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Concussions pose significant health risks across the lifespan, with most symptoms typically resolving within four weeks in otherwise healthy adults. However, emerging research suggests that individuals with a history of concussion—even after receiving medical clearance—may face an increased risk of subsequent upper- and lower-extremity musculoskeletal injuries. Additionally, prior concussions have been linked to an elevated risk of osteoarthritis later in life. The 6th Consensus Statement on Concussion in Sport highlights the urgent need for further research into recovery determinants and the long-term neurodegenerative consequences of concussion. This mini-review explores the potential neurodegenerative sequelae following concussion and examines the role of neuromuscular exercise interventions in mitigating these effects. By addressing these concerns, such interventions may help reduce concussion-related injury risks and enhance long-term health outcomes.
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1 Introduction

Concussions are a significant public health concern and result in complex health consequences that may persist for life (1–7). These injuries are caused by traumatic force to the brain and result in a variety of signs and symptoms, including headaches, cognitive decline, emotional instability, changes to sleep patterns, and biomechanic alterations (6). Concussions are believed to create functional disturbances that result in the observed signs and symptoms (6). Recent research has shown a correlation between previous concussions and lower extremity musculoskeletal injuries (2–4), and upper extremity musculoskeletal injuries (7), and another group of literature has explored the elevated risk of osteoarthritis following concussion (5). The 6th Consensus Statement on Concussion in Sport highlights a critical need for further investigation into the factors that determine recovery and the long-term neurodegenerative consequences of concussion (6). In response to this call, this mini-review explores the potential neurodegenerative outcomes associated with concussion and assesses how neuromuscular exercise interventions may mitigate these effects as a means to incite future research in this area. This mini-review aims to drive future research innovation and clinical application by highlighting the current state of research in this area; the subsequent research may lead to strategies that could reduce the risk of concussion-related injuries and promote better long-term health outcomes for individuals who have sustained a concussion.



2 Historical context of coordination, balance, and dual-task concussion testing

Underreporting of concussion symptoms is well-documented and may increase the risk of subsequent injury (8). This risk is further exacerbated when clinicians rely heavily on singular tests or symptom scores only (6). Regarding postural control and balance, these symptoms were potentially previously overlooked due to the lack of sensitive and specific clinical tools. For example, the modified Balance Error Scoring System (mBESS) is intended to quantify balance impairment and implemented as one of many clinical metrics to assess coordination and balance progression, as described in the Sport Concussion Assessment Tool 6th Edition (SCAT6) and The Sports Concussion Office Assessment Tool 6th Edition (SCOAT6) (9, 10). The mBESS may only identify gross postural instability within the first three days of a concussion, with sensitivity and specificity decreasing to 0.10 and 0.66, respectively, after 72 h (11, 12). The low sensitivity and moderate specificity may limit the mBESS's identification of coordination and balance changes throughout the course of recovery. A systematic review and meta-analysis revealed that individuals who sustained a concussion yet were deemed recovered needed to be challenged physically and cognitively to detect balance and gait alterations with research-grade equipment (13).

The 6th International Conference on Concussion in Sport Conference released the most recent Consensus Statement on Concussion in Sport in 2023 (6). This document outlines the importance of individualized rehabilitation in order to negate any lingering symptoms after medical clearance (6). Part of this strategy involves adapting the tandem gait test to the clinical evaluation of concussion to identify concussion-related motor disturbances (6). Tandem gait has been shown to have superior sensitivity and specificity to the mBESS. During acute concussion, single-task tandem gait has been reported to have a moderate sensitivity of 0.63 and a specificity of 0.61 (14). Conversely, dual-task tandem gait has been shown to have moderate to high sensitivity and specificity of 0.85 and 0.72, respectively (15). Despite showing greater sensitivity and specificity to concussion-related motor disturbances, tandem gait has limitations. The main outcome measure of this test is time to completion, which involves patients walking a total of six meters with tandem gait while the clinician records the time of the patient to complete the task. Therefore, by only using time as the outcome measure, clinicians may be unable to observe and quantify concussion-related coordination and balance deficits accurately. Unaddressed coordination and balance deficits following concussion may plausibly contribute to neurodegenerative changes over time. The next section will examine the potential neuromuscular alterations at the motor unit level in the context of recovery determinants and the long-term sequelae of post-concussion neurodegenerative effects.



3 Concussion-related long-term neurodegenerative effects

Concussion-related deficits to coordination, balance, and gait may have been previously dismissed due to their potentially innocuous nature and minimal impact on the individual's gross motor function (13). However, individuals who have sustained a concussion are known to be at a greater risk of musculoskeletal injury, dexterity limitations, and disability (1–5, 7). For example, Kardouni and colleagues demonstrated that concussed individuals were at a 45% greater risk of lower extremity musculoskeletal risk 15 months following injury in a military sample (1). Similarly, Lynall and colleagues found that high school and college athletes were at an increased risk of lower extremity musculoskeletal injury following concussion (2, 4). Roach and colleagues found that individuals who sustained a concussion were at 1.84–2.25 times the risk of upper extremity musculoskeletal injury within a year following concussion (7). This was further confirmed by Buckley and colleagues, who found individuals who sustained a concussion were 1.78 times more likely to sustain a subsequent musculoskeletal injury (3). More details on these studies can be found in Table 1.



TABLE 1 Summary of study findings on increased risk of musculoskeletal injury.



	Author, year
	Study design
	Participants (n)
	Findings





	Buckley, 2020
	Cohort
	n = 102 College age athletes/66 concussed (56% females; age = 20.1 ± 1.1)
	Individuals who sustained a concussion were 1.78 times more likely to sustain a lower extremity musculoskeletal injury within 12 months after concussion.



	Lynall, 2015
	Cohort
	n = 102 College age athletes/44 concussed (34% females total; age = 20.3 ± 1.3)
	Individuals who sustained a concussion were 1.97 times more likely to sustain a lower extremity musculoskeletal injury than before the concussion and 1.67 times more likely to sustain a lower extremity musculoskeletal injury than compared to their matched non-concussed cohort within in 12 months after concussion.



	Lynall, 2017
	Cohort
	n = 18,216 High school athletes (39% females; age not reported)
	Individuals who stained a concussion were 1.34 times more likely to sustain a lower extremity musculoskeletal injury. These individuals were 2.02 times more likely to sustain a lower extremity musculoskeletal injury within 180 days after concussion.



	Kardouni, 2018
	Cohort
	n = 23,044 Military members/11,522 concussed (6.1% female; age range 18–40+)
	Individuals who sustained a concussion were 1.45 times more likely to sustain a lower extremity musculoskeletal injury within 15 months and 1.38 times more likely within 2 years after concussion.



	Roach, 2023
	Cohort
	n = 632 College athletes/312 concussed (50% female; age = 20.0 ± 1.6)
	Individuals who sustained a concussion were 2.25 times more likely to sustain an upper extremity musculoskeletal injury within 12 months after concussion.







A history of concussion has been implicated in developing osteoarthritis and osteoarthritis-related disability later in life as well (5, 16). Lynall and colleagues observed that individuals with a history of concussion, even without a subsequent lower extremity musculoskeletal injury, were at a higher risk of developing osteoarthritis compared to those with no concussion history (5). This risk was notably elevated among individuals under 55 years of age who had experienced both a concussion and a subsequent lower extremity musculoskeletal injury (5). These findings suggest that independent of direct musculoskeletal injury—which is known to increase osteoarthritis risk—concussion alone may contribute to long-term neurodegenerative changes that heighten osteoarthritis susceptibility. Given that osteoarthritis often leads to chronic disability and reduced quality of life, these results indicate that concussion could be a contributing factor to physical disability in young and middle-aged adults (5, 16).

There currently exists a dearth of knowledge surrounding the mechanisms and variables that influence the relationship between concussion and risk factors for long-term neurodegenerative effects, such as musculoskeletal injury risk and osteoarthritis development. While there are likely numerous potential contributors, concussion-related subclinical neuromuscular adaptations may provide some insight. Osteoarthritis can develop as a result of biomechanical changes to limb movement, which can be caused by neuromuscular adaptations, such as altered motor unit recruitment or changes in the timing of motor unit firing (17). These adaptations can gradually change how forces are distributed across the joint surface, leading to increased cartilage wear and progression of osteoarthritis (17). The relationships between neuromuscular adaptations and osteoarthritis (in addition to other mobility decrements) have been documented following peripheral injuries (16), but relatively little research exists on the impact of neuromuscular adaptations at the motor unit level following concussion.

It is hypothesized that neuromuscular adaptations may become evident during physically and cognitively demanding tasks, as seen in documented balance and gait deficits post-concussion (13). These adaptations may represent early indicators of concussion-related neurodegenerative effects. As illustrated in Figure 1, subclinical neuromuscular adaptations may lead to biomechanic changes, including increased center of pressure (COP) sway and more conservative gait strategies (13). Over time, these changes could heighten the risk of musculoskeletal injury (16, 18), which, in turn, elevates the risk of diminished dexterity later in life—ultimately increasing susceptibility to osteoarthritis and related disability (18). It is important to note that the directional arrows in Figure 1 are theoretical and not indicative of causation but serve as a conceptual framework suggesting how neuromuscular adaptations could contribute to osteoarthritis-related disability over time. This framework underscores the importance of further research into motor unit level neuromuscular adaptations post-concussion to understand recovery. The next section will discuss the current state of research on concussion-related subclinical neuromuscular adaptations, which may underlie the neurodegenerative effects just discussed.
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FIGURE 1
Hypothetical progression from concussion to disability.




4 Concussion-related subclinical neuromuscular adaptations

One of the primary neuromuscular adaptions affected by concussions is impaired proprioception and postural control. Concussions can disrupt the brain's ability to integrate sensory information from various sources, such as the visual, vestibular, and somatosensory systems, leading to poor coordination, increased postural sway, and gait deficits (13). These observed changes may be from subclinical adaptations in the frontal and parietal lobes of the brain, which result in alterations to neuromuscular control at the motor unit level (13, 19). The central nervous system's neural pathways responsible for coordinating muscle activity may be disrupted or altered, leading to abnormal muscle firing sequences, reduced muscle strength, and compensatory movement strategies. The relationship between abnormal muscle activation patterns and poor performance implies that concussion-related biomechanic changes may be amplified with the demands of sensory processing tasks. Several studies have theorized that subclinical neuromuscular adaptations following concussion are associated with subsequent injury incidence (13, 20, 21). To our knowledge, only one study has examined neuromuscular adaptions at the motor unit level post-concussion. Jain and colleagues utilized electromyography (EMG) during gait tasks to find that adolescents who had suffered a concussion exhibited significantly higher instantaneous mean frequency, as indicated by the first functional principal component, in the tibialis anterior, biceps femoris, and semitendinosus muscles during both single-task and dual-task conditions compared to uninjured adolescents (20). These findings suggest that concussed adolescents experience inefficient recruitment of motor units, lasting beyond two weeks after the injury, irrespective of whether they are performing a single task or a dual task involving a secondary task (20).

These changes in muscle recruitment patterns can place additional strain on muscles, tendons, and joints, heightening the risk of overuse injuries or aggravating existing musculoskeletal conditions (21). Other post-concussion symptoms, such as dizziness and headache, along with signs like delayed reaction time and impaired visual-motor integration, may further increase injury risk by slowing responses to external stimuli or obstacles (22). As illustrated in Figure 1, if these neuromuscular adaptations become ingrained in movement patterns, they may lead to lifelong changes that contribute to neurodegenerative effects over time. Therefore, it is essential to conduct more research to uncover the underlying mechanisms of persistent neuromuscular adaptations after a concussion to contribute to the determinants of recovery (such as a diagnostic test) and understand the long-term neurodegenerative effect sequelae. Additional EMG studies, in particular, may be needed to address this gap. Identifying these mechanisms could support the development of evidence-based therapeutic interventions targeting concussion-related subclinical neuromuscular adaptations, potentially reducing the risk of neurodegenerative effects linked to concussion. The next section will draw parallels from various neuromuscular populations to examine potential exercise intervention frameworks to improve concussion-related neuromuscular adaptations.



5 Theoretical exercise intervention framework to improve neuromuscular adaptations

Interventions after concussion have traditionally been reserved for individuals who have persistent and severe symptoms lasting more than two to four weeks post-injury (23). The severe and persistent symptoms require a multimodal assessment approach involving professionals from various disciplines, such as physicians, athletic training, physical therapy, psychology, ophthalmology, audiology, and exercise physiology, targeting various aspects, including sports, neurorehabilitation, vestibular therapy, and cognitive rehabilitation (24). The rehabilitation interventions employed, in practice, are likely to incorporate theoretical principles from motor control, cognitive, and psychological sciences to treat acute symptoms. However, evidence-based interventions that can be implemented across healthcare domains to treat persistent concussion-related symptoms after medical clearance are lacking. This deficit of interventions may be placing individuals who experience concussion-related subclinical neuromuscular adaptations at a greater risk of neurodegenerative effects (13, 20, 21).

Current concussion return-to-activity protocols place a large emphasis on the presence of symptoms and symptom reduction to facilitate return (6). This approach, as explained by the 6th International Conference on Concussion in Sport, does allow for minimal symptom exacerbation with learning and exercise but overall ensures that patients are symptom-free before resuming activities (9). While this method effectively addresses immediate symptoms, it may not adequately account for the neuromuscular adaptations that persist post-concussion, potentially leaving patients vulnerable to further complications in both the short and long-term. Exercise interventions have been shown to be effective in decreasing neuromuscular symptoms and neurodegenerative effects in a variety of populations, yet there is limited research on their effects post-concussion. To facilitate this future research, an exercise intervention framework that decreases concussion-related neuromuscular adaptations should be explored so that the risk of concussion-related neurodegenerative effects is decreased. Given that concussion affects cognitive and physical performance, a therapeutic framework may need to include cognitive and physical components.

Research connecting outcomes from coordination and balance assessments in concussion evaluations to subsequent neuromuscular adaptations is limited. Current return-to-play guidelines prioritize restoring patients to baseline function, often leading to discharge without further examination of potential neuromuscular adaptations. Protocols should address the link between deviations in coordination and balance from baseline and the emergence of neuromuscular adaptations. Previous studies indicate that early aerobic exercise can effectively reduce post-concussion symptoms compared to no exercise intervention (25, 26). While symptom reduction may be achieved with aerobic exercise alone, a more comprehensive intervention framework may be necessary to address concussion-related neuromuscular adaptations. For individuals who continue to exhibit these adaptations, targeted interventions could play a critical role in minimizing the risk of longer-term neurodegenerative effects.

Research from populations with neuromuscular conditions may provide insight when considering a theoretical exercise intervention framework. Research in individuals with Parkinson's disease (27), multiple sclerosis (28), and osteoarthritis (29) has demonstrated the efficacy of neuromuscular rehabilitation programs in improving motor function, reducing injury risk, and enhancing overall quality of life. These programs often incorporate principles from motor control and cognitive sciences, utilizing a combination of physical exercises and cognitive-motor interference tasks to challenge and retrain the neuromuscular system. Rosenfeldt and colleagues found dual-task gait training improved gait performance in individuals with Parkinson's disease, with tasks having the greatest complexity had superior benefits (27). Elwishy and colleagues found that dual-task balance exercises improved balance and quality of life in individuals with multiple sclerosis (28). Hiyama and colleagues found that dual-task walking exercises improved motor and cognitive performance in people with osteoarthritis (29). Collectively, these articles show the benefit of dual-tasking to improve motor performance, which may decrease the risk of future injury.

Dual-task exercises have been utilized to examine the effects of acute concussion and as a tool to improve initial recovery before medical clearance (6). However, it is unclear if the benefits of dual-task training continue after the initial stages of recovery, such as the non-contact and contact phases of a return to activity protocol (6). As there is a paucity of diagnostic tools to quantify subclinical neuromuscular alterations following concussion, it is reasonable to speculate that the lack of targeted neuromuscular interventions is contributing to concussion-related neurodegenerative effects. Comparatively, dual-task research in neuromuscular conditions is conducted when there is a clinical change in motor performance. This research is generally conducted in older adults with lower cognitive-motor interface thresholds than their younger counterparts and with significant changes to walking and balance. Therefore, further research is needed to identify the specific physical and cognitive tasks most relevant to a typically younger and healthier population, such as those who sustain a concussion, to develop effective intervention strategies.



6 Practical recommendations

Given the evidence that indicates concussions have the potential to cause subclinical neuromuscular adaptations, such as altered motor unit recruitment and muscle activation, clinicians should consider changes to their return-to-activity protocols. Current return-to-activity protocol recommendations utilize the mBESS and tandem gait test to measure motor control deficits and symptom scores as the standard for progression from activities of daily living to sport- or work-specific activity, with little emphasis on the movement mechanics (6). The mBESS can lose its clinical utility within 72 h after injury (11, 12), and the tadem gait test does not quantify movement deficits, which may limit a clinician's ability to identify these deficits (6). Clinicians may want to consider adding commercially available tools, such as force plates or wearable sensors, to quantify motor control and postural sway as objective measures of the motor control deficits.

Additionally, by only using symptom scores and not examining movement mechanics, clinicians may overlook neuromuscular deficits, which put the individual at risk for injury and long-term neurodegenerative consequences. Clinicians could consider adding objective neuromuscular tests (e.g., EMG testing during dual-task gait or balance testing) to clinical decision-making to identify residual impairment and promote targeted rehabilitation strategies. A potentially clinically feasible tool may be the Landing Error Scoring System, which may be capable of identifying faulty movement mechanics to detect the risk of musculoskeletal injuries (30). However, more research is needed to identify clinically feasible methods to recognize neuromuscular adaptations post-concussion.

Clinicians may also consider incorporating dual-task training into their return-to-activity protocol. This type of training, which has been successfully applied in populations with Parkinson's disease, multiple sclerosis, and osteoarthritis, challenges both motor and cognitive systems and may help with cognitive-motor integration to reduce concussion-related neuromuscular adaptations. There are various dual-task paradigms that clinicians may utilize (31). Clinicians may consider adding cognitive tasks that are relevant to the individual who sustained the concussion while incorporating them with functional and performance-specific activities. More research is needed to examine evidence-based rehabilitation interventions to improve neuromuscular adaptations following concussion.



7 Conclusions and future directions

Research has consistently demonstrated that concussions can have lasting harmful effects, contributing to subsequent musculoskeletal injuries, an increased risk of osteoarthritis, and related long-term disability. The 6th Consensus Statement on Concussion in Sport highlights an urgent need for further investigation into the determinants of recovery and the long-term neurodegenerative sequelae of concussion. This mini-review aimed to address these research gaps by exploring the existing literature on concussion-related neurodegenerative outcomes, examining potential contributing factors such as neuromotor adaptations at the motor unit level, and discussing rehabilitation strategies. This information can be utilized to drive future research and clinical applications to improve the long-term quality of life for individuals who have sustained a concussion.

Moving forward, more research may be essential to uncover the mechanisms underlying well-documented balance and gait alterations in concussed individuals. As early research has shown that individuals who sustain a concussion are at a greater risk of impaired neuromotor control (20), it is important that research attempts to understand the frequency of this impaired neuromotor control. Additionally, specific areas for future investigation include identifying objective diagnostic tests for neuromuscular adaptations and determining the thresholds at which these adaptations may lead to neurodegenerative changes. Developing precise diagnostic tools could allow clinicians to detect neuromuscular adaptations earlier and more accurately. Furthermore, targeted intervention studies are needed to evaluate the effectiveness of specific rehabilitative exercises in mitigating neurodegenerative risks, with a focus on restoring motor control and coordination. Future research should also examine the long-term benefits of incorporating neuromuscular and cognitive rehabilitation into current post-concussion protocols to minimize the likelihood of osteoarthritis and other disabling conditions. Ultimately, a better understanding of these mechanisms could lead to interventions that not only reduce the neurodegenerative effects of concussion but also improve the quality of life and mobility in the affected population, setting a foundation for optimized, long-term care.
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