/10.7759/cureus.743
https://dx.doi.org/10.7759/cureus.743
https://dx.doi.org/10.1176/appi.neuropsych.21070169
https://dx.doi.org/10.1176/appi.neuropsych.21070169
https://dx.doi.org/10.1212/WNL.0000000000002679
https://dx.doi.org/10.1212/WNL.0000000000002679
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7357617/
https://dx.doi.org/10.1016/j.jns.2015.12.010
https://dx.doi.org/10.1016/j.jns.2015.12.010
https://dx.doi.org/10.1088/1361-6579/aaef44
https://dx.doi.org/10.1088/1361-6579/aaef44
https://dx.doi.org/10.3389/fneur.2023.1147253
https://dx.doi.org/10.3389/fneur.2023.1147253
https://dx.doi.org/10.1080/00913847.2019.1645577
https://dx.doi.org/10.1080/00913847.2019.1645577
https://dx.doi.org/10.3233/SHT1210025
https://dx.doi.org/10.3233/SHT1210025

	Concussion Rehabilitation and the Application of Ten Movement Training Principles
	Abstract
	Introduction And Background
	TABLE 1: A summary of the Ten Movement Training Principles with factors to consider in concussion rehabilitation

	Review
	Actual and predicted bodily state
	Feedback
	Error-based learning
	Reward-based learning
	Cognitive selection and planning
	Practice and variability
	Biomechanics
	Physical capacity
	Attentional focus
	Beliefs and self-efficacy
	Summary

	Conclusions
	Additional Information
	Author Contributions
	Disclosures

	References


