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Abstract

Background. Repetitive head impacts (RHI) are increasingly recognized as a significant
source of cumulative brain injury in contact and collision sports. Despite often being
subclinical, repeated concussive and subconcussive events are associated with microstructural
brain damage, neuroinflammation, and long-term neurodegenerative processes, including
chronic traumatic encephalopathy (CTE).

Material and methods. This narrative literature review synthesized 52 studies from PubMed
database. Inclusion criteria comprised studies published between 2011-2026, emphasizing
systematic reviews and clinical trials.

Aim. Summary of current evidence on the pathophysiology of RHI, evaluation of the role of
biomarkers and neuroimaging, and discussion of evidence-based prevention strategies in
athletes.

Results. RHI induce cumulative neuronal and glial damage through biomechanical forces,
particularly rotational acceleration, leading to axonal injury and white matter disruption
detectable with advanced imaging techniques. Among biomarkers, neurofilament light chain

shows the most consistent association with axonal damage, while tau-related markers remain



less reliable for clinical use. Preventive strategies, including exposure reduction, rule
modifications, and technique optimization, demonstrate effectiveness but vary in strength and
consistency of evidence.

Conclusions. RHI represent a complex and multifactorial clinical problem with significant
long-term neurological implications. Although emerging diagnostic tools offer promising
insights, their routine clinical utility is still constrained by methodological limitations and lack
of standardization. A multidimensional prevention approach and further large-scale,
longitudinal research integrating biomechanical, imaging, and biomarker data are essential to
improve risk assessment and reduce the burden of RHI-related brain injury.

Keywords. Repetitive Head Impacts, RHI, Head Trauma, Chronic Traumatic Encephalopathy,
CTE, Subconcussion, Neuroimaging, Biomarkers, Neurofilament Light Chain, NfL, Axonal

Injury, Sports, Athletes.

Introduction

Repetitive head impacts (RHI) represent a growing concern in a wide range of sports,
including football (soccer), rugby, American football and boxing. This area of medicine has
also attracted attention in non-sports contexts, including military blast exposures, accidental
injuries, domestic violence victims, patients with epilepsy, and individuals with repetitive
head-banging behaviors, especially in psychiatric populations [1-3].

Due to their subclinical nature, RHI are challenging to quantify at a population level, and
exact prevalence estimates are not available. Nevertheless, research using neuroimaging,
biomarkers and sensor-based monitoring suggests that exposure is common in high-risk
environments [1,4]. For example, American football players have been recorded sustaining
over 6000 head impacts during a single season [5].

The terminology surrounding head impacts remains inconsistent. Concussion encompasses a
range of conditions within the spectrum of mild traumatic brain injuries (mTBIs) and is
defined as a brain trauma caused by biomechanical forces transmitted to the brain following a
direct or indirect impact to the head, neck, or body [6]. Subconcussion is defined as cranial
impact that does not produce any clinical symptoms yet may still produce subtle physiological
or structural brain changes [7]. The biomechanical threshold for clinically significant effects
varies and depends on individual susceptibility and impact characteristics. Subconcussive
head impacts appear to have the most harmful effects when they accumulate, and repeated
exposure is associated with long-term neurological conditions such as chronic traumatic

encephalopathy (CTE) [8]. CTE is a progressive neurodegenerative tauopathy associated with



repetitive head trauma, characterized by the accumulation of phosphorylated tau (p-tau)
within sulci and perivascular regions of the brain [9].

In recent years, CTE and RHI have received increasing scientific and clinical attention due to
the growing number of known effects. Headaches, short-term memory loss, inattention,
difficulties with concentration and language, depression, impulsivity, executive function
disorders, stress, dementia, and suicidal thoughts are among cognitive, behavioral, and mood-
related symptoms associated with RHI and are thought to be linked to CTE pathology [10].
To better understand the mechanisms underlying the development of these conditions,
researchers began to examine objective markers capable of detecting brain injuries associated
with repetitive brain impacts. Given the subclinical nature of RHI, traditional clinical
assessment may fail to identify early or cumulative brain changes, and CTE can currently
only be definitively diagnosed postmortem. Therefore, biofluid biomarkers have emerged as a
promising tool for evaluating neuronal injury and monitoring brain health in exposed
individuals. Proteins such as neurofilament light chain (NfL), tau and glial fibrillary acidic
protein (GFAP) have been shown to reflect axonal damage and astroglial activation, even in
the absence of overt clinical symptoms. These biomarkers may provide valuable insights into
the underlying pathophysiology of RHIs and hold potential for improving early detection, risk

stratification and prevention strategies [11,12].

Epidemiology

Repeated exposure to head impacts remains a significant clinical and research challenge,
largely due to the frequently subclinical nature of these injuries at the moment of occurrence.
This issue is particularly relevant in sports characterized by a high degree of physical contact.
For instance, RHI may arise during heading in football (soccer), body checks and fights in ice
hockey, as well as tackles and blocking actions in American football. Additionally, direct
blows to the head are inherent to boxing and other combat sports. Recent advances in sensor-
based technologies have enabled more precise quantification of head impact exposure,
facilitating the identification and analysis of impact frequency and magnitude [8, 12].

A prime example is football (soccer), which ranks among the most popular sports in the world,
with over 270 million active players worldwide. According to studies related to the 2014
FIFA World Cup, the head was the second most injured part of the body. Soccer players are
primarily at risk of head injuries resulting from accidental impacts, such as collisions with

opponents and heading the ball. Studies indicate that the average soccer player makes 6—12



headers per match, which, over a 20-year career (not counting daily heading during training),
amounts to over 2,000 head impacts [13-15].

Boxing and other combat sports have long been associated with repetitive head injuries. The
term chronic traumatic encephalopathy was formally introduced in 1949, however, earlier
clinical descriptions date back to 1928, when the neurological sequelae observed in boxers
were colloquially referred to as "punch-drunk” [10, 16-18]. Evidence from a large-scale
systematic review encompassing more than 733 000 boxers indicates a substantial injury
burden, with an average injury incidence of 223.9 per 1000 athletes, rising to as high as 400
per 1000 in professional competitions. Notably, concussions account for approximately
12.9% of all reported injuries. Collectively, these findings underscore the heightened
susceptibility of boxers and other athletes participating in combat sports to RHIs [19].
Research on ice hockey provides a useful model for studying sex-related differences in head
injury epidemiology. While male athletes experience higher overall injury rates, female
players have been shown to sustain a higher proportion of concussions. In collegiate
populations, concussion incidence has been reported to be higher in women (0.82 per 1000
athlete exposures) than in men (0.72 per 1000), despite lower exposure to high-impact
collisions. These findings suggest that biological and biomechanical factors may contribute to

increased susceptibility to brain injury in female athletes [20-21].

Risk Factors

Repetitive head impacts in athletes are influenced by multiple factors, which can be broadly
categorized into several groups.

Exposure-related factors are the most widely described risk modifiers. The greater the
accumulation of impacts and the total duration of exposure, the greater the risk of structural
and functional changes in the brain. Both concussive and subconcussive impacts contribute to
the development of long-term neurological consequences [23-25].

Sport-related factors are strictly bound to exposure. Contact sports, such as American football,
football (soccer), and ice hockey, subject athletes to greater forces and higher frequency of
impacts than non-contact sports [1,2,5,8]. Additionally, within these sports, players in
different positions may be exposed to RHI to varying degrees. For example, in American
football, linemen and linebackers experience a greater number of impacts, although these are
typically low-force, whereas quarterbacks sustain fewer impacts but of greater magnitude [26-

28]. Data indicate that athletes who are constantly exposed to RHI without recovery time may



potentially experience amplified cumulative neurological damage; this is particularly relevant
for younger athletes [5,28].

Individual factors include age at first exposure, sex, and genetics. Early exposure to head
impacts has been linked to increased vulnerability to cognitive and neurobehavioral deficits
[29]. Evidence regarding sex differences is limited, but some studies suggest that women may
be at greater risk [20-21]. Genetic predispositions, including variants such as APOE &4, may
also increase the risk, although they remain insufficiently studied [30,31].

Overall, the risks associated with RHI are closely linked to the frequency and magnitude of
impacts, as well as individual modifiers. Recognizing these factors is key to raising athletes'

awareness and promoting prevention.

Mechanisms of Injury

Repetitive head impacts involve concussive and subconcussive forces of an accelerative
nature—both linear and rotational—that can lead to cumulative brain damage despite the
absence of clear clinical symptoms following a single event [8,10,32]. Understanding the
pathomechanisms of injuries resulting from RHI is crucial for developing preventive
strategies to protect athletes.

The injury mechanism is primarily based on the action of direct and inertial forces (e.g.,
whiplash), which generate accelerations and shear stress. Particular importance is attributed to
the rotational component, which induces extensive shear stresses in brain tissue, contributing
to diffuse damage, while linear accelerations are associated, among other things, with
increased intracranial pressure. Biomechanical parameters such as the number and duration of
impacts and their force are also significant [8,10,33].

At the axonal level, these impacts lead to disruptions in the integrity of nerve fibers,
manifesting as axonal swelling and a reduced structural cohesion. This results in disturbances
in nerve impulse transmission and changes in the neuronal cytoskeleton, which may lead to
the progression of chronic damage. In neuroimaging studies, these changes correlate with a
decrease in fractional anisotropy (FA) and an increase in mean diffusivity (MD), indicating
the disintegration of white matter microstructure [8,10,32]

At the neuronal level, structural changes are observed, including a reduction in fiber integrity,
neuroinflammation, and, in the long term, neuronal loss. These changes can be either acute or
chronic and are associated with a dose-response effect. Importantly, even a single season of

exposure to impacts can lead to measurable changes in the white matter [8,34].



At the glial level, repetitive head impacts induce sustained activation of microglia, leading to
increased phagocytic activity and aberrant synaptic remodeling. This glial response
contributes to chronic neuroinflammation and may further cause progression of
neurodegenerative processes [35].

At the whole-brain level, the mechanisms of injury primarily involve diffuse white matter
damage resulting from shear forces that disrupt connections between brain regions and
compromise the integrity of the blood-brain barrier. However, these changes do not always
translate into detectable functional deficits, suggesting the existence of some level of neuronal
compensation. Nevertheless, serious consequences of repetitive head impacts are observed,
such as cognitive impairments, memory disorders, depression, suicidal tendencies, apathy,
and poor impulse control, with some studies potentially linking RHI with ALS [2, 8-11, 24].
In summary, the mechanisms of injury in repetitive head impacts are predominantly
biomechanical and microstructural, involving linear and rotational forces that generate shear
stress, leading to axonal damage characterized by swelling and loss of integrity. These
processes are accompanied by white matter changes, detectable as diffusion abnormalities on
MRI, as well as secondary processes such as neuroinflammation and, potentially,
neurodegeneration. A key feature is the cumulative nature of the injury, resulting in

progressive disruption of neuronal structures, even in the absence of acute clinical symptoms.

Biomarkers of Brain Injury

Biofluid biomarkers have emerged as a promising approach for assessing the biological
consequences of repetitive head impacts. A broad spectrum of molecular markers measurable
in blood, cerebrospinal fluid, saliva, and urine has been investigated, reflecting subtle
neurobiological alterations associated with such exposures. These biomarkers encompass
proteins related to neuronal and glial injury, including S100 calcium-binding protein B
(S100B), ubiquitin C-terminal hydrolase L1 (UCH-L1), glial fibrillary acidic protein (GFAP),
neurofilament light (NfL), and tau, as well as more complex panels involving microRNAs,
inflammatory mediators, and hormonal markers. Together, these findings highlight the
multifactorial biological response to repetitive head impacts, involving axonal injury,
astroglial activation, and neuroinflammatory processes [3, 11].

Among the available biomarkers, neurofilament light (NfL) has demonstrated the most
consistent evidence as a sensitive indicator of axonal injury. Studies in contact sports such as
football (soccer), American football, and boxing show increases in NfL concentrations

following both acute (e.g., single training sessions) and cumulative exposure across a season,



suggesting its potential utility as a marker of cumulative neuronal damage. Similar trends
have been observed in both blood and cerebrospinal fluid, reinforcing its robustness across
biological matrices. In contrast, other markers such as neuron-specific enolase (NSE) have
shown some promise but with less consistent evidence [11, 34, 36].

Tau protein presents as particularly important biomarker due to its central role in the
pathophysiology of CTE caused by RHIs. The pathological accumulation of
hyperphosphorylated tau (p-tau), especially in perivascular regions within cortical sulci, is
considered a hallmark of CTE and reflects progressive neurodegeneration. Circulating forms
of tau, including total tau (t-tau) and phosphorylated tau, have been investigated as potential
indicators of brain injury burden. Elevated plasma tau levels, particularly t-tau, may reflect
cumulative exposure to repetitive head impacts and have been associated with higher lifetime
exposure to RHI. However, the relationship between tau concentrations and current clinical
status remains unclear, as studies have not demonstrated consistent correlations with cognitive
performance or symptom severity. Moreover, findings regarding tau responses to acute or
seasonal exposure are inconsistent, with some studies showing no significant changes or lack
of association with impact frequency or magnitude. Although phosphorylated tau may offer
greater specificity for neurodegenerative processes, its clinical applicability remains limited
due to insufficient sensitivity and specificity for in vivo diagnosis [3,12,34].

Other commonly studied biomarkers, such as SI00B and GFAP, reflect astroglial activation
and blood-brain barrier disruption, but their interpretation is complicated by limited
specificity. For example, S100B levels may increase in response to intense physical exercise
independent of head impacts, highlighting the challenge of separating brain-specific injury
signals from systemic physiological responses. Similarly, inflammatory biomarkers, including
cytokines and chemokines, are gaining attention as potential indicators of neuroinflammation,
which may play a key role in both acute and chronic responses to repetitive head trauma [11,
34, 37].

A key aspect of biomarker research in RHIs is temporal variability. Acute studies reflect
transient biochemical responses, whereas semi-acute and chronic studies assess cumulative or
long-term neurobiological changes. Thus, biomarker elevations may indicate either short-term
physiological disturbances or longer-term adaptive or injury-related processes [11].

Overall, while biofluid biomarkers offer a promising avenue for detecting and monitoring the
effects of repetitive head impacts, current evidence remains inconclusive. NfL appears to be
the most reliable marker of axonal injury, whereas tau holds particular relevance for long-

term neurodegenerative processes, but lacks sufficient diagnostic precision. The field



continues to face challenges related to specificity, standardization, and confounding

influences.

Neuroimaging in Subconcussive Injury

Neuroimaging in the study of effects of repetitive head impacts continues to evolve,
particularly in the context of detecting subtle, subclinical changes that are not detectable using
standard imaging methods. Classic techniques, such as CT and conventional MRI, primarily
serve to detect severe structural damage, whereas modern methods significantly expand the
possibilities. As a result, neuroimaging has diagnostic, prognostic and monitoring potential,
making it an essential tool in patient care and the development of preventive strategies.
Conventional imaging methods, including computed tomography (CT) and standard magnetic
resonance imaging (MRI), have limited sensitivity in detecting brain alterations associated
with RHI. CT serves as a tool for identifying acute, macroscopic abnormalities such as
hemorrhage or skull fractures, but it is insensitive to subtle tissue damage. In fact, a large
proportion of CT and MRI examinations in subconcussive brain injuries are mostly non-
diagnostic. There are reports indicating that up to 95% of scans show no changes in
individuals exposed to mild traumatic brain injuries. T1- and T2-weighted MRI sequences
provide high-resolution image and are useful for detecting chronic or advanced structural
changes. However, in early stages of RHI, these techniques are mostly normal. This
highlights their limited ability to diagnose subconcussive brain injury [6, 34, 38].

In contrast, advanced MRI techniques offer increased sensitivity to mild brain trauma.
Diffusion MRI (dMRI) is one of the most widely used tools for investigating microstructural
integrity. It is based on the measurement of water molecule diffusion, which reflects tissue
organization, including axonal density and fiber orientation. The most commonly applied
method is diffusion tensor imaging (DTI). It provides quantitative parameters such as
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD). Among these, FA is the most consistently reported metric, with many
studies demonstrating decreased FA in individuals exposed to repetitive head impacts. These
changes are often connected with increases in MD, RD, and AD, suggesting disruptions of
white matter microstructure. Abnormalities are frequently observed in long white matter tracts,
particularly in the corpus callosum, pointing to diffuse axonal injury as a key mechanism [34,
38-41].

Diffusion kurtosis imaging (DKI) represents an extension of DTI, allowing for a more

detailed characterization of tissue complexity. It provides additional parameters such as mean
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kurtosis (MK), axial kurtosis (AK), and radial kurtosis (RK). Some studies suggest that DKI
may be more sensitive and specific than DTI, with more consistent findings, including
increases in kurtosis metrics following exposure to RHI. However, findings across studies of
DTI and DKI remain heterogeneous, which may reflect both injury and recovery processes
[38, 39].

Susceptibility-based imaging techniques, particularly susceptibility-weighted imaging (SWI),
provide insight into microvascular changes. SWI detects subtle signal alterations that may
reflect microbleeds or vascular injury following repetitive head impacts. Although these
findings suggest the presence of subclinical vascular pathology, their relationship to long-term
outcomes and neurodegeneration remains unclear [40, 41].

Functional MRI (fMRI) enables assessment of brain activity through blood oxygenation level-
dependent (BOLD) signals and can be performed both at rest and during cognitive tasks.
Resting-state fMRI (rs-fMRI) allows evaluation of functional connectivity between brain
regions, while task-based fMRI (tb-FMRI) assesses activation patterns during specific
cognitive processes. In individuals exposed to RHIs, alterations in functional connectivity
have been observed, however, in some populations, particularly pediatric groups, increased
connectivity has been reported, which may reflect compensatory mechanisms. Long-term
studies indicate that such changes may persist over time, even in the absence of clear clinical
differences. Despite its sensitivity, fMRI is limited by variability in methodology and
challenges in interpretation [6, 38].

Perfusion imaging techniques, including arterial spin labeling (ASL), are based on non-
invasive measurement of cerebral blood flow. While some studies using perfusion-weighted
imaging have not demonstrated significant differences between exposed individuals and
controls, ASL has revealed regional perfusion alterations in individuals with a history of RHI,
particularly in those with cognitive or mood symptoms. These changes have been associated
with poorer performance on neuropsychological testing, suggesting a potential link between
hemodynamic alterations and functional outcomes [41, 42].

Magnetic resonance spectroscopy (MRS) provides metabolic information and demonstrates
long-term neurochemical differences following RHI, however, the specific patterns of
metabolite changes are not consistently described, and findings remain relatively general [41,
43]. Structural MRI-based morphometry also remains a potentially useful technique. While
cortical thickness and volume measures often do not show significant differences, more
detailed analyses reveal selective alterations in subcortical structures. For example, reduced

thalamic volume has been associated with longer exposure to contact sports, while variations
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in hippocampal and striatal volumes may depend on concussion history. These findings
suggest region-specific vulnerability rather than global brain atrophy [44].

Other imaging methods provide additional information about the long-term consequences of
subconcussive injury. Positron emission tomography (PET) studies suggest increased
accumulation of pathological proteins, including amyloid-f and neurofibrillary tangles, in
individuals exposed to RHIs, supporting a possible link with neurodegenerative processes.
Magnetoencephalography (MEQG), often used with fMRI, is another possibly useful technique.
Due to its non-invasive character, it may offer opportunities for future research, however,
current knowledge on how to apply it to subconcussive head injuries is limited [41, 45].
Despite significant progress, the application of neuroimaging in RHI faces numerous
limitations. These include, above all, the heterogeneity of the study populations, variations in
the time elapsed since injury, a lack of standardization in methods for assessing RHI exposure,
and small sample sizes. As a result, although neuroimaging is already proving indispensable
and providing researchers with valuable information, its role requires further validation in

large, prospective studies.

Evidence-Based Prevention Strategies

Prevention of repetitive head impacts (RHIs) in contact sports requires a multidimensional
approach that targets both exposure reduction and injury mitigation. Current strategies are
based on contact limitations, game and rule changes, safer technique coaching, protective
equipment, educational interventions and medical staff interventions. Collectively, such
approaches aim not only to reduce the incidence of acute injuries but also to minimize the

cumulative burden of subconcussive impacts.

Contact Limitations

Reducing exposure to head impacts is presented as a key mechanism for preventing RHIs in
contact sports, particularly in football (soccer), ice hockey, and American football. In soccer,
heading is considered the most significant issue. The biomechanics of heading are described
as a complex process in which reducing head acceleration can be achieved by increasing neck
muscle activation and improving the stability of the entire kinematic chain. It is emphasized
that exposure to repetitive impacts, even at low intensity, has a cumulative effect in the
context of microtrauma. Restrictions have been implemented in youth populations, including
a total ban or significant limitation on heading, which is due to the greater vulnerability of the

developing brain, weaker neck musculature, and lower body mass [2, 46].
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Research on ice hockey has shown that banning body checking in children’s and youth groups
is associated with an approximately 58% reduction in the risk of concussion. This finding
indicates that systematically limiting physical contact in younger age groups is one of the
most effective strategies for preventing head injuries [47].

In American football, the importance of managing exposure based on a player’s position is
also emphasized, as, for example, linemen and special team players are subjected to a higher
number of repetitive head impacts. This highlights the need for more precise, individualized

contact limits based on a player’s risk profile [28].

Game and rule changes

Changes to the rules of the game and the enforcement of safety protocols are consistently
identified as key factors in reducing head injuries in contact sports. In soccer, it has been
shown that penalizing dangerous behaviors, such as elbow-to-head contact, introduced in
20006, led to an approximately 29% reduction in the frequency of head injuries [46].

In American football, the importance of rule adjustments regarding kickoffs has been
emphasized, where the introduction of the rule to start play from the 25-yard line after a fair
catch significantly reduces the risk of high-speed collisions [28§].

In ice hockey, rule-based reductions in body-checking exposure among youth populations
have been associated with up to a 60% decrease in the concussion rate [47].

Additionally, players should be removed from the game even after a mild head injury for
further clinical evaluation, which is a potential element of regulation [9].

In contact sports, the complete elimination of dangerous contact between players is not
possible, however, controlling it through regulations and sanctions is essential for risk

mitigation [10, 46].

Safer Technique Coaching

Safer technique coaching is crucial for reducing RHIs across contact and collision sports. In
football (soccer), proper heading technique requires coordinated whole-body kinematics,
where force transfer begins in the lower limbs and is transmitted through an aligned trunk-
neck-head system, rather than being isolated in the head. This highlights the importance of
neck musculature training. Smaller body mass and weaker cervical musculature, especially in
youth players, increase head accelerations during heading. In contrast, improved
biomechanical execution, including appropriate body positioning and increased effective body

mass at the moment of contact, lowers the level of risk. Anticipatory neck muscle activation
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before ball contact can also reduce the magnitude of accelerations transmitted to the brain,
while unanticipated or unexpected head impacts with poor neck activation and trunk
stabilization are identified as high-risk situations. Visual and oculomotor training
interventions are also suggested to improve anticipatory capacity and sensorimotor response,
thereby potentially reducing head impact severity [2, 46].

A study in rugby indicates that proper warm-ups and neuromotor training can reduce the
incidence of concussions by 32-60%, further supporting the importance of training
interventions [47].

Finally, the analyzed studies highlight the importance of educating coaches and players in the
context of implementing training changes, as risk awareness contributes to increased safety

and reduced exposure to head injuries [9, 46].

Protective Equipment

Protective gear has become an integral part of contact sports, with helmets being the most
complex and largest piece of equipment. The primary function of helmets in sports such as
American football and ice hockey is reducing linear and rotational accelerations of the head
by absorbing impact energy through deformation of cushioning materials, which prolongs the
duration of the impact impulse and lowers its peak magnitude. Importantly, the historical
development of helmet safety standards has largely focused on preventing skull fractures and
severe traumatic brain injuries rather than concussions, which contributes to misconceptions
regarding their perceived inefficacy in concussion prevention [33].

Analyses suggest that inter-model differences exist and may be clinically relevant. Modern
helmet designs demonstrate improved attenuation of both linear and rotational accelerations
compared with older models, largely due to thicker and more compliant padding materials.
Increased padding capacity is considered biomechanically relevant in the context of RHIs, as
it may better absorb both low- and high-energy collisions that occur repeatedly in contact
sports. Despite these improvements, helmets do not completely eliminate head trauma risk
because rotational kinematics remain a key driver of brain injury that is difficult to manage
through structural design alone. Overall, helmets remain effective for preventing severe head
injury but provide only partial mitigation of concussion risk and RHI exposure [33].
Protective headgear used in sports such as rugby and football (soccer) provides substantially
less reduction in head acceleration. Reduced effectiveness is primarily attributed to structural
constraints, including thinner protective materials and lower cushioning volume, which limit

energy absorption capacity during impacts. As a result, headgear may offer only limited
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biomechanical protection against repetitive head impacts, particularly those of low to
moderate energy that are common in these sports [33].

Mouthguards were designed to protect oral structures rather than the brain. Although
theoretical mechanisms have been proposed, such as mandibular stabilization and reduced
force transmission to the skull base, the evidence supporting a protective effect against brain
trauma is limited. Nevertheless, studies in ice hockey potentially link mouthguards with 28%
lower concussion rate. Overall, mouthguards are not currently considered effective tools for
reducing outcomes of RHIs, despite their established role in preventing dental injuries [33,
47].

A growing number of protective gear incorporate sensor-based technologies. Sensors
integrated into helmets or other equipment enable the measurement of head kinematics during
sports participation and provide the necessary data for research. While these technologies do
not protect mechanically or reduce impact forces, they play an important indirect role in
prevention by giving information useful in identification of high-risk situations. It is
emphasized that a data-driven approach could, in the future, enable the establishment of safe

exposure thresholds and more precise management of training load [33, 47, 48].

Educational interventions

The authors point out that effective prevention requires a cultural shift in how contact sports
are taught and practiced. A key element of this change is a proper understanding of the
importance of training in safe techniques, alongside penalizing risky behaviors and dangerous
contact. Another important component is creating a safe environment in which athletes are
encouraged to report symptoms of injury to referees, coaches, and medical staff [9, 46].
Multidisciplinary analyses of strategies for preventing sport-related concussions indicate that
educational and behavioral interventions alone do not demonstrate strong, consistent effects in
reducing the incidence of concussions. At the same time, their significant role is emphasized
as supporting components for the implementation of other prevention strategies, including
rule changes and limiting exposure to contact. These interventions primarily influence the
behavior of players and staff, particularly their willingness to report symptoms and adherence
to safe play guidelines [47].

Raising awareness of the symptoms and consequences of brain injuries and promoting fair
play leads to improved behavior, including a greater willingness to report injuries and adhere
to safety rules. Simultaneously, it is noted that despite growing awareness in youth sports,

there remains a tendency to downplay the risk of head injuries, which limits the effectiveness
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of educational efforts. However, due to the limited number of research studies on this topic

and inconsistent evidence, this area offers possibilities for future researchers to explore [46].

The role of the medical staff

From a medical standpoint, detecting head impact exposure as quickly as possible is crucial to
minimizing the effects of such an incident. Medical staff, particularly team doctors, can play a
key role in this by quickly removing injured players from the field and monitoring them
further.

Studies emphasize that players who have suffered a head injury should be removed from the
field for follow-up medical evaluation, even in cases of mild head impact. Additionally,
monitoring a player after a head injury is crucial, as improper management can lead to a
worsening of the clinical condition. Re-exposure to injury shortly after a concussion may
increase the risk of further damage and delay the recovery process [9, 10]. In the context of
returning to play after a brain injury, neuropsychological tests can help determine the
appropriate amount of time that must elapse. It is pointed out that a safe return to play may
require at least one month of recovery, which aims to ensure a more complete recovery and
reduce the risk of further injuries [10].

Establishing a baseline neurocognitive profile for an athlete is recommended as an effective
reference point for tracking changes in cognitive function over time. Real-time monitoring of
head impact exposure is likewise useful for supporting clinical decisions regarding limiting an
athlete’s participation in training or competition. It is underlined that effective prevention
requires collaboration among healthcare professionals, coaches, and sports organizations, as

well as the implementation of strategies based on exposure-related information [9, 46, 48, 49].

Challenges and Limitations

A key limitation is that the effects of RHIs can develop gradually and remain subclinical for a
long time, which makes early identification challenging and limits the effectiveness of
prevention strategies based solely on clinical symptoms [8].

Another major limitation is the lack of clearly defined, safe exposure thresholds for RHI,
which makes it impossible to precisely define contact limits in both training and matches.
This results from the heterogeneity of biomechanical exposure, which depends on many
variables, such as technique, situational context, ball properties, and the nature of contact,

making it difficult to standardize protective guidelines [2, 50, 51].

16



Another significant problem is that exposure to RHI is multidimensional and cannot be
reduced solely to individual indicators, such as the number of headers, because unintentional
contacts and varied match and training situations also contribute significantly to the total load.
Consequently, strategies that limit only heading may be insufficient to fully reduce the risk, as
they do not address all sources of injury [50].

Other significant limitation is that even modern helmets, despite improvements in their ability
to reduce accelerations, do not eliminate the risk of concussion, as it is heavily dependent on
the rotational component, which cannot be fully controlled by design. Similarly, headgear in
sports without full head protection exhibits only limited biomechanical effectiveness [33].
Finally, a significant limitation is the lack of new research and inconsistent evidence
regarding the effectiveness of many educational interventions, which, although potentially
important for behavioral change, do not always translate into a measurable reduction in

exposure to RHI [47, 49].

Future Directions

The importance and necessity of protecting players from head injuries have been repeatedly
emphasized for many years, yet there is still significant scope for improvement in this area.
One of the key areas of development in RHI prevention is the further optimization of
exposure control through precise management of impact dose based on objective
biomechanical measurements. In this context, monitoring systems are becoming increasingly
important, as they enable the identification of high-risk situations and can form the basis for
future adaptive training and match regulations. The development of sensor-based technologies,
particularly ones that measure head acceleration more precisely than helmet sensors, is cited
as a significant step toward better quantifying RHI exposure, although their role currently
remains primarily research-oriented [33, 47, 48].

A significant future challenge is to identify safe exposure thresholds, as there are currently no
standardized values for the number of head impacts or acceleration levels that can be
considered safe in the short or long term. Consequently, future regulatory strategies should
include not only intentional contacts (e.g., headers) but also unintentional collisions and
situational context, as exposure to RHI is dependent on various factors [50, 51].

Another crucial area for development involves systemic modifications to the training structure,
which is the principal source of exposure to RHIs. Consideration should be given to limiting
full-contact training sessions and eliminating the most high-impact forms of activity that

generate the greatest accumulation of head accelerations [5, 47, 48].
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The next direction for development is the integration of neuromotor programs and neck
muscle control training in order to reduce the risk of injury, as increased strength and
neuromuscular coordination can reduce head accelerations. In parallel, strategies for
optimizing movement technique are being developed, including Behavioral Skill Training
(BST), which may reduce the biomechanical load on the brain during contact [46, 47].
Regarding protective equipment, future research should focus on improving helmet design by
further enhancing the attenuation of both linear and rotational accelerations, although even
modern helmets do not eliminate the risk of RHI [33].

Making changes to the rules is also critical for future interventions, particularly regarding
sanctioning dangerous behavior and reducing high-risk contact situations, such as elbow
strikes and head-to-head collisions. Researchers also suggest that the complete elimination of
certain elements of the game, such as kickoffs in American football, could reduce exposure to
head impacts, particularly in youth populations. At the same time, it is emphasized that the
complete elimination of contact is not possible; therefore, future regulations should focus on
controlling it rather than eliminating it [28, 46].

Another important focus for the future is the development of educational and behavioral
interventions, which should simultaneously promote fair play, increase knowledge about the
actual risk of RHI, correct misconceptions, and modify emotional components of attitudes,
such as excessive fear of injury. The effectiveness of future prevention strategies will likely
depend on integrating regulatory interventions with educational ones, as regulatory changes
alone may not lead to behavioral change without a parallel shift in risk perception [46, 49].
When it comes to neuroimaging, future research should prioritize the development and
application of advanced, multimodal neuroimaging approaches, particularly in understudied
populations such as pediatric cohorts, to increase sensitivity for detecting subtle brain changes
associated with RHIs. Efforts should also focus on improving the diagnostic and prognostic
utility of neuroimaging through the development of standardized methodologies, longitudinal
study designs, and integration with complementary data modalities. In this context, data-
driven techniques, including machine learning, are expected to play a key role [38, 39, 52].
Finally, a better understanding of the dose-response mechanisms between RHI and
neurological changes, including subtle, subclinical effects that may not be detectable in
standard clinical assessments, remains an essential direction for future research. Only the
integration of biomechanical, neuroimaging, and behavioral data will enable the design of

precise, evidence-based preventive interventions at the sport and system levels [50].
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Conclusions

Repetitive head impacts (RHI) represent a clinically significant and widely recognized source
of cumulative brain injury among both athletes and non-athletes. Despite its often-subclinical
nature, literature suggests that cumulative exposure to forces causing concussion and to those
of lower intensity can lead to progressive microstructural brain damage, neuroinflammation,
and long-term neurodegenerative changes, including those associated with chronic traumatic
encephalopathy (CTE). Importantly, these effects appear to follow a strict relationship, in
which both frequency and force of impacts, as well as individual vulnerability factors,
influence the overall risk.

Advances in neuroimaging and biological fluid biomarkers have substantially improved the
ability to detect subtle brain changes associated with RHI. Techniques such as diffusion MRI
and functional imaging provide insights into white matter integrity and functional
connectivity, while biomarkers, particularly light neurofilaments, offer a promising approach
to quantifying neuronal damage. However, their current clinical utility remains limited by
variability in results, a lack of standardization, and insufficient specificity.

Prevention remains the foundation of management for injuries caused by RHI. Scientific
evidence supports a multidimensional strategy that combines exposure reduction,
modification of game rules, optimization of training techniques, and close medical
supervision. Nevertheless, significant challenges remain, including the lack of clearly defined
safe exposure thresholds and heterogeneity in measurement methods.

Future research should focus on large-scale, longitudinal, and multimodal studies that
integrate biomechanical data, neuroimaging, and biomarkers to better characterize the
pathophysiology and clinical course of RHI. Establishing standardized assessment protocols
and exposure metrics will be essential for improving comparability across studies. Ultimately,
a more precise understanding of dose-response relationships and individual vulnerability will
be critical for developing targeted, evidence-based preventive strategies aimed at reducing the

long-term neurological burden associated with RHI.

Disclosure

Author’s Contribution Statement:

Conceptualization: Michat Stolarczyk

Methodology: Marcela Lupina-Romaniuk, Karolina Pracon
Resources: Paulina Pietra$, Gabriela Swietlicka

Writing-rough preparation: Michat Stolarczyk, Aneta Chawryto, Julia Kotodziejczyk

19



Writing-review and editing: Maria Pietrzak, Karolina Oleksinska

Supervision: Michat Stolarczyk, Dominika Piecuch

Funding: No external funding was received

Institutional Review Board Statement: Not applicable

Informed Consent Statement: Not applicable

Data Availability Statement: Not applicable

All authors have read and agreed with the published version of the manuscript.

Conflict of Interest: The authors declare no conflict of interest.

Declaration of the use of generative Al and Al-assisted technologies in the writing process: In
preparing this work, Chat GPT was used for grammatical and linguistic improvement only.

The authors reviewed and edited the text and accept full responsibility for the content.

References

1. Fortington LV, Cassidy JD, Castellani RJ, Gardner AJ, McIntosh AS, Austen M, Kerr ZY,
Quarrie KL. Epidemiological Principles in Claims of Causality: An Enquiry into
Repetitive Head Impacts (RHI) and Chronic Traumatic Encephalopathy (CTE). Sports
Med. 2025 Feb;55(2):255-274. doi: 10.1007/s40279-024-02102-4. Epub 2024 Sep 15.
PMID: 39277838; PMCID: PMC11947058.

2. Pensato U, Cortelli P. Soccer (football) and brain health. J Neurol. 2024 Jun;271(6):3019-
3029. doi: 10.1007/s00415-024-12320-5. Epub 2024 Apr 1. PMID: 38558150; PMCID:
PMC11136867.

3. Babcock KJ, Abdolmohammadi B, McKee AC. Recent Advances in Chronic Traumatic
Encephalopathy. Am J Pathol. 2025 Nov;195(11):2048-2058. doi:
10.1016/j.ajpath.2025.07.008. Epub 2025 Aug 8. PMID: 40784657; PMCID:
PMC12597687.

4. Mainwaring L, Ferdinand Pennock KM, Mylabathula S, Alavie BZ. Subconcussive head
impacts in sport: A systematic review of the evidence. Int J Psychophysiol. 2018
Oct;132(Pt A):39-54. doi: 10.1016/j.ijpsycho.2018.01.007. Epub 2018 Feb 3. PMID:
29402530.

5. Kercher K, Steinfeldt JA, Macy JT, Ejima K, Kawata K. Subconcussive head impact
exposure between drill intensities in U.S. high school football. PLoS One. 2020 Aug

20



10.

11.

12.

13.

14;15(8):¢0237800. doi: 10.1371/journal.pone.0237800. PMID: 32797073; PMCID:
PMC7428124.

Mirza M, Ahmed Z. Role of task-based functional MRI in the assessment of sports-
related concussion: a systematic review. Front Neurol. 2026 Mar 13;17:1720290. doi:
10.3389/fneur.2026.1720290. PMID: 41908289; PMCID: PMC13022985.

Lavender AP, Georgieva J, Takechi R. A Suggested New Term and Definition to Describe
the Cumulative Physiological and Functional Effects of Non-injurious Head Impacts.
Front Neurol. 2022 Mar 31;13:799884. doi: 10.3389/fneur.2022.799884. PMID:
35432181; PMCID: PMC9009409.

Hack L, Singh B, Binkofski F, Helmich I. Repetitive Subconcussive Head Impacts in
Sports and Their Impact on Brain Anatomy and Function: A Systematic Review. Int J
Sports Med. 2024 Oct;45(12):871-883. doi: 10.1055/a-2342-3604. Epub 2024 Jun 10.
PMID: 38857880.

Fesharaki-Zadeh A. Chronic Traumatic Encephalopathy: A Brief Overview. Front Neurol.
2019 Jul 3;10:713. doi: 10.3389/fneur.2019.00713. PMID: 31333567, PMCID:
PMC6616127.

de Sena Barbosa MG, Francisco GGOA, de Souza RLV, de Souza JMA, Almeida
Carneiro R, Rabelo NN, Chaurasia B. Chronic traumatic encephalopathy in athletes,
players, boxers and military: systematic review. Ann Med Surg (Lond). 2024 Oct
24;86(12):7238-7247. doi: 10.1097/MS9.0000000000002693. PMID: 39649931; PMCID:
PMC11623818.

Lember LM, Ntikas M, Mondello S, Wilson L, Di Virgilio TG, Hunter AM, Kobeissy F,
Mechref Y, Donaldson DI, Ietswaart M. The Use of Biofluid Markers to Evaluate the
Consequences of Sport-Related Subconcussive Head Impact Exposure: A Scoping Review.
Sports Med Open. 2024 Jan 25;10(1):12. doi: 10.1186/s40798-023-00665-6. PMID:
38270708; PMCID: PMC10811313.

McKee AC, Stein TD, Huber BR, Crary JF, Bieniek K, Dickson D, Alvarez VE, Cherry
JD, Farrell K, Butler M, Uretsky M, Abdolmohammadi B, Alosco ML, Tripodis Y, Mez J,
Daneshvar DH. Chronic traumatic encephalopathy (CTE): criteria for neuropathological
diagnosis and relationship to repetitive head impacts. Acta Neuropathol. 2023
Apr;145(4):371-394. doi: 10.1007/s00401-023-02540-w. Epub 2023 Feb 10. PMID:
36759368; PMCID: PMC10020327.

Rodrigues AC, Lima MDM, de Souza LC, Furtado C, Marques CE, Gongalves L, Lima

MYV, Lasmar RP, Caramelli P. No Evidence of Association Between Soccer Heading and

21



14.

15.

16.

17.

18.

19.

20.

21.

Cognitive Performance in Professional Soccer Players: Cross-Sectional Results. Front
Neurol. 2019 Mar 12;10:209. doi: 10.3389/fneur.2019.00209. PMID: 30915024; PMCID:
PMC6422927.

Junge A, Dvorék J. Football injuries during the 2014 FIFA World Cup. Br J Sports Med.
2015 May;49(9):599-602. doi: 10.1136/bjsports-2014-094469. PMID: 25878077; PMCID:
PMC4413685.

Spiotta AM, Bartsch AJ, Benzel EC. Heading in soccer: dangerous play? Neurosurgery.
2012 Jan;70(1):1-11; discussion 11. doi: 10.1227/NEU.0b013e31823021b2. PMID:
21811187.

Omalu B, Bailes J, Hamilton RL, Kamboh MI, Hammers J, Case M, Fitzsimmons R.
Emerging histomorphologic phenotypes of chronic traumatic encephalopathy in American
athletes. Neurosurgery. 2011 Jul;69(1):173-83; discussion 183. doi:
10.1227/NEU.0b013e318212bc7b. PMID: 21358359.

Stein TD, Alvarez VE, McKee AC. Chronic traumatic encephalopathy: a spectrum of
neuropathological changes following repetitive brain trauma in athletes and military
personnel. Alzheimers Res Ther. 2014 Jan 15;6(1):4. doi: 10.1186/alzrt234. PMID:
24423082; PMCID: PMC3979082.

Montenigro PH, Baugh CM, Daneshvar DH, Mez J, Budson AE, Au R, Katz DI, Cantu
RC, Stern RA. Clinical subtypes of chronic traumatic encephalopathy: literature review
and proposed research diagnostic criteria for traumatic encephalopathy syndrome.
Alzheimers Res Ther. 2014 Sep 24;6(5):68. doi: 10.1186/s13195-014-0068-z. PMID:
25580160; PMCID: PM(C4288217.

Mao Y, Zhao D, Li J, Fu W. Incidence Rates and Pathology Types of Boxing-Specific
Injuries: A Systematic Review and Meta-analysis of Epidemiology Studies in the 21st
Century. Orthop J Sports Med. 2023 Mar 31;11(3):23259671221127669. doi:
10.1177/23259671221127669. PMID: 37025124; PMCID: PMC10071201.

Wilcox BJ, Machan JT, Beckwith JG, Greenwald RM, Burmeister E, Crisco JJ. Head-
impact mechanisms in men's and women's collegiate ice hockey. J Athl Train. 2014 Jul-
Aug;49(4):514-20. doi: 10.4085/1062-6050-49.3.19. Epub 2014 Aug 6. PMID: 25098659;
PMCID: PMC4151840.

Sollmann N, Echlin PS, Schultz V, Viher PV, Lyall AE, Tripodis Y, Kaufmann D, Hartl E,
Kinzel P, Forwell LA, Johnson AM, Skopelja EN, Lepage C, Bouix S, Pasternak O, Lin
AP, Shenton ME, Koerte IK. Sex differences in white matter alterations following

repetitive subconcussive head impacts in collegiate ice hockey players. Neuroimage Clin.

22



22.

23.

24.

25.

26.

27.

28.

29.

2017 Nov 21;17:642-649. doi: 10.1016/j.nicl.2017.11.020. PMID: 29204342; PMCID:
PMC5709295.

Tykocki T. Risk of Cognitive Decline in Professional Soccer Players after Repetitive
Subconcussive Impacts: A Systematic Review and Meta-analysis. Neurol Med Chir
(Tokyo). 2026 Apr 24. doi: 10.2176/jns-nmc.2025-0451. Epub ahead of print. PMID:
42036338.

McKee AC, Alosco ML, Huber BR. Repetitive Head Impacts and Chronic Traumatic
Encephalopathy.  Neurosurg Clin N Am. 2016 Oct;27(4):529-35.  doi:
10.1016/j.nec.2016.05.009. PMID: 27637402; PMCID: PMC5028120.

de Souza NL, Bogner J, Corrigan JD, Rabinowitz AR, Walker WC, Kumar RG, Dams-
O'Connor K. The Effects of Repetitive Head Impact Exposure on Mental Health
Symptoms Following Traumatic Brain Injury. J Head Trauma Rehabil. 2024 Sep-Oct
01;39(5):E430-E441. doi: 10.1097/HTR.0000000000000936. Epub 2024 Sep 10. PMID:
38483265; PMCID: PMC11387145.

Huber BR, Alosco ML, Stein TD, McKee AC. Potential Long-Term Consequences of
Concussive and Subconcussive Injury. Phys Med Rehabil Clin N Am. 2016
May;27(2):503-11. doi: 10.1016/j.pmr.2015.12.007. Epub 2016 Feb 2. PMID: 27154859;
PMCID: PMC4866819.

Baugh CM, Kiernan PT, Kroshus E, Daneshvar DH, Montenigro PH, McKee AC, Stern
RA. Frequency of head-impact-related outcomes by position in NCAA division I
collegiate football players. J Neurotrauma. 2015 Mar 1;32(5):314-26. doi:
10.1089/neu.2014.3582. Epub 2014 Dec 16. PMID: 25155288; PMCID: PMC4628259.
Crisco JJ, Wilcox BJ, Beckwith JG, Chu JJ, Duhaime AC, Rowson S, Duma SM,
Maerlender AC, McAllister TW, Greenwald RM. Head impact exposure in collegiate
football players. J Biomech. 2011 Oct 13;44(15):2673-8. doi:
10.1016/j.jbiomech.2011.08.003. Epub 2011 Aug 27. PMID: 21872862; PMCID:
PMC3189296.

McAlister KL, Mack WIJ, Bir C, Baron DA, Som C, Li K, Chavarria-Garcia A,
Sawardekar S, Baron D, Toth Z, Allem C, Beatty N, Nakayama J, Kelln R, Zaslow T,
Bansal R, Peterson BS. Longitudinal, prospective study of head impacts in male high
school football players. PLoS One. 2023 Sep 8;18(9):¢0291374. doi:
10.1371/journal.pone.0291374. PMID: 37682984; PMCID: PMC10490840.

Moody JN, Hayes JP, Buckley TA, Schmidt JD, Broglio SP, McAllister TW, McCrea M,

Pasquina PF, Caccese JB; CARE Consortium Investigators. Age of First Concussion and

23



30.

31.

32.

33.

34.

35.

Cognitive, Psychological, and Physical Outcomes in NCAA Collegiate Student Athletes.
Sports Med. 2022 Nov;52(11):2759-2773. doi: 10.1007/s40279-022-01719-7. Epub 2022
Jul 6. PMID: 35794432; PMCID: PM(C9833421.

Atherton K, Han X, Chung J, Cherry JD, Baucom Z, Saltiel N, Nair E, Abdolmohammadi
B, Uretsky M, Khan MM, Shea C, Durape S, Martin BM, Palmisano JN, Farrell K,
Nowinski CJ, Alvarez VE, Dwyer B, Daneshvar DH, Katz DI, Goldstein LE, Cantu RC,
Kowall NW, Alosco ML, Huber BR, Tripodis Y, Crary JF, Farrer L, Stern RA, Stein TD,
McKee AC, Mez J. Association of APOE Genotypes and Chronic Traumatic
Encephalopathy. JAMA Neurol. 2022 Aug 1;79(8):787-796. doi:
10.1001/jamaneurol.2022.1634. Erratum in: JAMA Neurol. 2023 Feb 1;80(2):215. doi:
10.1001/jamaneurol.2022.3673. PMID: 35759276; PMCID: PM(C9237800.

Gavett BE, Stern RA, McKee AC. Chronic traumatic encephalopathy: a potential late
effect of sport-related concussive and subconcussive head trauma. Clin Sports Med. 2011
Jan;30(1):179-88, xi. doi: 10.1016/j.csm.2010.09.007. PMID: 21074091; PMCID:
PMC2995699.

Zuleger TM, Slutsky-Ganesh AB, Grooms DR, Yuan W, Barber Foss KD, Howell DR,
Myer GD, Diekfuss JA. High magnitude exposure to repetitive head impacts alters female
adolescent brain activity for lower extremity motor control. Brain Res. 2024 Apr
1;1828:148785. doi: 10.1016/j.brainres.2024.148785. Epub 2024 Jan 24. PMID:
38272157; PMCID: PMC11110884.

Rowson S, Bland ML, Campolettano ET, Press JN, Rowson B, Smith JA, Sproule DW,
Tyson AM, Duma SM. Biomechanical Perspectives on Concussion in Sport. Sports Med
Arthrosc Rev. 2016 Sep;24(3):100-7. doi: 10.1097/JSA.0000000000000121. PMID:
27482775; PMCID: PMC4975525.

Ntikas M, Binkofski F, Shah NJ, Ietswaart M. Repeated Sub-Concussive Impacts and the
Negative Effects of Contact Sports on Cognition and Brain Integrity. Int J Environ Res
Public Health. 2022 Jun 9;19(12):7098. doi: 10.3390/ijerph19127098. PMID: 35742344;
PMCID: PM(C9222631.

Chahin M, Mutschler J, Dzhuleva SP, Dieterle C, Jimenez LR, Bhattarai SR, Van
Steenbergen V, Bareyre FM. Repetitive concussions promote microglia-mediated
engulfment of presynaptic excitatory input associated with cognitive dysfunction.
Commun Biol. 2025 Feb 28;8(1):335. doi: 10.1038/s42003-025-07729-1. PMID:
40021832; PMCID: PMC11871131.

24



36.

37.

38.

39.

40.

41.

42.

43.

44,

Coppens S, Lehmann S, Hopley C, Hirtz C. Neurofilament-Light, a Promising Biomarker:
Analytical, Metrological and Clinical Challenges. Int J Mol Sci. 2023 Jul
19;24(14):11624.  doi:  10.3390/ijms241411624. PMID: 37511382; PMCID:
PMC10380627.

Malik S, Alnaji O, Malik M, Gambale T, Farrokhyar F, Rathbone MP. Inflammatory
cytokines associated with mild traumatic brain injury and clinical outcomes: a systematic
review and meta-analysis. Front Neurol. 2023 May 12;14:1123407. doi:
10.3389/fneur.2023.1123407. PMID: 37251220; PMCID: PMC10213278.

Bell NM, Johnson C, Yu FF, Urban JE, Proskovec AL, Madhuranthakam A, Maldjian JA,
Davenport EM. A Comparative Neuroimaging Review of Repetitive Head Impacts and
Mild Traumatic Brain Injury from Pediatrics to Professionals. Neurotrauma Rep. 2025
Sep 5;6(1):740-755. doi: 10.1177/2689288X251371125. PMID: 41112115; PMCID:
PMC12528852.

Koerte IK, Wiegand TLT, Bonke EM, Kochsiek J, Shenton ME. Diffusion Imaging of
Sport-related Repetitive Head Impacts-A Systematic Review. Neuropsychol Rev. 2023
Mar;33(1):122-143. doi: 10.1007/s11065-022-09566-z. Epub 2022 Dec 12. PMID:
36508043; PMCID: PM(C9998592.

Asken BM, Rabinovici GD. Identifying degenerative effects of repetitive head trauma
with neuroimaging: a clinically-oriented review. Acta Neuropathol Commun. 2021 May
22:;9(1):96. doi: 10.1186/s40478-021-01197-4. PMID: 34022959; PMCID: PMC8141132.
Echlin HV, Rahimi A, Wojtowicz M. Systematic Review of the Long-Term Neuroimaging
Correlates of Mild Traumatic Brain Injury and Repetitive Head Injuries. Front Neurol.
2021 Sep 30;12:726425. doi: 10.3389/fneur.2021.726425. PMID: 34659091; PMCID:
PMC8514830.

Jaafar N, Alsop DC. Arterial Spin Labeling: Key Concepts and Progress Towards Use as a
Clinical Tool. Magn Reson Med Sci. 2024 Jul 1;23(3):352-366. doi:
10.2463/mrms.rev.2024-0013. Epub 2024 Jun 14. PMID: 38880616; PMCID:
PMC11234948.

Joyce JM, La PL, Walker R, Harris AD. Magnetic Resonance Spectroscopy of Traumatic
Brain Injury and Subconcussive Hits: A Systematic Review and Meta-Analysis. J
Neurotrauma. 2022 Nov;39(21-22):1455-1476. doi: 10.1089/neu.2022.0125. Epub 2022
Aug 16. PMID: 35838132; PMCID: PMC9689773.

Brett BL, Bobholz SA, Espafia LY, Huber DL, Mayer AR, Harezlak J, Broglio SP,
McAllister TW, McCrea MA, Meier TB; CARE Consortium Investigators. Cumulative

25



45.

46.

47.

48.

49.

50.

Effects of Prior Concussion and Primary Sport Participation on Brain Morphometry in
Collegiate Athletes: A Study From the NCAA-DoD CARE Consortium. Front Neurol.
2020 Jul 28;11:673. doi: 10.3389/tneur.2020.00673. PMID: 32849177; PMCID:
PMC(C7399344.

Brookes MJ, Leggett J, Rea M, Hill RM, Holmes N, Boto E, Bowtell R.
Magnetoencephalography with optically pumped magnetometers (OPM-MEG): the next
generation of functional neuroimaging. Trends Neurosci. 2022 Aug;45(8):621-634. doi:
10.1016/j.tins.2022.05.008. Epub 2022 Jun 30. PMID: 35779970; PMCID:
PMC10465236.

Indharty RS, Siahaan AMP, Rosarina, Susanto M, Tandean S, Risfandi M. Prevention of
sports-related concussion in soccer: a comprehensive review of the literature. Ann Med
Surg (Lond). 2023 Mar 24;85(3):365-373. doi: 10.1097/MS9.0000000000000268. PMID:
37008175; PMCID: PMC10060082.

Eliason PH, Galarneau JM, Kolstad AT, Pankow MP, West SW, Bailey S, Miutz L, Black
AM, Broglio SP, Davis GA, Hagel BE, Smirl JD, Stokes KA, Takagi M, Tucker R,
Webborn N, Zemek R, Hayden A, Schneider KJ, Emery CA. Prevention strategies and
modifiable risk factors for sport-related concussions and head impacts: a systematic
review and meta-analysis. Br J Sports Med. 2023 Jun;57(12):749-761. doi:
10.1136/bjsports-2022-106656. PMID: 37316182.

McCrea MA, Shah A, Duma S, Rowson S, Harezlak J, McAllister TW, Broglio SP, Giza
CC, Goldman J, Cameron KL, Houston MN, McGinty G, Jackson JC, Guskiewicz K,
Mihalik JP, Brooks MA, Pasquina P, Stemper BD. Opportunities for Prevention of
Concussion and Repetitive Head Impact Exposure in College Football Players: A
Concussion Assessment, Research, and Education (CARE) Consortium Study. JAMA
Neurol. 2021 Mar 1;78(3):346-350. doi: 10.1001/jamaneurol.2020.5193. PMID:
33523101; PMCID: PMC7851752.

Kercher KA, Macy JT, Seo DC, Steinfeldt JA. Factors associated with U.S. adults'
willingness to allow teenagers to play tackle football. PLoS One. 2022 Sep
7;17(9):€0273229. doi: 10.1371/journal.pone.0273229. PMID: 36070282; PMCID:
PM(C9451093.

Koerte IK, Bahr R, Filipcik P, Gooijers J, Leemans A, Lin AP, Tripodis Y, Shenton ME,
Sochen N, Swinnen SP, Pasternak O; REPIMPACT Consortium Investigators.
REPIMPACT - a prospective longitudinal multisite study on the effects of repetitive head
impacts in youth soccer. Brain Imaging Behav. 2022 Feb;16(1):492-502. doi:

26



51.

52.

10.1007/s11682-021-00484-x. Epub 2021 Sep 10. PMID: 34505977; PMCID:
PMC8825640.

Bonke EM, Southard J, Buckley TA, Reinsberger C, Koerte IK, Howell DR. The effects
of repetitive head impacts on postural control: A systematic review. J Sci Med Sport. 2021
Mar;24(3):247-257. doi: 10.1016/j.jsams.2020.09.003. Epub 2020 Sep 9. PMID:
32948449; PMCID: PMC7854930.

Singh NM, Harrod JB, Subramanian S, Robinson M, Chang K, Cetin-Karayumak S,
Dalca AV, Eickhoff S, Fox M, Franke L, Golland P, Haehn D, Iglesias JE, O'Donnell LJ,
Ou Y, Rathi Y, Siddiqi SH, Sun H, Westover MB, Whitfield-Gabrieli S, Gollub RL. How
Machine Learning is Powering Neuroimaging to Improve Brain Health. Neuroinformatics.
2022 Oct;20(4):943-964. doi: 10.1007/s12021-022-09572-9. Epub 2022 Mar 28. PMID:
35347570; PMCID: PMC9515245.

27



