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Abstract

Sport-related concussion (SRC) is an important health concern in sport, arising from
biomechanical forces that produce linear head acceleration (LHA) and rotational
head acceleration (RHA). Exercise-based interventions targeting modifiable factors
such as cervical function may contribute to SRC prevention, but evidence remains
limited. The overall aim of this thesis was to advance the evidence base concerning
SRC prevention and related outcomes, with particular emphasis on exercise-based
strategies and their application in female football.

Across five papers, evidence synthesis was combined with laboratory measurement,
end-user-informed intervention development, and pilot evaluation. Paper I
characterised head acceleration during SRC and non-concussive impacts, while
Paper II evaluated the test-retest reliability of head acceleration during anticipated
and unanticipated laboratory perturbations. Paper Il examined the efficacy and
reporting completeness of exercise interventions targeting SRC incidence, head
acceleration, and neck strength. Drawing on this evidence, Paper IV used end-user
workshops to refine a neck resistance training program for female football, which
was subsequently evaluated in a quasi-experimental pilot in Paper V.

SRC impacts were associated with markedly greater LHA and RHA than non-
concussive impacts, although variation across sports and measurement contexts
highlighted the limitations of current evidence (Paper I). The laboratory protocol
demonstrated moderate-to-excellent reliability without systematic between-session
differences, providing a stable framework for evaluating interventions under
controlled conditions (Paper II). Existing exercise research showed no clear
reductions in SRC incidence or head acceleration; however, resistance training
improved neck strength, indicating that cervical function was modifiable even
though its influence on head kinematics and SRC risk remained uncertain (Paper
III). Incomplete intervention reporting further limited interpretation and replication
(Paper III). End-user input subsequently streamlined the initial neck training
prototype to seven exercises requiring 3—5 minutes (Paper IV). In the pilot, the
program achieved 70% adherence and was rated favourably by players and coaches
(Paper V). Preliminary effects favoured the intervention across most laboratory head
acceleration conditions and all assessed neck strength outcomes (Paper V).

Together, these findings establish head acceleration as a relevant but context-
dependent biomechanical outcome and provide a reliable laboratory framework for
evaluating exercise-based approaches to SRC prevention. The findings also provide
preliminary evidence that a brief, end-user-informed neck resistance training
program may reduce head acceleration and improve neck strength in female football
players. Whether these laboratory effects translate into reduced head acceleration
during real-world head impacts or reduced SRC incidence remains unknown.
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Conclusions

Paper I

To systematically review the magnitudes of LHA and RHA associated with SRC impacts in
team-sport athletes of all ages and both sexes.

SRC impacts were associated with markedly greater LHA and RHA than non-concussive
impacts. However, LHA and RHA magnitudes during SRC impacts varied substantially across
the examined subgroups.

LHA and RHA are relevant biomechanical outcomes associated with SRC. However,
substantial variability limits their use as stand-alone indicators of injury risk.

Paper 11

To evaluate the test-retest reliability of a novel laboratory-based protocol for inducing and
measuring head acceleration in multiple directions under anticipated and unanticipated
conditions.

The protocol demonstrated moderate-to-excellent test—retest reliability across directions and
anticipatory conditions, with no systematic bias. Variability was generally greater for RHA
and under unanticipated conditions.

The protocol provides a reliable, controlled framework for evaluating head acceleration and
potential intervention effects.

Paper 111

To systematically review the efficacy of exercise interventions on SRC incidence, LHA, RHA,
and neck muscle strength, and to assess the completeness of intervention reporting.

Neuromuscular warm-up programs did not significantly reduce SRC incidence, although more
frequent implementation showed potential benefits. Resistance training did not significantly
affect LHA or RHA but produced a large improvement in neck strength. Intervention reporting
was frequently incomplete.

Evidence remains insufficient to determine whether exercise interventions prevent SRC or
reduce head acceleration. Resistance training can improve neck strength, but its relevance to
SRC prevention remains uncertain, and more complete intervention reporting is required.

Paper IV

To describe the development of a novel, evidence-informed neck resistance training program
for SRC prevention in female football, incorporating knowledge, experience, and feedback
from end-users.

End-user workshops informed the final intervention. The resulting program consisted of seven
exercises, required 3—5 minutes to complete, and included an educational component.

End-user involvement enabled the development of a brief, context-specific program that
balanced available evidence with the practical requirements of female football.

Paper V

To evaluate the efficacy and acceptability of an end-user-informed neck resistance training
program targeting outcomes related to SRC prevention, including LHA, RHA, and neck
muscle strength, in female football.

The six-week program produced greater reductions in LHA and RHA across most directions
under both anticipatory conditions, alongside greater improvements in neck strength. Players
and coaches reported favourable acceptability.

Building on identified evidence gaps, the program demonstrated preliminary efficacy in
reducing head acceleration and increasing neck strength in female football players, although
its effects on real-world head impacts and SRC incidence remain unknown.

LHA, linear head acceleration; RHA, rotational head acceleration; SRC, sport-related concussion.
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AEs Athlete exposures

CERT Consensus on Exercise Reporting Template

CHAMP Consensus Head Acceleration Measurement Practices
CI Confidence interval

CTE-NC Chronic traumatic encephalopathy neuropathologic change

g Gravitational acceleration
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sEMG Surface electromyography

SMD Standardised mean difference

SRC Sport-related concussion

n? Eta squared
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Introduction

Sport-related concussion (SRC)

What is SRC?

Sport-related concussion (SRC) has been defined as “a traumatic brain injury caused
by a direct blow to the head, neck or body resulting in an impulsive force being
transmitted to the brain that occurs in sports and exercise-related activities” (1). The
rapid acceleration generated by such an impact causes differential motion between
skull and brain, exposing brain tissue to pressure gradients and strain (2).

These mechanical effects can disrupt neuronal function and initiate a
neurometabolic cascade involving increased energy demands, reduced energy
availability, and alterations in cerebral blood flow and neuronal communication, all
of which may contribute to SRC symptoms and signs (3). SRC is therefore primarily
considered a functional and physiological brain injury. Loss of consciousness is not
required, symptoms and signs may appear immediately or develop over time, and
standard structural neuroimaging is usually normal (1). Together, these
characteristics can make SRC difficult to recognize at the time of injury, which has
historically complicated estimates of how commonly it occurs.

How common is SRC?

Historically, estimates of SRC have been limited by incomplete recognition and
reporting (4, 5). In a survey of 1,532 high-school American football players, only
47.3% of those who recalled sustaining an SRC during the season reported it,
commonly because they did not recognise the injury, underestimated its severity, or
wanted to remain in competition (4). As awareness and guidance increased, the
reported SRC rate across 12 high-school sports rose 4.2-fold between 1997-1998
and 2007-2008, an increase that may have been partially attributable to improved
recognition and injury coding (6). Despite these improvements, non-disclosure
continues to be documented among youth athletes, suggesting that reported SRC
rates may still underestimate its occurrence (7).

Even with improved surveillance, no single estimate adequately represents SRC
incidence because rates vary by sport, competitive level, population, case definition

13



and identification, and availability of medical personnel (8, 9). Surveillance across
23 National Collegiate Athletic Association (NCAA) sports recorded an overall
incidence of 4.13 SRCs per 10,000 athlete-exposures (AEs), with the highest rates
observed in male ice hockey and female football at 7.35 and 7.15 per 10,000 AEs,
respectively (10). Across these collegiate sports, the competition-related rate was
approximately four times the practice-related rate (10). Among children and
adolescents, a recent meta-analysis reported a pooled incidence of 1.41 SRCs per
1,000 AEs across 21 sports (8). SRC incidence was highest in collision sports and
competition settings, whereas age did not significantly moderate incidence (8).

Sex-related differences are similarly sport dependent (11). A meta-analysis of 38
studies found significantly higher rates among female athletes in football and
basketball, with female-to-male rate ratios of 1.76 and 1.99, respectively, although
this pattern was not consistent across other sex-comparable sports (11). Taken
together, SRC occurs across a wide range of sports but is more frequently reported
in collision and contact sports, during competition, and among female athletes in
certain comparable sports (8, 10, 11). However, the importance of SRC cannot be
understood from its frequency alone and must also be considered in relation to its
consequences for affected athletes.

Why does SRC matter?

SRC can produce physical symptoms (e.g., headache, dizziness), cognitive
symptoms (e.g., difficulty concentrating or remembering), emotional symptoms
(e.g., irritability, anxiety), and sleep-related symptoms (12). The number and
severity of these vary considerably between athletes and may change throughout
recovery (1). Nevertheless, most athletes recover relatively quickly (13). A
systematic review and meta-analysis of 278 studies found that 93% of athletes had
fully returned to learning without additional academic support by 10 days (13). In
the same review, the pooled mean times to symptom resolution and unrestricted
return to sport were approximately 14 and 20 days, respectively (13).

An important minority, however, experience persisting symptoms, defined as
symptoms lasting more than four weeks (1). Because symptoms such as headache,
fatigue, sleep disturbance, anxiety, and concentration difficulties are not specific to
SRC, persisting symptoms may be caused by the SRC, reflect pre-existing or co-
occurring conditions, or result from a combination of factors (1). Up to 30% of
children and adolescents experience symptoms lasting four weeks or longer (14).
Alongside the duration and trajectory of recovery, symptom burden may also differ
between athletes. In a sex-based comparison of NCAA athletes participating in
comparable sports, female athletes reported greater symptom burden than male
athletes, although overall recovery trajectories were similar between sexes (15).
SRC history is also associated with greater recurrence risk. A meta-analysis of
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23,411 children found that those with a previous SRC had more than three times the
risk of sustaining subsequent SRC (16).

Repeated SRCs and long-term exposure to repetitive head impacts have raised
concerns about cumulative effects on brain health (17). Across the evidence
reviewed, former amateur athletes were not shown to have an elevated risk of later-
life mental health problems or neurological disorders (17). Some studies of former
professional athletes reported associations with dementia or amyotrophic lateral
sclerosis (ALS), but confounding and high risk of bias prevent causal conclusions
(17). Chronic traumatic encephalopathy neuropathological change (CTE-NC) has
been identified after death in some former athletes with extensive exposure to
repetitive head impacts (1). However, CTE-NC is a postmortem neuropathological
finding rather than a clinical diagnosis, and its prevalence among former athletes
and the general population remains unknown (1). CTE-NC should therefore be
acknowledged as an important area of concern and continuing research without
implying that one or more SRCs necessarily lead to later neurodegenerative disease
(1, 17).

Together, the immediate symptom burden, disruption of sport and daily life,
possibility of persisting symptoms, risk of recurrence, and concern regarding
cumulative consequences make SRC an important target for prevention. Because
SRC begins with the transmission of mechanical forces to the brain, understanding
the biomechanics of head impacts is central to explaining how these injuries occur
and how their risk might be reduced (2).

Head impact biomechanics

Biomechanical pathway

From a biomechanical perspective, SRC can be represented as a sequence in which
external loading to the head, neck, or body produces head motion, which may
generate mechanical responses within the brain and ultimately contribute to
physiological disturbance and clinical injury (18). Head acceleration characterises
how rapidly the head’s linear or rotational velocity changes and therefore lies
between the external load and the internal brain response (2). The resulting
acceleration is shaped by loading characteristics and interactions among the head,
neck, and body, so apparently similar impacts can produce different patterns of head
motion (2, 18).

As the head accelerates, the inertia of the brain generates internal loading that can
produce pressure gradients and deform neural tissue, commonly characterised by
strain and strain rate (18). Because tissue-level responses cannot be measured
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directly during sporting impacts in living athletes, head acceleration is commonly
used as a practical biomechanical surrogate through which the loading experienced
by the brain can be investigated (19, 20). Head acceleration is therefore an upstream
biomechanical indicator rather than a direct measure of tissue damage or
neurological dysfunction.

At the group level, some evidence suggests that greater head acceleration
magnitudes are associated with a higher probability of SRC, and this proposed
relationship has been used to develop biomechanical injury-risk functions (21).
However, reported head acceleration magnitudes during SRC impacts vary
substantially across studies and contexts (2, 22). The extent of this variability across
relevant subgroups remains unclear. Nevertheless, the position of head acceleration
within the biomechanical pathway makes it valuable for characterising head impacts
and evaluating interventions intended to reduce mechanical loading of the brain.
Understanding this role requires separate consideration of the linear and rotational
components of head acceleration.

Linear and rotational head acceleration

Linear head acceleration (LHA) represents the rate of change in the linear velocity
of the head’s centre of gravity and is commonly reported as peak resultant
acceleration in gravitational units (g), whereas rotational head acceleration (RHA)
represents the rate of change in angular velocity and is expressed in radians per
second squared (rad/s?) (20, 23). Together, they describe complementary
components of the head’s six-degree-of-freedom motion (23).

LHA and RHA are associated with different predominant mechanical responses
within the brain (24, 25). LHA primarily generates intracranial pressure gradients,
the magnitude and distribution of which are influenced by acceleration
characteristics and by brain size and shape (25). RHA produces relative motion
between the skull and brain and is particularly associated with shear deformation
and brain-tissue strain (24). These mechanisms are not mutually exclusive, as
pressure and strain can develop during the same impact and the resulting tissue
response reflects the combined characteristics of the head motion (24, 25).

Sporting impacts rarely produce purely linear or purely rotational motion (2). A
force directed through the head’s centre of gravity produces translation, whereas a
force applied away from it creates a moment that rotates the head (20). Therefore,
most impacts generate both components simultaneously (2). LHA and RHA are
mechanically related but represent different aspects of head motion, meaning that
neither completely characterises the loading experienced by the brain when
considered alone (21). For that reason, both measures are commonly examined
together as complementary indicators of biomechanical exposure relevant to SRC.
Their usefulness, however, depends on how accurately and reliably head motion can
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be captured, making the approach used to measure head acceleration an important
consideration (20, 26).

Measuring head acceleration

During sport participation, wearable head-impact measurement devices use
accelerometers and angular-rate sensors incorporated into helmets, headgear,
headbands, skin patches, or mouthguards to record head motion (27, 28). These
devices capture head-acceleration events during training and competition, providing
ecologically relevant information about the frequency and magnitude of real-world
exposure and, when combined with video, the context in which events occurred (27,
28). This ecological value comes with limited experimental control because real-
world impacts occur under highly variable conditions (27, 28). Whether an athlete
anticipated the event is also not captured directly by wearable sensors (29). Field
studies are therefore well suited to characterising exposure but less able to isolate
why a particular head response occurred.

In addition, the accuracy of wearable measurements depends substantially on how
securely the sensor is coupled to the skull. Helmet-, headgear-, and skin-mounted
sensors can move relative to the skull and distort recorded kinematics, whereas
custom-fitted mouthguards generally provide closer coupling through the upper
dentition, particularly when the jaw is clenched (30, 31). Nevertheless, performance
varies with the device, fit, sampling rate, filtering and impact conditions, requiring
validation for the intended application (30). Accurately measuring kinematics and
correctly detecting an event are also separate requirements. Movement or equipment
contact can create false-positive recordings, while recording thresholds and
classification algorithms can miss genuine events (27). Time-synchronised video is
therefore recommended to verify recorded events and provide context, although it
cannot remove all uncertainty (27).

Laboratory testing complements field measurement by using inertial sensors or
motion-capture systems to quantify responses to controlled, non-injurious
perturbations of the head-neck system (29). Standardised loading and participant
instructions permit repeated comparisons and help isolate the effects of factors such
as neck strength or muscle activation (29, 32). Instructions to relax or brace before
loading can also create conditions representing anticipated and unanticipated
impacts under otherwise consistent testing (29, 32). However, non-injurious
loading, constrained movement, and artificial apparatus cannot reproduce the full
complexity of sporting impacts (29). Interpretation therefore depends on protocol
validity and test-retest reliability, requiring study methodology to be standardised
and reported transparently (29, 33). Field and laboratory methods are therefore
complementary, with field methods characterising real-world exposure and
laboratory methods isolating mechanisms under controlled conditions.
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Policy and equipment in SRC prevention

Policy and rule changes

Policy and rule changes seek to prevent SRC by reducing exposure to potentially
injurious contact across entire sporting populations. These approaches may
eliminate particular forms of contact, reduce the frequency or duration of contact
exposure, alter how contact situations are performed or increase the penalties
applied to dangerous play (34, 35). Approaches that remove or substantially reduce
a recognised exposure have shown the clearest benefits (34). Disallowing body
checking in child and adolescent ice hockey was associated with a 58% lower SRC
rate, while limiting contact in American football practice was associated with a 64%
lower practice-related SRC rate, although the certainty of evidence was lower for
the latter (34).

Evidence is less consistent for rules intended to deter dangerous behaviour while
retaining the contact event itself. In youth ice hockey, a zero-tolerance head-contact
policy did not reduce direct or indirect head-contact rates, and fewer than 14% of
direct player-to-player head contacts were penalised after implementation (36). In
professional male football, introducing a red-card sanction for intentional elbow-to-
head contact was associated with reductions in elbow-to-head contacts and overall
head injuries, but the accompanying reduction in SRC did not reach statistical
significance (37). Together, these findings indicate that sanction-based rules are
most likely to produce preventive effects when they are consistently enforced and
result in changes in player behaviour (36, 37).

Policy evaluation remains difficult because league-wide changes rarely permit
randomisation and may coincide with changes in SRC recognition and reporting.
Studies should therefore confirm that the targeted exposure or behaviour changed
and monitor any unintended shifts in risk (34, 35). Female athletes remain
particularly underrepresented, with female-specific estimates reported in only four
of 21 policy or rule-change studies in a recent systematic review (38). Findings from
male-dominated settings should therefore not be assumed to transfer directly to
female athletes. This sex-based evidence gap remains equally important when
considering protective equipment.

Protective equipment

Helmets and padded headgear absorb and distribute impact energy, whereas
mouthguards and facial protection are primarily designed to prevent dental, facial,
and ocular injuries (39). Although helmets reduce the risk of serious structural head
injuries in relevant sports, these benefits should not be assumed to provide
equivalent protection against SRC (39). Some helmet designs and padding
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configurations may reduce SRC risk in American football, but current evidence is
insufficient to conclude helmets consistently prevent SRC across sports (34).

Evidence across specific equipment types illustrates this variability. In collegiate
American football, one helmet model was associated with a 53.9% lower SRC risk
than an older comparator, indicating that protection can differ between helmet
models (40). Mouthguards have established benefits against orofacial injuries (41).
Their use was also associated with a 26% lower SRC rate across collision sports,
although the effect was significant in ice hockey but not in rugby and was driven
largely by one ice hockey study (34). By contrast, a meta-analysis of three
randomised trials involving 6,311 football and rugby players found no reduction in
SRC with soft padded headgear (42). More recent female-specific evidence
introduces further uncertainty. A 2025 meta-analysis combining one randomised
trial and two cohort studies found that headgear was associated with a 30% lower
SRC rate among adolescent female football and lacrosse players, but the certainty
of the evidence was very low (38).

These conflicting findings show that protective effects cannot be generalised across
equipment types, sports, or populations. No protective device should therefore be
considered a complete solution, and equipment is best viewed as one component of
a multifaceted prevention strategy. Whereas policy and equipment primarily modify
impact exposure or the loading transmitted to the head, exercise-based prevention
shifts attention to the athlete’s physical and neuromuscular capacity to respond to
that loading (32, 43).

Exercise-based SRC prevention

Cervical function and neck resistance training

Preventive attention has also focused on exercise-based strategies that may modify
how athletes physically respond when an impact occurs (44). One proposed strategy
is neck resistance training, based on the premise that greater cervical strength and
improved neuromuscular function may enhance control of the head when external
forces are applied (44, 45). By generating forces and moments that oppose
externally induced motion, the cervical muscles may increase head—neck stiffness
and couple the head more firmly to the torso, thereby limiting head motion (44, 45).
Through this proposed pathway, greater cervical strength and appropriately timed
activation could attenuate the head’s kinematic response and potentially reduce SRC
risk, providing a theoretical basis for targeting cervical function within exercise-
based prevention (32, 45).
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Cervical strength is commonly quantified as the peak force or moment generated
during a maximal voluntary isometric contraction, typically measured using
handheld or fixed dynamometry in various cervical directions (44, 45). This
provides a practical measure of direction-specific force-generating capacity. Greater
maximal strength creates the potential to generate larger opposing forces and
moments when external loading attempts to move the head (45). However, strength
measured under static conditions does not establish how rapidly, for how long, or
how appropriately this capacity can be expressed during a brief and multidirectional
sporting impact (44). Maximal isometric strength is therefore an important but
incomplete representation of cervical function.

The timing of cervical muscle activation is another important component of this
biomechanical pathway. During sport participation, anticipated contact may allow
an athlete to pre-activate and co-contract the cervical musculature before loading
begins. Unanticipated contact provides less opportunity to prepare and leaves the
early response more dependent on existing muscle activity and reactive activation
(32, 46). In a laboratory study of 46 male and female contact-sport athletes, greater
isometric strength and anticipatory activation were independently associated with
smaller changes in linear and angular velocity during controlled impulsive loading
across multiple directions (32). Evidence from sporting impacts is less consistent,
with anticipation associated with lower RHA during moderate-intensity impacts in
youth ice hockey, but not during more severe hockey impacts or among high-school
American football players, while effects on LHA were generally absent (46).
Alongside maximal strength and anticipatory activation, rate of force development,
muscle endurance, and strength balance may also influence head acceleration and
potentially SRC risk (44).

Observational evidence relating cervical strength to head acceleration has produced
promising but mixed findings. A systematic review of five cross-sectional football
heading studies found that greater neck strength was associated with lower head
acceleration during purposeful heading, although the strength and direction of these
relationships differed between muscle groups, heading tasks, and kinematic
outcomes (47). Conversely, among 49 high-school and collegiate American football
players, the odds of sustaining higher-magnitude impacts during play were unrelated
to maximal strength but were lower in those with greater cervical stiffness and
smaller angular displacement following laboratory perturbation (48). These findings
suggest that cervical strength may contribute to head control, but its relationship
with head acceleration may depend on how strength is expressed and interacts with
anticipation, technique, and impact characteristics.

Prospective evidence linking cervical strength with diagnosed SRC is similarly
promising but inconsistent. In a study of 6,704 male and female high-school
athletes, weaker preseason neck strength was associated with subsequent SRC, with
each additional pound of overall neck strength corresponding to 5% lower adjusted
odds of SRC (49). Among 225 male professional rugby players, a 10% increase in

20



neck-extension strength was associated with a 13% lower SRC rate, whereas no
significant associations were observed for the other strength directions (50). A more
recent prospective study of 43 adolescent male rugby players also found that lower
neck-extension strength was associated with greater odds of subsequently sustaining
SRC, although only 11 players sustained the injury within this small, single-school
cohort (51). In contrast, a prospective study of 136 male professional rugby players
found that preseason measures of neck strength and endurance had little clinical
value for predicting subsequent SRC (52). Moreover, studies have used different
testing positions, devices, and protocols, limiting direct comparisons between their
findings (44).

Overall, cervical function provides a plausible modifiable target because it may
influence the dynamic response of the head when impacts cannot be avoided.
However, evidence linking cervical function to head acceleration and diagnosed
SRC remains mixed, and neck resistance training should currently be regarded as a
promising strategy rather than an established method of SRC prevention.
Establishing whether this rationale translates into preventive benefit requires well-
designed intervention studies that target the relevant components of cervical
function, evaluate head-acceleration responses under anticipated and unanticipated
loading conditions, and determine whether such interventions can be implemented
consistently within real-world sporting environments.

Developing exercise interventions for real-world sport

Developing an intervention with a plausible mechanism and demonstrating that it
can produce its intended outcomes under controlled conditions are necessary first
steps in injury prevention (53, 54). Efficacy describes whether an intervention can
work under ideal, closely controlled conditions, whereas effectiveness concerns
whether it produces meaningful outcomes when delivered by its intended users
under routine real-world conditions (54). Efficacy studies can tightly control
delivery and provide substantial research involvement, but these conditions are
difficult to reproduce in community sport (54, 55). Preventive impact therefore also
depends on whether teams have sufficient time, resources, personnel, and
organisational support to integrate an intervention and maintain its use (56). This
helps explain why interventions that succeed in controlled studies may not become
established in practice. In a recent mixed-methods study, only around one-third of
programmes represented in the survey had been scaled beyond their original trials,
with limited resources and inadequate organisational support among the reported
barriers to wider scale-up (55).

Effectiveness and sustained implementation are shaped by contextual factors
operating across athletes, coaches, teams, and sporting organisations (56, 57).
Athletes must perceive a programme as relevant and manageable, coaches
determine whether time is allocated to it during training and how its delivery is
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supervised, and organisations influence the facilities and support available (56). In
Swedish female football, programme fit, player engagement, training resources, and
organisational support interacted to influence the adoption and use of an injury-
prevention programme (58). Contextual fit is therefore more likely when intended
end-users are involved during development and planning rather than only after an
intervention has been finalised (53, 57). End-users can identify practical barriers
that may not be apparent to researchers, allowing the intervention to be adapted to
its intended setting (53, 57). This process should remain iterative while preserving
the underlying scientific rationale and core components expected to produce
planned effects (53, 54).

The aim of such involvement is to develop an intervention that is both contextually
relevant and straightforward to deliver (53, 56). Exercise-based programmes are
more likely to be implemented when they are brief, provide clear instructions, and
can be adapted and integrated into existing activities (56, 58). In university female
rugby, participants engaged well with neck resistance training once they understood
its potential benefits, but requested greater exercise variety and adaptability, and
preferred group delivery at the start of team training (59). Any simplification must
nevertheless preserve the training dose needed to retain the intended mechanism of
action (44, 53). Evaluation should therefore examine intervention effects alongside
implementation outcomes such as acceptability, feasibility, adoption, fidelity, and
sustainability, helping to distinguish an ineffective intervention from one that was
not delivered or used as intended (54, 60). Context-specific development is
particularly important for female athletes, who have historically been
underrepresented in injury-prevention research (61, 62).

Underrepresentation of female athletes in SRC research

Female athletes have historically been underrepresented in SRC research, which has
frequently focused on predominantly male samples and male-dominated sports (63).
An evaluation of 171 studies informing three influential SRC consensus and
position statements found that 80.1% of participants were male, more than 40% of
studies included no female participants, and only two used exclusively female
samples (63). More recent evidence indicates some progress. Research informing
the Amsterdam 2022 consensus included more studies with female participants than
research informing the Berlin 2016 consensus, although female athletes remained
underrepresented overall (64).

Numerical inclusion alone does not ensure that evidence meaningfully informs
practice for female athletes, as studies may include both female and male
participants but pool their data without reporting sex-specific estimates or
examining whether associations or intervention effects differ between groups (65).
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In the systematic review informing the 2025 International Olympic Committee
Female, Woman and/or Girl Athlete Injury Prevention consensus, only 40 of 108
SRC studies reported female-specific estimates, including only 19 of 67 studies
evaluating preventive strategies (38). Findings derived predominantly from male
athletes may be relevant to female athletes, but their applicability should be
examined rather than assumed (61). At group level, evidence suggests that female
and male athletes may differ in reported SRC occurrence and injury mechanism
(66). Differences have also been reported in head-impact exposure and cervical
characteristics (67, 68). Addressing underrepresentation therefore requires
adequately powered samples of female athletes, transparent reporting, sex-specific
analyses, and direct evaluation within the populations for whom interventions are
intended (61, 65). Such research is necessary to ensure that future SRC-prevention
recommendations are informed by evidence that adequately represents the athletes
expected to use and benefit from them.
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Rationale for thesis

Effective SRC prevention requires a clearer understanding of the biomechanical
factors associated with injury. LHA and RHA are commonly used as biomechanical
indicators of the forces acting on the head, yet uncertainty remains regarding how
well they distinguish SRC from non-concussive impacts. It is also necessary to
establish whether the magnitude of LHA and RHA during SRC impacts differ across
sports and athlete populations. Clarifying these relationships is important for
interpreting head acceleration as a surrogate outcome and identifying meaningful
targets for preventive interventions.

The use of head acceleration as an outcome also depends on the availability of
reliable testing methods. Although field-based measurements capture impacts in
real-world sporting environments, the influence of factors such as impact direction
and anticipation can be difficult to isolate. A reliable laboratory-protocol is therefore
needed to measure LHA and RHA under controlled conditions and examine
variables that may influence the attenuation of head acceleration. Alongside this
methodological work, existing exercise-based interventions must be synthesised to
identify which strategies may prevent SRC or reduce head acceleration, as well as
which intervention characteristics are sufficiently described and feasible to
replicate.

Female athletes have historically been underrepresented in SRC prevention
research, despite high reported SRC rates in sports such as football. This limits the
extent to which existing evidence can be applied confidently to female football
players and highlights the need for interventions developed specifically within this
context. Developing an exercise-based program together with football end-users
may help ensure that it is informed by both available evidence and the practical
requirements of team-based football.

Finally, developing an intervention does not establish whether it works or can be
implemented successfully. An evidence-based and end-user-informed program
must therefore be evaluated for both its efficacy in improving outcomes relevant to
SRC prevention and its acceptability among those expected to use and deliver it.
Collectively, these needs provide the rationale for the five papers in this thesis,
progressing from evidence synthesis and methodological development to
intervention design and applied evaluation in female football.
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Overall aims of the thesis

The overall aim of this thesis was to advance the evidence base concerning SRC
prevention and related outcomes, with particular emphasis on exercise-based
strategies and their application in female football.

Specific aims

1.

To systematically review the magnitudes of LHA and RHA associated with
SRC impacts in team-sport athletes of all ages and both sexes (Paper I).

To evaluate the test-retest reliability of a novel laboratory-based protocol for
inducing and measuring head acceleration in multiple directions under
anticipated and unanticipated conditions (Paper II).

To systematically review the efficacy of exercise interventions on SRC
incidence, LHA, RHA, and neck muscle strength, and to assess the
completeness of intervention reporting (Paper III).

To describe the development of a novel, evidence-informed neck resistance
training program for SRC prevention in female football, incorporating the
knowledge, experience, and feedback from end-users (Paper IV).

To evaluate the efficacy and acceptability of an end-user-informed neck
resistance training program targeting outcomes related to SRC prevention,
including LHA, RHA, and neck muscle strength, in female football (Paper V).
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Methods

Methodological progression & overview

This thesis comprised five connected papers that used different but complementary
methods to examine SRC prevention. The papers progressed through two main
research strands, which came together in the final paper (Figure 1).

The first strand focused on the biomechanical assessment of head acceleration.
Paper 1 synthesised evidence concerning the magnitudes of LHA and RHA
associated with SRC impacts, establishing the biomechanical context and rationale
for the controlled laboratory assessment evaluated in Paper II. The second strand
focused on exercise-based SRC prevention. Paper III synthesised evidence
concerning efficacy and reporting completeness of exercise interventions, providing
an evidence base for Paper IV, in which a neck resistance training program was
developed by incorporating knowledge, experience, and feedback from end-users in
female football.

These two strands converged in Paper V. The paper drew on the biomechanical
evidence established in Paper I, the laboratory assessment protocol evaluated in
Paper 11, the exercise-intervention evidence synthesised in Paper III, and the end-
user-informed program developed in Paper IV. Paper V subsequently evaluated the
efficacy and acceptability of the program in an applied female football setting. This
progression involved systematic review, laboratory reliability, mixed-methods
development, and quasi-experimental evaluation methods. An overview of the
designs, populations, and methods of the five papers is provided in Table 1.
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PAPER I
Systematic review

Head acceleration in
SRC impacts

Established the
biomechanical context

PAPER II
Test-retest reliability

Laboratory head-
acceleration protocol

Reliable laboratory
assessment

PAPER V
Quasi-experimental
pilot

Program efficacy and

acceptability

PAPER III
Systematic review

Exercise interventions
for SRC prevention

Provided evidence for
program development

PAPER IV
Mixed-methods

End-user-informed
neck training program

End-user-informed
intervention

Figure 1. Methodological progression of the five papers included in the thesis.
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Table 1. Overview of the included papers.
Paper I

Study design  Systematic review and meta-analysis.

Materials 30 articles; 3,262 team-sport athletes; 12% female.

Systematic search of three databases. Extraction of LHA and RHA associated with SRC and
Methods non-concussive impacts. Risk of bias assessed using the NIH Quality Assessment Tool and
certainty of evidence using GRADE.

Random-effects meta-analyses comparing SRC and non-concussive impacts; subgroup,

Data analysis . L S .
Y heterogeneity, sensitivity, and publication-bias analyses.

Paper II

Study design  Laboratory-based test—retest reliability study.
Participants 30 physically active adults; 50% female.

Standardised perturbations in four directions under anticipated and unanticipated conditions

Methods . . c . .
during two sessions within one week. LHA and RHA measured using motion capture.

Data analysis ~ ICCg,1), SEM%, and Bland-Altman analyses.
Paper III
Study design ~ Systematic review and meta-analysis.
Materials 26 articles; 5,249 participants; 4% female.
Systematic search of six databases. Exercise interventions evaluated for SRC incidence,

Methods LHA, RHA, and neck strength. Risk of bias, certainty of evidence , and CERT reporting
completeness assessed.

Meta-analyses using risk ratios and standardised mean differences; subgroup, meta-
regression, heterogeneity, and sensitivity analyses.

Paper IV

Data analysis

Study design =~ Mixed-methods development study.

Participants Nine football end-users (six coaches/medical staff, three players); 67% female.

Two sequential end-user workshops used to develop and refine a neck resistance training

Methods program for female football.

Workshop discussions analysed qualitatively using thematic analysis and integrated to

Data analysis . o . .
¥ inform program development. Quantitative responses summarised descriptively.

Paper V
Study design  Quasi-experimental pilot study.
Participants 27 female football players completed follow-up: intervention, n=14; control, n=13.

Six-week neck resistance training program. Pre-post assessment of LHA, RHA, and neck

Methods strength, alongside adherence, safety, and acceptability.

Group x time mixed ANOVA with partial n? descriptive analysis of adherence, safety,
acceptability, and open-ended feedback.

ANOVA, Analysis of variance; CERT, Consensus of Exercise Reporting Template; GRADE, Grading of
Recommendations Assessment, Development, and Evaluation; ICC, intraclass correlation coefficient; LHA, linear
head acceleration; NIH, National Institutes of Health; RHA, rotational head acceleration; SEM, standard error of
measurement; SRC, sport-related concussion.

Data analysis
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Systematic reviews (Papers I & 111)

Design, registration, & reporting

Papers I and III used systematic review and meta-analysis designs. The protocols
for both reviews were preregistered in the International Prospective Register of
Systematic Reviews (PROSPERO): Paper I under CRD42024584070 and Paper 11
under CRD42023435033. Paper | was reported in accordance with Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020
guidance (69). Paper III followed the PERSIST guidance for implementing
PRISMA 2020 in exercise, rehabilitation, sport medicine and sport science (70).

Eligibility criteria & literature searches

Search strategies for Papers I and III were developed with support from experienced
librarians and tailored to the aim of each review. For Paper I, MEDLINE, Scopus,
and SPORTDiscus were searched on 4 September 2024, and the search was updated
on 10 November 2025. For Paper I1I, MEDLINE, Embase, CINAHL, Scopus, Web
of Science Core Collection, and SPORTDiscus were searched between 24 and 26
June 2023. The searches combined database-specific subject headings and free-text
terms. Paper [ focused on SRC and head acceleration, whereas Paper III focused on
exercise interventions and outcomes related to SRC prevention (i.e., SRC incidence,
head acceleration, and neck muscle strength). No restrictions on publication year or
language were applied. Reference lists of included articles and relevant reviews
were also searched.

All identified records were imported into Covidence (Veritas Health Innovation,
Melbourne, Australia) (71), where duplicates were removed and the selection
process was managed. Two review authors independently screened titles and
abstracts before assessing potentially eligible full-text articles against predefined
eligibility criteria. Disagreements were resolved through discussion between the
two review authors, with the remaining authors consulted when agreement could
not be reached. An overview of the main differences in the eligibility criteria and
methods of Papers I and Il is provided in Table 2.
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Table 2. Comparison of eligibility criteria and methods in Papers I and III.

Component

Review focus

Population

Exposure/intervention

Comparator

Outcomes

Eligible study designs

Search dates and
databases

Critical-appraisal tool

Intervention reporting

Certainty of evidence

Methods of synthesis

CERT, Consensus on Exercise Reporting Template; GRADE,

Paper 1

Magnitudes of LHA and RHA
associated with diagnosed SRC
impacts.

Male and female athletes of any age
and competitive level participating
in team sports.

On-field match or training impacts
associated with an SRC diagnosed
by a qualified professional.

Non-concussive on-field impacts,
when reported; a comparator was
not required for inclusion.

Peak LHA and/or RHA.

Observational and experimental
studies.

MEDLINE, Scopus, and
SPORTDiscus searched on 4
September 2024; search updated on
10 November 2025.

NIH Quality Assessment Tool for
Observational Cohort, Cross-
Sectional, and Case-Series Studies;
articles classified as good, fair, or
poor quality.

Not assessed.

GRADE; certainty initially rated as
low because the included evidence
was predominantly observational.

Random-effects restricted
maximum-likelihood meta-analyses
reporting SMDs and MDs.
Subgroup analyses by sport, age,
sex, session type, and
instrumentation type.

Paper III

Efficacy and reporting completeness of
exercise interventions targeting outcomes
related to SRC prevention.

Male and female athletes of any age and
competitive level, and healthy individuals
from the general population.

Exercise interventions of any modality or
delivery method. Cognitive training,
protective equipment, and policy or rule
changes were excluded.

Control intervention without cervical
exercises and/or no intervention.

SRC incidence, LHA, RHA, and/or
isometric neck strength.

RCTs, cluster RCTs, crossover RCTs,
and quasi-experimental studies.

MEDLINE, Embase, CINAHL, Scopus,
Web of Science Core Collection, and
SPORTDiscus searched between 24 and
26 June 2023.

Cochrane Risk-of-Bias Tool for
Randomised Trials (RoB 2); outcomes
classified as low risk, some concerns, or
high risk of bias.

Reporting completeness assessed using
CERT.

GRADE; certainty initially rated as high
because the eligible designs were
intervention trials.

Random-effects meta-analyses reporting
RRs for SRC incidence and SMDs for
continuous outcomes. Subgroup analyses
by exercise modality, age, and sex, with
post hoc meta-regression where
heterogeneity was detected.

Grading of Recommendations Assessment,

Development and Evaluation;, LHA, linear head acceleration; MD, mean difference; NIH, National Institutes of
Health; RCT, randomised controlled trial; RHA, rotational head acceleration; RoB 2, Risk-of-Bias Tool for
Randomised Trials; RR, risk ratio; SMD, standardised mean difference; SRC, sport-related concussion.
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Data extraction & methodological appraisal

Data extraction and methodological appraisal were conducted independently by the
same reviewer pairs who completed the study-selection process. When relevant
information was missing or unclear, the authors of the included articles were
contacted by email.

General study information and participant characteristics were extracted in both
reviews. The remaining data were specific to the aims of each review. In Paper I,
the authors extracted information on head-acceleration instrumentation and the
frequency, characteristics, and magnitudes of SRC and non-concussive impacts.
Sport, sex, competitive or educational level, session type, and instrumentation type
were also recorded for subgroup analyses. In Paper III, the authors extracted
descriptions of the intervention and control conditions and changes from baseline in
SRC incidence, LHA, RHA, and isometric neck muscle strength.

Different appraisal tools were used because the reviews included different study
designs. In Paper I, the authors assessed methodological quality using the 14-item
National Institutes of Health (NIH) Study Quality Assessment Tool for
observational cohort, cross-sectional, and case-series studies and classified each
study as good, fair, or poor quality (72). In Paper III, the authors assessed risk of
bias separately for each outcome using the revised Cochrane Risk of Bias tool for
randomised trials (RoB 2) and classified the overall judgement for each outcome as
low risk of bias, some concerns, or high risk of bias (73).

Evidence synthesis

In both reviews, the authors performed quantitative synthesis when articles reported
sufficiently comparable outcomes; otherwise, findings were presented narratively.
Random-effects models were used because variation in participant characteristics
and study methods was expected. Pooled estimates were reported with 95%
confidence intervals (CI). Standardised mean differences (SMDs) were interpreted
as small (0.2), medium (0.5), or large (0.8) (74). Statistical heterogeneity was
assessed using the I° statistic and interpreted according to established guidance (75).

In Paper I, analyses were performed in Stata (v. 18) using random-effects restricted
maximum likelihood models. The authors synthesised peak LHA and RHA and
compared SRC with non-concussive impacts using SMDs and mean differences
(MDs). Prespecified subgroup analyses examined differences by sport, age group,
sex, session type, and instrumentation type. Differences between subgroups were
examined using the Qb statistics. Sensitivity analyses excluded articles with poor
methodological quality, impacts without video verification, recording thresholds
below 10 g, or only one reported SRC impact.
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In Paper III, analyses were conducted in Review Manager Web (RevMan Web; v.
4.26.0). The authors performed a meta-analysis when at least two articles reported
the same outcome. SRC incidence was analysed as a dichotomous outcome using a
random-effect Mantel-Haenszel model and expressed as a risk ratio (RR) with a
95% CI. LHA, RHA, and neck muscle strength were analysed as continuous
outcomes using random-effects inverse-variance models and expressed as SMDs
with 95% ClIs. Subgroup analyses were conducted by intervention modality, age
group, and sex. Post hoc meta-regression was performed in Stata (v. 18) to explore
study-level variables that could contribute to heterogeneity. Sensitivity analyses
excluded articles involving the healthy general population, cluster-randomised or
quasi-experimental designs, and articles judged to have a high risk of bias.

Potential reporting bias was examined using funnel plots and Egger’s test. The
certainty of evidence was evaluated using GRADEpro in accordance with the
GRADE handbook (76). The certainty of evidence was initially rated as low in Paper
I because it was derived from observational studies and as high in Paper III due to
the inclusion of randomised trials. In Paper III, the authors also assessed the
reporting completeness of each exercise intervention using the Consensus on
Exercise Reporting Template (CERT) (77). The CERT contains 16 items that were
rated as adequately or inadequately reported, producing a total score from 0 to 19,
with higher scores indicating more complete reporting.

Assessment of head acceleration (Papers 11 & V)

Application of the laboratory protocol

A laboratory-based protocol for inducing and measuring LHA and RHA in multiple
cervical directions under anticipated and unanticipated conditions was used in
Papers II and V. In Paper II, the authors administered the protocol across two
sessions to evaluate its test-retest reliability. In Paper V, the authors subsequently
used the protocol to assess the intervention and control groups at baseline and after
the six-week study period. The shared procedures and study-specific differences are
described below.

Participants & testing schedules

In Paper II, the authors recruited healthy, physically active individuals through
advertisements posted at Lund University and snowball sampling. Individuals were
eligible if they were 16—40 years old and regularly participated in physical activity,
either independently or through organised sport. They were excluded if they had a
current upper- or lower-body injury, had experienced a neck or head injury or related
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pain during the preceding three months, or were unable to voluntarily activate the
cervical muscles to brace for the anticipated trials. Each participant attended two
laboratory sessions within one week.

In Paper V, the research team approached coaches and club representatives from
senior female football teams competing in Swedish Divisions 1-4 in Scania.
Recruitment was therefore conducted at team level. Players were eligible if they
were at least 15 years old, regularly participated in team training or matches, and
were expected to remain available throughout the six-week study period. Players
were excluded if they had a current injury involving the upper or lower limbs, torso,
neck or head, or had sustained a neck or head injury during the preceding three
months. Players in both the intervention and control groups completed laboratory
assessments at baseline and after the six-week study period.

Within each paper, the authors conducted the repeated assessments in the same
motion-analysis room at the Movement and Reality Lab (MoRe-Lab, Faculty of
Medicine, Lund University), using the same equipment and laboratory setup, with
the testing procedures and environmental conditions kept as consistent as possible.
In Paper II, the same two researchers administered all test and retest sessions. In
Paper V, the first author conducted testing together with one of three trained
research assistants. The principal differences in participant eligibility and testing
schedules are summarised in Table 3.
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Table 3. Comparison of participant recruitment, eligibility, and testing schedules in Papers II and V.

Characteristic

Recruitment

Allocation

Inclusion criteria

Exclusion criteria

Testing occasions

Interval of assessments

Purpose of repeated

testing

Laboratory
standardisation

Testing personnel

Paper 11

Individual-level recruitment of
healthy, physically active
individuals through flyers posted at
Lund University and snowball
sampling.

Not applicable; all participants
formed a single test-retest sample.

Aged 16-40 years and regularly
participated in physical activity,
either independently or through
organised sport.

Current upper- or lower-body
injury; neck or head injury or
related pain during the preceding
three months; or inability to
voluntarily activate the cervical
muscles to brace during anticipated
trials.

Two laboratory sessions: test and
retest.

Sessions conducted within one
week.

To evaluate the test—retest
reliability of the laboratory protocol
for measuring LHA and RHA.

Test and retest sessions conducted
in the same motion-analysis room
using identical equipment and
setup. Lighting, temperature, and
room layout were kept consistent.

The same two researchers
conducted all test and retest
sessions.

Paper V

Team-level recruitment through coaches
and club representatives of senior female
football teams competing in Swedish
Divisions 14 in Scania.

One team was allocated to the
intervention group and one to the control
group without randomisation. The
intervention team was selected
purposively based on its capacity to
deliver the program.

Aged >15 years, regularly participated in
team training or matches, and expected to
remain available for team activities
throughout the six-week study period.

Current injury involving the upper limbs,
lower limbs, torso, neck, or head; or neck
or head injury during the preceding three
months.

Two laboratory assessments: baseline and
follow-up in both the intervention and
control groups.

Follow-up conducted after the six-week
intervention period.

To evaluate changes in LHA, RHA, and
neck muscle strength following the
intervention compared with the control
condition.

Baseline and follow-up assessments
conducted in the same motion-analysis
room using the same equipment and setup
for both groups. A standardised protocol
was followed, and lighting, room
temperature, and room layout were kept
consistent.

The first author conducted each session
together with one of three trained project
assistants, who rotated between sessions.

LHA, linear head acceleration; RHA, rotational head acceleration; SD, standard deviation.
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Custom-built testing apparatus

In Papers Il and V, the authors assessed head acceleration using the same custom-
built apparatus designed to deliver brief, controlled mechanical perturbations to the
head and neck. Participants sat upright on an adjustable seat against a rigid backrest.
Straps positioned across the chest and lower back restricted movement of the upper
torso, thereby limiting its contribution to the measured head and neck response. A
closely fitted head harness was secured around the chin and occipital region and
connected to the apparatus by a taut steel wire.

The steel wire passed through a pulley system and was connected to a mechanical
cable clamp. External perturbations were generated by releasing a 1-kg cylindrical
weight from a predefined height selected according to the participant’s body mass.
The falling weight engaged the cable clamp, producing a brief tensile force that was
transmitted through the wire and head harness. The pulley arrangement allowed the
force to be directed along the intended plane of head motion.

Several procedures were incorporated to promote consistent loading and participant
safety. The authors verified the force generated across the available drop heights
using a digital load cell, while a padded stopper limited the maximum displacement
of the cable. The harness fit, torso restraints, and cable tension were checked before
testing. The authors applied the same standardised apparatus and safety procedures
at each assessment occasion in both papers. The apparatus is illustrated in Figure 2.
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Figure 2. Custom-built laboratory apparatus and experimental setup for controlled head acceleration testing in
Papers Il and V. (a) Complete apparatus; (b) close-up view of the dropping mechanism; and (¢) schematic of the
experimental setup during forced cervical extension. The tension adjustment knob (t) removed cable slack, while
the in-line force transducer (T) measured cable tension. The 1-kg weight (W) was released from a predefined
drop height (h) onto the mechanical cable clamp (C), generating a rapid tensile force that was transmitted through
the cable and head harness. The padded stopper (Stop) limited the maximum cable displacement. Reproduced
from Ivanic, et al. (78), © 2026 the authors, under CC BY 4.0.
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Head-perturbation protocol

At each assessment occasion in Papers II and V, the authors administered head
perturbations in four directions: flexion, extension, right lateral flexion, and left
rotation. The order of the directions was randomised across participants. Each
direction was assessed under anticipated and unanticipated conditions.

During anticipated trials, participants were instructed to maximally activate the
cervical muscles and brace before the external load was released. During
unanticipated trials, participants wore an eye mask and were instructed to keep the
cervical muscles relaxed. The authors used standardised verbal instructions
throughout testing and monitored surface electromyography (SEMG) signals in real
time to confirm that participants followed the intended activation condition.

For each direction and condition, participants completed one familiarisation trial
followed by three recorded trials. A 30-second rest period was provided between
trials. The authors applied the same testing sequence, participant instructions, and
number of trials at each assessment occasion in both papers.

Measuring & processing of LHA and RHA

In Papers II and V, the authors recorded head motion using a three-dimensional
motion-capture system (Qualisys AB, Gothenburg, Sweden) sampling at 100 Hertz
(Hz). Four reflective markers attached to the head harness formed a tracking cluster.
Before testing, additional markers were placed over the left and right tragi, and
infraorbital notches. These markers and the measured head mass were used to define
a participant-specific reference frame centred on the estimated head centre of mass.
A static calibration linked the anatomical markers to the tracking cluster, after which
the anatomical markers were removed. An additional marker attached to the falling
weight identified the onset of the external perturbation. The positioning of the
reflective markers and sSEMG sensors is shown in Figure 3.

Raw kinematics data were processed in MATLAB (MathWorks, Natick, USA).
Head motion was calculated relative to the position and orientation of the head at
the onset of the perturbation, assuming that the restrained torso remained fixed.
LHA and RHA were calculated in three axes and combined to obtain resultant LHA
and RHA. The peak resultant value was extracted from each recorded trial. LHA
was expressed in units of gravitational acceleration (g), while RHA was expressed
in radians per second squared (rad/s?).
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Figure 3. Placement of surface electromyography (SEMG) sensors and reflective markers used during head-
acceleration testing: (a) anterior, (b) lateral, and (c) posterior views. Reproduced from Ivanic et al. (78), © 2026
the authors, under CC BY 4.0.

In Paper 11, the authors examined LHA and RHA separately for each perturbation
direction and anticipatory condition. In Paper V, the authors retained these
direction-specific outcomes and additionally calculated composite LHA and RHA
values. Composite outcomes were calculated separately for anticipated and
unanticipated conditions. Before analyses, the authors visually inspected the
motion-capture data for movement artefacts and excluded affected trials. Wireless
sEMG sensors (Ultium EMG, Noraxon, USA) were positioned bilaterally over the
sternocleidomastoid muscles and cervical extensors immediately below the
occipital hairline. The researchers monitored the signals visually in real time to
verify cervical muscle activation during anticipated trials and a relaxed state during
unanticipated trials.

Reliability evaluation (Paper II)

In Paper II, all analyses were performed in Stata (v. 18). Data from the two testing
sessions were summarised using means and standard deviations. Test-retest
reliability was quantified using intraclass correlation coefficients (ICCs,;) based on
a two-way mixed-effects model for absolute agreement and single measurements
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(79). ICC estimates were reported with 95% CI and interpreted as poor (<0.50),
moderate (0.50-0.75), good (0.75-0.90), or excellent (>0.90) (79).

Absolute measurement precision was evaluated using the standard error of
measurement (SEM) and the SEM expressed as a percentage of the pooled mean
(SEM%) (80, 81). Agreement between sessions was further examined using Bland—
Altman plots displaying the mean between-session difference and 95% limits of
agreement. Paired-samples t-tests were used to assess whether systematic
differences were present between the two testing sessions.

Neck resistance training program (Papers IV & V)

Development-to-evaluation process

The neck resistance training program progressed through connected development
and evaluation stages. In Paper IV, the authors developed an evidence-informed
prototype based on the findings of Paper IIl and established resistance training
principles (82). The prototype was examined during an initial workshop with end-
users working in Swedish female football, whose knowledge, experience, and
feedback informed its refinement. The revised program was subsequently tested
during a second on-site workshop with players and coaches, allowing further
adaptation to the team-training context.

In Paper V, the final end-user-informed program was implemented three times per
week over six weeks and evaluated using a quasi-experimental pilot design. The
intervention group completed the program alongside regular football activities,
while the control group continued its usual training. The evaluation included
changes in LHA, RHA, and neck muscle strength, together with players’ and
coaches’ perceptions of program acceptability.

End-user-informed program development (Paper 1V)

In Paper 1V, the authors used a mixed-methods design combining qualitative
workshop methodology with quantitative questionnaire data. Participants for the
first workshop were recruited purposively through local football-club
communication channels and direct email contact. Four end-users participated,
comprising two females and two males working within Divisions 1 and 2 female
football. Their roles and experiences included athletic training, physiotherapy,
coaching, and previous football participation. The workshop was conducted at Lund
University in October 2024, lasted approximately two hours, and was designed to
support discussion and participant-to-participant interaction.
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Participants first received a presentation of the prototype, watched a video
demonstration of the exercises, and were given access to the equipment so that they
could examine and try the program. They then completed a traffic-light activity
using colour-coded sticky notes to assess exercise selection, equipment
requirements, program frequency and duration, and adaptation and progression.
Concerns and suggested changes were subsequently discussed as a group.
Participants also completed a priority-mapping activity using two-dimensional grids
to consider the importance and feasibility of implementation, the perceived efficacy
of the program and its similarity to existing practice, and the anticipated adoption
and adherence in relation to available support and resources. Individual ratings were
followed by moderated group discussions in which participants explained their
decisions and considered alternative perspectives.

The group discussions were audio-recorded and transcribed using speech-
recognition software on an offline computer, after which the first author checked
and corrected the transcripts. The transcripts and written contributions from the
workshops activities were imported into NVivo (v. 14) and analysed together using
reflexive thematic analysis following Braun and Clarke’s six-phase process (83).
Initial coding and theme development were primarily inductive, while program-
specific feedback was subsequently mapped deductively onto the broader analytic
structure. The first author led the analysis, with interpretations and theme
development discussed iteratively within the research team. The qualitative findings
guided decisions concerning exercise selection, equipment, program duration,
progression, and adaptation to regular football activities. They also informed the
development of a study-specific questionnaire for the second workshop.

The second workshop involved five end-users from a Division 3 female football
team: three female players and two assistant coaches, one female and one male. The
workshop was held at the team’s regular premises in February 2026 and lasted
approximately one hour, providing an opportunity to examine the revised program
within its intended training environment. Following a practical demonstration, the
players and coaches completed the entire program and discussed its compatibility
with existing team routines. Players and coaches subsequently completed separate
questionnaires containing adapted items from the Acceptability of Intervention
Measure (AIM), Intervention Appropriateness Measure (IAM), and Feasibility of
Intervention Measure (FIM), together with additional study-specific items (84). All
items were rated on five-point Likert-type scales, and responses were summarised
descriptively at the individual level and separately for players and coaches.

Final program

The final program comprised seven exercises distributed across three sequential
blocks. Each block combined one rolling static neck activation exercise with one or
two dynamic resistance exercises, collectively targeting cervical flexion, extension,
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and rotation in both directions (Table 4, Figure 4). Each session required
approximately 3—5 minutes and was intended to be delivered by coaches at the group
level as part of the team’s regular football warm-up. Three sessions per week were
prescribed.

The rolling static exercises were performed for 30—60 seconds, with progression
achieved by gradually increasing the duration at the team level. The dynamic
exercises were performed for 8—12 repetitions using a head harness with adjustable
resistance tubing. Resistance was individualised and increased when a player could
complete the prescribed repetitions with correct technique and without discomfort.
Before the beginning of the program, players and coaches received an educational
presentation covering SRC, the biomechanical rationale for neck resistance training,
correct exercise technique, and relevant safety considerations. Coaches also
received practical instructions on program delivery, progression, and safety.

Table 4. Structure, prescription, and progression of the final neck resistance training program.

Block Exercise type Cervical moment Prescription Progression

Increase duration weekly at

Rolling static activation ~ Flexion 30-60 seconds
the team level.

Increase resistance at the
individual level when 12
repetitions can be completed
with correct technique.

1 Dynamic activation Flexion 8-12 repetitions

Increase resistance at the
individual level when 12
repetitions can be completed
with correct technique.

Dynamic activation Extension 8-12 repetitions

Increase duration weekly at

Rolling static activation ~ Left rotation 30-60 seconds
the team level.

Increase resistance at the
individual level when 12
repetitions can be completed
with correct technique.

Dynamic activation Right rotation 8-12 repetitions

Increase duration weekly at

Rolling static activation ~ Right rotation 30-60 seconds the team level.

Increase resistance at the
individual level when 12
repetitions can be completed
with correct technique.

Dynamic activation Left rotation 8—12 repetitions

Note. Exercises were performed sequentially within each block. Sessions lasted approximately 3—5 minutes and
were prescribed three times per week as part of the regular football warm-up.
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Figure 4. Examples of neck exercises included in the program: (A, B) rolling static neck flexion; (C, D) dynamic
neck flexion. The individual shown in the image provided consent for publication.
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Intervention delivery & implementation (Paper V)

The intervention was delivered over six weeks, with three sessions planned per
week. The team’s assistant coaches delivered the program, while the first author
provided on-site support once per week and maintained regular contact between
visits. The assistant coaches recorded player attendance and program completion;
and documented progression in exercise duration and resistance. Players were
instructed to report any intervention-related adverse events to the responsible
coaches. During the same period, the control group continued its usual pre-season
football training. The first author remained in weekly contact with the control team’s
head coach to confirm that regular training continued throughout the study period.

Efficacy & acceptability outcomes (Paper V)

Peak LHA and RHA were the primary outcomes and were assessed at baseline and
follow-up using the laboratory-based head acceleration protocol described in Paper
II. Direction-specific and composite outcomes were calculated under anticipated
and unanticipated conditions.

Isometric neck muscle strength was assessed using a protocol informed by guidance
for neck-strength measurement in athletic populations (85). Following a one-minute
cervical warm-up, participants were seated with the torso stabilised and a head
harness connected to a handheld dynamometer fixed to wall-mounted bars. Maximal
voluntary isometric contraction (MVIC) was assessed in flexion, extension, left
lateral flexion, and right rotation. Participants completed one familiarisation and
two recorded trials per direction. The highest force was converted to a neck muscle
moment, and a composite outcome was calculated across directions.

Acceptability was assessed in the intervention group at the end of the six-week
period using questionnaires based on the Theoretical Framework of Acceptability
(TFA) (86). The questionnaires included seven role-adapted statements rated on a
five-point scale and two open-ended questions addressing barriers and suggestions
for continued use. MVIC force values were recorded in Newtons (N), which were
then converted to moments (N-m) by multiplying each force value by the estimated
neck moment arm.

Data analysis (Paper V)

All analyses were performed in Stata (v. 19.5). Baseline, follow-up, and change
values were summarised using means and standard deviations. Baseline differences
between groups were explored using Welch’s independent-samples t-tests.
Intervention effects were examined using mixed-design analyses of variance
(ANOVA), with group as the between-subject factor and time as the within-subject
factor. The group-by-time interaction represented the difference in change between
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the intervention and control groups. LHA and RHA were analysed separately for
each direction, composite score, and anticipatory condition, while neck strength was
analysed by direction and as a composite score.

Between-group differences in change were reported with 95% CI and p-values.
Partial eta squared (n?), with 95% CI was used as the standardised effect-size
measure for the group-by-time-interaction. Values of 0.01-0.05, 0.06—0.13, and
>0.14 were interpreted as small, medium, and large effects, respectively (74).
Statistical significance was set at p<0.05.

Acceptability responses were analysed descriptively after negatively worded items
had been reverse-scored. Player responses were presented as medians and
interquartile ranges, while coach responses were presented as medians and ranges.
Open-ended responses were summarised narratively to describe perceived barriers
and suggestions for continued program use.

Ethical considerations

Papers I and III synthesised previously published research and did not involve the
direct recruitment of human participants. Papers II, IV, and V, which involved
human participants were conducted in accordance with the ethical principles of
Declaration of Helsinki (87). Ethical approval for these studies was granted by the
Swedish Ethical Review Authority (approval number 2024-04579-01). Participant
safety and well-being were prioritised throughout the research process. Before
participation, all participants received information about the relevant study and
provided informed consent.

Declaration of generative Al in the writing process

During the preparation of this thesis, the author used OpenAl’s ChatGPT to support
language editing, including reducing word count and improving readability. The
author critically reviewed, verified, and edited all Al-assisted content and takes full
responsibility for the final content of the thesis.
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Results

Head acceleration in SRC impacts (Paper I)

Evidence base & methodological quality

Paper I included 30 articles comprising 3,262 athletes, of whom only 12% were
female. Across the included articles, 2,363,613 head impacts and 465 SRCs were
reported, with 344 SRCs explicitly associated with a single identifiable impact
event. The evidence base was dominated by American football and measurements
obtained using helmet-mounted sensors. LHA during SRC impacts was reported in
29 articles and RHA in 19, while 16 articles also reported non-concussive impacts,
including LHA data in 15 and RHA data in nine. No articles were rated as having
good methodological quality, with 23 (77%) rated as fair and seven (23%) as poor.

SRC versus non-concussive impacts

The pooled mean peak LHA was 69.6 g for SRC impacts and 25.3 g for non-
concussive impacts, corresponding to a large difference (SMD 2.42, 95% CI 1.73—
3.12). Similarly, the pooled mean peak RHA was 4,931 rad/s? for SRC impacts and
1,966 rad/s? for non-concussive impacts, also representing a large difference (SMD
1.99, 95% CI 1.17-2.81). Heterogeneity was substantial for both LHA (1> = 87%)
and RHA (I> = 89%), while the certainty of evidence for both comparisons was rated
as moderate. The large differences in LHA and RHA between SRC and non-
concussive impacts were maintained across all sensitivity analyses, and no evidence
of publication bias was observed.

Subgroup differences in SRC head acceleration

Among SRC impacts, LHA differed significantly across sports, age groups, sexes,
and instrumentation types, but not between games and practices. RHA differed
significantly across sports and instrumentation types, but not across age groups,
sexes, or session types (Table 5).
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Table 5. Subgroup differences in linear and rotational head acceleration during SRC impacts.

Subgroup

Sport

Age group

Sex

Session type

Instrumentation
type

LHA findings

Significant overall difference (p < 0.001);
highest in American football (83.2 g) and
lowest in ice hockey (43.2 g).

Significant overall difference (p = 0.010);
highest among high-school athletes (88.3 g)
and lowest among youth athletes (61.4 g).

Significantly higher in male than female
athletes: 78.2 versus 44.2 g (p <0.001).

No significant difference between games
and practices (p = 0.090): 72.6 versus 50.4

g.

Significant overall difference (p < 0.001);
highest with helmet-mounted sensors (79.0
g) and lowest with headband-mounted
sensors (39.8 g).

RHA findings

Significant overall difference (p <
0.001); highest in rugby (7,627 rad/s?)
and lowest in ice hockey (3,695 rad/s?).

No significant overall difference (p =
0.250); estimates ranged from 3,637
rad/s? in youth athletes to 7,627 rad/s? in
adult athletes.

No significant difference (p= 1.000):
4,522 versus 4,518 rad/s? in male and
female athletes, respectively.

No significant difference between games
and practices (p = 0.230): 5,537 versus
4,073 rad/s>.

Significant overall difference (p =
0.020); highest with skin patches (6,938
rad/s?) and lowest with helmet-mounted
sensors (4,071 rad/s?).

Note. Values represent pooled mean peak acceleration estimates. For analyses involving more than two categories,
p values refer to the overall between-group comparison and not to the displayed highest-versus-lowest comparison.
LHA, linear head acceleration; RHA, rotational head acceleration; SRC, sport-related concussion.

Reliability of the head acceleration protocol (Paper 1)

Test-retest reliability

Across movement directions and testing sessions, the protocol produced mean peak
LHA values ranging from 0.18 to 0.27 g and mean peak RHA values ranging 19.31
to 41.48 rad/s*>. During anticipated perturbations, LHA demonstrated good test—
retest reliability (ICC range 0.77-0.80; SEM% 4.17-5.56%), while RHA
demonstrated good-to-excellent reliability (ICC range 0.76-0.90; SEM% 3.52—
8.74%). During unanticipated perturbations, LHA demonstrated good reliability
(ICC range 0.75-0.80; SEM% 4.00-7.41%), while RHA demonstrated moderate-
to-good reliability (ICC range 0.72—0.85; SEM% 3.99-11.72%) (Table 6).
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Table 6. Test—retest reliability of peak LHA and RHA across anticipated and unanticipated perturbations.

o .. LHA ICC o RHA ICC o
Condition Direction (95% CI) LHA SEM% (95% CI) RHA SEM%
0.80 0.76
Flexi 4. .

exion (0.63-0.90) 33 (0.55-0.88) 8.36
. 0.77 0.85

Extension (0.56-0.89) 4.17 (0.71-0.93) 8.74

Anticipated

. . 0.79 0.83

Right lateral flexion (0.61-0.89) 4.76 (0.67-0.91) 6.61
. 0.80 0.90

Left rotation (0.63-0.90) 5.56 (0.80-0.95) 3.52
. 0.77 0.77

Flexion (0.57-0.88) 4.00 (0.58-0.88) 717
. 0.78 0.81

Extension (0.59-0.89) 7.41 (0.64-0.90) 11.72

Unanticipated

. . 0.75 0.72

Right lateral flexion (0.54-0.87) 4.17 (0.50-0.86) 9.25
. 0.80 0.85

Left rotation (0.63-0.90) 5.00 (0.72-0.93) 3.99

Note. ICCs were calculated using a two-way mixed-effects model with absolute agreement for single measurements
(ICCs,1). CI, confidence interval; ICC, intraclass correlation coefficient; LHA, linear head acceleration (g); RHA,
rotational head acceleration (rad/s®); SEM%, standard error of measurement expressed as a percentage of the
pooled mean.

Agreement & measurement variability

Across movement directions and anticipatory conditions, mean between-session
differences ranged from -0.01 to 0.00 g for LHA and from -0.11 to 0.75 rad/s* for
RHA, representing less than 5% of the peak values. Bland—Altman analyses
indicated no systematic bias between sessions and no evidence of heteroscedasticity.
Variability was generally greater for RHA than LHA and during unanticipated than
anticipated perturbations.
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Efficacy of exercise interventions (Paper III)

Evidence base & risk of bias

Paper Il included 26 articles, of which 20 involved athletes from various sports and
six involved healthy members of the general population. Sample sized ranged from
10 to 2,452 participants, with a median of 32 participants per article, and only 4%
of the included participants were female. The evidence base was dominated by
resistance-training interventions, while three articles evaluated neuromuscular
warm-up programmes in relation to SRC incidence. Overall, 13 articles (50%) were
rated as having a high risk of bias, 12 (46%) raised some concerns, and only one
(4%) was rated as having low risk of bias.

Efficacy of exercise interventions

The meta-analysis of three articles involving 4,466 participants found that
neuromuscular warm-up programs were not associated with a statistically
significant reduction in SRC incidence (RR 0.69, 95% CI 0.39-1.23). However,
there was a 59% reduction in SRC incidence among teams that implemented the
program at least three times per week, indicating a possible adherence-related dose-
response pattern.

No statistically significant effects of resistance training were observed for LHA
(three articles; 89 participants; SMD -0.43, 95% CI -1.26 to 0.40) or RHA (two
articles; 37 participants; SMD 0.08, 95% CI -0.61 to 0.77). In contrast, resistance
training produced a large improvement in isometric neck strength across 20 articles
involving 638 participants (SMD 0.85, 95% CI 0.57 to 1.13). The pooled estimates
remained similar across all sensitivity analyses, and no evidence of publication bias
was identified (Egger’s test: p = 0.160) (Table 7).
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Table 7. Effects of exercise interventions on SRC incidence, head acceleration, and isometric neck strength.

Outcome Intervention Evidence base P(();;g) egf;;“ ? Cztltizi:;z’:f
HNSILEEOIE wfrfxlll-rl(l):l ;rscf;rlgrrns 4,4636 e;)r;:ilsis[;)ants (01.{3R9£)f293) 69% Low
LHA Resistance training g 93p22§$;f1;ms (-?\2/[6[1(_)0(;.‘430) 63% Very low
RHA Resistance training 3 72p2;2$;z;nts - OS 2/11]200693 7 0% Low
Isometric neck Resistance training 20 articles; SMD 0.85 62% High

strength 638 participants (0.57-1.13)

Note. For SRC incidence, an RR below 1.00 favours the intervention. For LHA and RHA, negative SMDs favour
the intervention by indicating lower head acceleration, whereas positive SMDs favour the intervention for isometric
neck strength. CI, confidence interval; GRADE, Grading of Recommendations Assessment, Development and
Evaluation; LHA, linear head acceleration; RHA, rotational head acceleration; RR, risk ratio; SMD, standardised
mean difference; SRC, sport-related concussion.

Subgroup findings for isometric neck strength

Resistance training improved isometric neck strength across all examined
modalities and participant groups. Large effect sizes were observed for dynamic
(SMD 0.86) and multimodal resistance training (SMD 1.13), while a medium effect
was observed for static resistance program (SMD 0.74). A large effect was observed
among adults aged >19 years (SMD 1.19), compared with a medium effect among
adolescents aged <19 years (SMD 0.73). Similarly, the effects were large among
male participants (SMD 0.89) and medium among female participants (SMD 0.65).

Reporting completeness of exercise interventions

CERT scores ranged from 4 to 16 out of a possible 19, with a median score of 11.5
(IQR 9-13). Information important for intervention replication was inconsistently
reported, with rules for exercise progression described in 13 articles (50%) and
exercise starting levels in 10 articles (38%).
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Neck resistance training program (Paper ['V)

Initial program prototype

The initial neck resistance training prototype consisted of 12 exercises organised
into four sequential blocks and required approximately 10—12 minutes to complete.
Each block combined one rolling static neck activation exercise with two dynamic
resistance exercises targeting the same cervical movement direction. Progressive
loading was incorporated through increased duration for the rolling exercises and
adjustable resistance for the dynamic exercises.

Facilitators & barriers to SRC prevention

During Workshop 1, end-users provided insights not only into the initial neck
resistance training prototype but also into the implementation of SRC prevention
more broadly. Using the inductive analysis, the authors identified six themes that
formed three hierarchical levels: foundational alignment, practice-level alignment,
and operational alignment (Figure 5).

Foundational alignment of SRC prevention

Theme 1. Understanding SRC and the rationale for prevention

Theme 2. Experiencing gaps in guidance and player knowledge
for SRC prevention

Practice-level alignment of SRC prevention

Theme 3. Integrating SRC prevention into existing structures and routines

Theme 4. Introducing unfamiliar SRC prevention practices can be
challenging

Operational alignment of SRC prevention

Theme 5. Identifying the practical features
that support SRC prevention

Theme 6. Identifying the practical features
that limit SRC prevention

Figure 5. Funnel model illustrating the six themes across three hierarchical levels of SRC-prevention alignment
identified during Workshop 1.
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At the foundational level, participants emphasised the importance of understanding
SRC as a serious and recurring injury and establishing a shared rationale for
prevention. However, limited systematic guidance and insufficient player
knowledge were identified as barriers to coordinated prevention.

“There was some frustration that more people should know more about concussions
... it feels like this is largely an education issue.”

At the practice level, participants considered SRC prevention more feasible if
incorporated into established routines, such as warm-ups or prehabilitation
activities, with minimal additional workload. Conversely, unfamiliar exercises and
related safety concerns could create uncertainty, while influential team members
and declining motivation associated with repetitive exercises could hinder wider
acceptance and sustained participation.

“New exercises can feel like a red flag at first ... they work unfamiliar muscle
groups, and there’s concern about doing them wrong or causing injury.”

At the operational level, simple instructions, visual guidance, athlete independence,
and adaptable progression were identified as important facilitators. Implementation
could be hindered by limited time, changing player availability, and insufficient
access to equipment, training space, and financial resources.

“We already have circuit training with three to four stations, but we don’t really
have the space for additional exercises.”

End-user feedback & program refinement

End-users generally viewed neck resistance training program as relevant to SRC
prevention and perceived that improvements in neck strength could contribute to
reducing SRC risk. However, they anticipated that many players might not
understand why neck-specific training was relevant within football, potentially
limiting initial engagement.

“They’ll probably say ... why am I training my neck? They might see it as a pointless
exercise.”

The initial protocol was considered suitable because its simple and flexible design
supported athlete independence and individualised progression. Nevertheless,
participants anticipated hesitation around training the cervical region, including
safety concerns and misconceptions that resistance training would cause excessive
neck muscle growth.

“Players might be scared to train the neck ... because the neck is connected to the
spine.”

51



The program’s 10-12 minute duration was identified as the principal practical
barrier.

“It would be difficult to do the full program as you present it ... 10 minutes on one
muscle group is too time-consuming.”

In response, an educational component was added to explain SRC, the
biomechanical rationale for neck resistance training, correct exercise execution,
safety, and expected muscular adaptations. The exercise component was also
condensed by removing one flexion—extension block and reducing the number of
dynamic rotation exercises. These changes reduced the program from 12 to 7
exercises, from four to three blocks, and from approximately 10—12 minutes to 3—5
minutes, while retaining its multimodal structure and progressive loading (Table 8).

Table 8. End-user feedback and resulting development decisions for the neck resistance training program.

End-user feedback Decision Resulting development response

Players may have limited
understanding of why neck
resistance training is relevant to
SRC prevention.

An educational component explaining SRC and
Added the biomechanical rationale for neck resistance
training.

Concerns were expressed regarding
exercise safety and excessive Added
increases in neck size.

Guidance on correct exercise execution, safety,
and expected muscular adaptations.

Simple instructions and

demonstration videos supported Retained Concise exercise instructions and demonstration
correct and independent exercise videos.
performance.

Adjustable resistance and

progression were considered Retained Team-level progression of rolling duration and
important for accommodating individualised progression of dynamic resistance.
different abilities.

One flexion—extension block was removed and

The 10-12-minute prototype was the number of dynamic rotation exercises was
considered too time-consuming for Modified reduced, decreasing the program from 12 to 7
integration into regular training. exercises, from four to three blocks, and from

approximately 10—12 to 3—5 minutes.
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Evaluation & contextual adaptation

During Workshop 2, coaches and players reported favourable perceptions of the
refined program, with questionnaire responses supporting its acceptability,
relevance, applicability, and perceived effectiveness. The program was considered
easy to perform and suitable for independent completion following familiarisation.
The main difference between groups concerned safety-related perceptions. Coaches
expressed some concern that players might feel uncomfortable training the neck,
whereas players did not report any concerns about neck injury or discomfort. Both
groups indicated that time would not limit implementation, suggesting that the
refined duration of 3—5 minutes addressed the principal barrier identified during the
initial workshop. No further modifications were made following the evaluation.

As part of the contextual adaptation, the team decided to incorporate the program
into its on-field warm-up three times per week and deliver it with players divided
into smaller groups. Two assistant coaches were assigned responsibility for program
delivery and oversight.

Efficacy & acceptability of the program (Paper V)

Participant flow & baseline characteristics

Two of the nine female football teams approached agreed to participate. Of the 40
players invited from these teams, 30 enrolled and completed baseline testing,
corresponding to a recruitment rate of 75%. Twenty-seven players completed
follow-up and were included in the final analysis, representing 90% retention, with
14 players in the intervention group and 13 in the control group. The three
withdrawals were unrelated to the intervention. At baseline, the intervention group
was younger than the control group (16.9 = 0.6 vs. 22.0 + 6.4 years; p = 0.014),
whereas the remaining participant characteristics were comparable between groups.

Intervention delivery, adherence, & safety

Across the 6-week intervention, players completed a mean of 11.2 of the 16 planned
sessions, corresponding to 70% adherence. Individual participation ranged from 8
to 14 sessions, with an average of 1.9 sessions per player per week. No intervention-
related adverse events occurred.
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Efficacy outcomes

The intervention group showed greater reductions in LHA than the control group
under both anticipatory conditions. During anticipated perturbations, significant
differences were observed for flexion, extension, rotation, and the composite score
(all p £0.018; partial n?> = 0.21-0.44). The difference for lateral flexion was not
statistically significant (p = 0.256). During unanticipated perturbations, reductions
favouring the intervention were found across all tested directions and for the
composite score (all p < 0.037; partial > = 0.17-0.49) (Table 9).

A similar pattern was observed for RHA. Under anticipated conditions, the
intervention group showed greater reductions in flexion, extension, rotation, and the
composite score (all p < 0.016; partial n> = 0.21-0.25). No significant difference
was found for lateral flexion (p = 0.075). Under unanticipated conditions, significant
reductions favouring the intervention were observed across all tested directions and
for the composite score (all p < 0.012; partial n?> = 0.23-0.40) (Table 9).

Neck muscle strength increased to a greater extent in the intervention group across
all tested directions and for the composite score (all p < 0.003), with large effect
sizes (partial n? = 0.31-0.66) (Table 9).

Table 9. Summary of efficacy outcomes for head acceleration and neck muscle strength in Paper V.

e Significant Difference p ol o .
Outcome Condition findings in change values partial n Exception
Flexion,
Extension L,
Anticipated . -0.06;-0.03 <0.018 0.21; 0.44 flexion
Rotation, _
; (p =0.256)
LHA Composite
(9]
Unanticipated 1 GIreCtions, g 5. 003 <0037 0.17;049 None
Composite
Flexi
Extension Lateral
Anticipated o -6.32;-3.66  <0.016 0.21; 0.25 flexion
Rotation, B
; (p =0.075)
RHA Composite
(rad/s?)
Unanticipated -1 directions, o )0 425 <0012 0.23;040 None
Composite
Neck strength - All directions, 3 )4 401 <0003 0.31;0.66 None
(N-m) Composite

Note. Negative between-group differences indicate greater reductions in head acceleration in the intervention group,
whereas positive differences indicate greater increases in neck muscle strength. LHA, linear head acceleration;
RHA, rotational head acceleration; n? partial eta squared.
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Acceptability and implementation feedback

Both players and coaches reported favourable perceptions of the program. Median
player ratings across the questionnaire items ranged from 4 to 5 (scale range: 1-5),
indicating that the program was considered relevant, understandable, manageable,
and easy to perform. Median coach ratings ranged from 3.5 to 4.5, reflecting
similarly positive perceptions of delivering and supervising the program.

In the open-ended responses, players primarily reported discomfort when
performing the rolling exercises on natural grass and suggested using thin exercise
mats. Coaches identified maintaining the program’s frequency throughout the
competitive season as the main implementation challenge. They suggested
performing it at every training session during preseason, followed by once-weekly
maintenance during the season, or twice weekly when considered appropriate for
players with a history of SRC.
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Discussion

Across five studies, this thesis progressed from characterising the biomechanical
features of SRC to developing and evaluating an exercise-based prevention strategy.
The findings established LHA and RHA as relevant components of SRC
biomechanics, while also demonstrating considerable variability in real-world
impacts across sporting contexts. In response to this variability, a reliable
laboratory-based protocol was established, allowing head acceleration to be
assessed with greater control under anticipated and unanticipated conditions. The
subsequent review of exercise interventions suggested potential to reduce SRC
incidence and showed that resistance training improved neck muscle strength, but
evidence of effects on head acceleration remains limited. To address this gap, an
end-user-informed neck resistance training program was developed for female
football players, a population historically underrepresented in SRC prevention
research. Preliminary evaluation of the resulting program demonstrated reductions
in LHA and RHA during controlled laboratory perturbations, improvements in neck
muscle strength, and favourable acceptability among players and coaches.

Collectively, these findings do not demonstrate that the program reduces SRC
incidence. Rather, the thesis connects biomechanical characterisation, reliable
outcome measurement, evidence synthesis, end-user-informed intervention
development, and preliminary evaluation within one coherent pathway. In doing so,
it provides a foundation for future research to determine whether an acceptable and
contextually feasible neck resistance training program can contribute to a
multicomponent approach to SRC prevention in real-world sport.

Head acceleration as a biomechanical target (Papers I &
1)

Paper I demonstrated that, at the group level, impacts associated with SRC involved
substantially greater LHA and RHA than non-concussive impacts in team sports.
These findings reinforce the central role of head acceleration in the biomechanical
processes underlying SRC (88, 89). LHA and RHA are distinct but related
components of head motion that contribute to different aspects of the brain’s
mechanical response to impact (21, 88). Their measurement may therefore help
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characterise SRC impacts and evaluate whether preventive strategies modify head
kinematics (34, 88).

However, the distribution of LHA and RHA for SRC and non-concussive impacts
overlapped considerably, with some SRC impacts occurring at lower magnitudes
than some non-concussive impacts. This overlap indicates that greater head
acceleration reflects greater inertial loading but does not invariably result in SRC,
as injury tolerance appears to vary between individuals and according to impact-
specific characteristics (89, 90). Consequently, no universal acceleration threshold
can reliably determine whether an individual impact will result in SRC (20, 89).
LHA and RHA should instead be interpreted as biomechanical outcomes that
contribute to understanding SRC risk rather than as stand-alone diagnostic
indicators (20, 88).

Paper I also identified considerable variation in head acceleration across sports and
measurement systems, with additional differences in LHA according to age group
and sex. Between-sport differences may partly reflect distinct collision demands,
but comparisons are complicated because sport and sensor systems were often
closely linked across included studies. For example, American football studies
predominantly used helmet-mounted sensors, which may be affected by helmet
motion relative to the head, whereas studies in non-helmeted sports more commonly
used instrumented mouthguards, which can provide closer coupling to the skull (31,
91). Variation in device placement, event-verification procedures, filtering
approaches, and recording thresholds could therefore contribute to differences
observed between sports and studies (33, 92). The sex-specific findings also require
cautious interpretation because female athletes were markedly underrepresented in
the available evidence. Although pooled LHA was higher among male athletes, no
significant differences were found for RHA. Nevertheless, given the limited female
data and differences in the sports and measurement systems represented in each
group, the LHA finding should not be interpreted as evidence of a biological sex
difference.

These challenges illustrate the value of complementing field-based measurements
with controlled laboratory assessment. Within such settings, the applied
perturbation, movement direction, anticipatory condition, equipment setup, and
testing procedures can be standardised, reducing sources of variation that are
difficult to control during sport participation (93). Paper II demonstrated good-to-
excellent test-retest reliability for LHA and RHA under anticipated conditions and
moderate-to-good reliability under unanticipated conditions. This is encouraging, as
previous research demonstrated excellent reliability of head-acceleration
measurements obtained using an instrumented mouthguard under pendulum
impactor conditions (94), Paper Il showed that reproducible measurements can also
be obtained from active human participants exposed to controlled perturbations.

57



Variability was slightly greater during unanticipated than anticipated perturbations,
possibly reflecting the stabilising influence of preparatory cervical activation when
participants have time to brace for the perturbation (32). In contrast, unanticipated
perturbations rely more heavily on reflexive responses initiated after loading begins,
the observed variability of these responses across individuals and perturbation
directions may contribute to lower consistency across testing sessions (29, 95). RHA
was also somewhat more variable than LHA, potentially reflecting the asymmetric
and direction-specific patterns of cervical activation involved in controlling
rotational motion (96, 97). Nevertheless, LHA and RHA demonstrated sufficient
reliability under both anticipated and unanticipated conditions to support their use
as outcomes in the subsequent intervention evaluation (Paper V). The protocol does
not reproduce the magnitude or complexity of real-world sporting impacts, but it
provides a safe and controlled method for examining whether an intervention
modifies the head’s response to a standardised external perturbation.

Exercise interventions: evidence & gaps (Paper I1I)

Paper III found no statistically significant pooled effect of neuromuscular warm-up
programs on SRC incidence. However, differences in participant age, intervention
duration, and SRC definitions, together with substantial statistical heterogeneity,
limited confidence in the pooled estimate. Findings from the individual trials
nevertheless indicated possible preventive effects. One trial reported a 60%
reduction in SRC incidence, while another reported a 59% reduction among teams
averaging at least three sessions per week (98, 99). Both trials incorporated neck
resistance training exercises, which the trial authors proposed may have contributed
to the observed reductions (98, 99). However, because these exercises formed part
of broader neuromuscular programs, their independent contribution could not be
established. The findings therefore suggest that neuromuscular warm-up programs
may have preventive potential when delivered at a sufficient dose.

Resistance training did not produce statistically significant pooled effects on either
LHA or RHA. However, the analyses included only three articles and 89 participants
for LHA and two articles and 37 participants for RHA. The nonsignificant findings
should therefore be interpreted as reflecting insufficient evidence to determine
whether resistance training influences head acceleration, rather than evidence of no
effect.

In contrast to findings for head acceleration, resistance training produced large
improvements in isometric neck strength across different exercise prescriptions.
These improvements are consistent with established neuromuscular and muscular
adaptations to resistance training, including enhanced motor-unit activation and
muscle hypertrophy (100, 101). The consistency of the strength gains despite
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substantial variation in training modality, frequency, duration, and intensity further
supports isometric neck strength as a modifiable outcome. However, increased neck
strength represents a proximal physiological adaptation and cannot, by itself, be
interpreted as evidence of reduced head acceleration or SRC risk. Female athletes
were also severely underrepresented, accounting for less than 5% of all included
participants. Although female athletes can achieve meaningful strength adaptations
following resistance training, their limited representation restricts the precision of
sex-specific conclusions and the applicability of the available evidence (102).

Paper III also showed that descriptions of exercise interventions were generally
insufficient to permit accurate replication. None of the included articles reported
motivational strategies; most did not adequately describe participants’ starting
levels; and only half clearly reported rules for exercise progression. These elements
are important as motivation can influence adherence, whereas appropriate starting
levels and progression rules help ensure that training is matched to participants’
capacity and adjusted as they adapt (103, 104). Incomplete reporting therefore limits
both the interpretation of intervention efficacy and efforts to reproduce and
implement promising programs in real-world sport settings (77).

Together, the uncertain evidence regarding effects on head acceleration, the severe
underrepresentation of female athletes, and incomplete intervention reporting
provided the rationale for the next stage of the thesis.

Developing an end-user-informed program (Paper IV)

Paper IV addressed the gap between identifying a potentially beneficial exercise
strategy and developing a program suitable for delivery within routine football
practice. Rather than assuming that an evidence-informed prototype would be
suitable in its original form, intended users were involved in examining how its
content and delivery aligned with their knowledge, experience, established routines,
and available resources. This approach is important because intervention developers
may not fully anticipate the priorities and constraints of those expected to deliver or
undertake a program (105, 106). End-user feedback indicated that implementation
was shaped by considerations at three interconnected levels: understanding the
rationale for prevention, integrating the program into established football practice,
and ensuring that its practical demands were manageable.

At foundational level, coaches, athletic trainers, and physiotherapists described
substantial variation in SRC knowledge, which was often shaped by personal
experience rather than systematic guidance. Limited knowledge among players was
also perceived as a barrier because exercises may be undervalued when their
purpose and relationship to SRC prevention are unclear, consistent with previously
reported gaps in injury-prevention knowledge and awareness in football (107, 108).
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Consequently, an educational package was introduced to explain SRC, the
biomechanical rationale for neck resistance training, correct performance of the
exercises, and common misconceptions about resistance training. Education
therefore became a component of the intervention itself, intended to support
understanding and engagement before players were asked to adopt an unfamiliar
prevention practice.

At the practice level, end-users emphasised that the program should be embedded
within existing training structures rather than delivered as an additional, isolated
activity. Integration into familiar routines is a recognised facilitator of
implementation, whereas additional time demands and viewing injury prevention as
a low priority are common barriers (56). A particularly important finding was the
discrepancy between the coaches’ expectations and players’ experiences. Coaches
anticipated that players might be uncomfortable training the cervical region because
of concerns about injury or excessive muscular development, whereas the players
themselves expressed no such concerns and did not find the exercises
uncomfortable. This discrepancy indicated that the perceptions of one end-user
group should not be assumed to represent those of another. Involving players
alongside coaches and medical or performance staff therefore allowed both
delivery-related concerns and first-hand experiences of performing the program to
inform its development, consistent with previous football research (109). Coaches
also identified influential players as potential role models, highlighting how social
relationships may influence self-efficacy and the adoption of unfamiliar injury-
prevention practices (110).

Operationally, the program needed to be simple, supported by clear instructions, and
sufficiently flexible to be performed by players with increasing independence.
Instructional videos were retained to support correct execution without continuous
supervision, while manageable starting levels and individual progression were
incorporated to accommodate variation in ability and fatigue. These features may
support autonomous motivation and perceived behavioural control, which has been
associated with stronger intentions to engage in injury-prevention behaviours (111).
However, the clearest constraint was time. The original 12-exercise program
required approximately 10-12 minutes and was considered difficult to
accommodate alongside existing warm-up and prehabilitation activities. End-user
feedback therefore led to the program being reduced to seven exercises, shortening
its duration to approximately 3—5 minutes. This refinement was not simply intended
to make the program easier; it balanced reducing the delivery burden with retaining
the training principles required to promote cervical strength adaptations. Equipment
requirements were similarly kept to a minimum, although resistance tubing was
retained because removing all equipment would have limited the scope for
individual progression.

End-user involvement therefore changed the program and the conditions
surrounding its delivery, rather than serving only as a final assessment of an already
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completed intervention. Importantly, Paper IV established the relevance and
perceived feasibility of the program but did not determine whether these adaptations
preserved sufficient training stimulus to modify neck strength or head acceleration.
This provided the basis for evaluating the program’s preliminary efficacy and
acceptability during team-based implementation in Paper V.

Efficacy and acceptability of the program (Paper V)

Paper V brought together the preceding stages of the thesis by evaluating the end-
user-informed neck resistance training program in a team-based female football
setting. Compared with the control group, the intervention group demonstrated
greater reductions in both LHA and RHA across anticipated and unanticipated
conditions. The observed changes therefore encompassed both components of head
motion, which is biomechanically relevant because on-field impacts generally
produce concurrent linear and rotational acceleration (23). The intervention group
also demonstrated greater improvements in neck strength across all tested directions
and in overall strength. Collectively, these findings provide promising preliminary
evidence that a short, progressive, and multidirectional neck resistance training
program may increase cervical force-generating capacity and modify the response
of the head to a standardised external perturbation.

These results began to address an important gap identified in Paper III. Although
resistance training consistently improved neck muscle strength, evidence
concerning LHA and RHA was derived from only a small number of studies and
participants, limiting statistical power and the precision of the pooled estimates
(Paper III). Paper V extends this evidence by showing that gains in neck muscle
strength occurred alongside reductions in laboratory-measured head acceleration.
One plausible interpretation is that increased cervical force-generating capacity
contributed to greater control of head motion during perturbation, consistent with
previous associations between neck strength and smaller kinematic responses to
impulsive loading (32, 45). This mechanism may be particularly relevant during
anticipated trials, in which players could activate the cervical musculature before
loading. In addition, reductions also occurred during unanticipated trials, indicating
that a training-related change was detectable in the absence of planned pre-impact
bracing.

The program was rated favourably by both players and coaches, providing
preliminary support for its acceptability and aligning with the end-user-informed
development approach used in Paper IV. No intervention-related adverse events
were reported, indicating that the program was well tolerated within the intervention
cohort. Feedback nevertheless identified context-specific challenges. Players
reported discomfort when performing the rolling exercises on natural grass, whereas
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coaches focused primarily on how delivery could be maintained throughout the
competitive season. These distinct perspectives reinforce the value of seeking
feedback from multiple end-user groups involved in performing and delivering an
injury-prevention intervention (57).

Taken together, Study V completes the progression of the thesis from characterising
head acceleration and establishing its reliable assessment to identifying limitations
of existing exercise evidence, developing an end-user-informed intervention, and
conducting its preliminary evaluation. The combined findings establish a coherent
foundation for neck resistance training as an acceptable and testable strategy
targeting outcomes relevant to SRC prevention. While improvements in laboratory-
based surrogate outcomes remain distinct from direct evidence of reduced SRC risk,
they provide a basis for progressing to larger studies that directly evaluate whether
the program can reduce head acceleration during real-world impacts and SRC
incidence.

Methodological considerations

The five papers used complementary methods that provided methodological
breadth, but their findings must be interpreted in relation to the limitations of each
design. Both systematic reviews demonstrated moderate-to-substantial
heterogeneity in most analyses (Papers I and III). This wvariability reduced
comparability between studies and increased uncertainty around the pooled
estimates. Moreover, heterogeneity could not be fully explored because potentially
relevant study characteristics were frequently unavailable or inadequately reported.
This was particularly important in Paper I, where SRC history, playing position, and
athlete experience could not be considered consistently, despite their potential
influence on impact exposure and biomechanical responses. In Paper 111, incomplete
descriptions of the interventions similarly limited the identification of
characteristics that might explain differences in efficacy.

Papers II and V relied on laboratory-induced head perturbations as their principal
method of assessing LHA and RHA. The accelerations generated by the apparatus
were considerably smaller than those occurring during real-world football impacts.
The protocol was not intended to reproduce a football collision; rather, the low-
intensity perturbations were deliberately selected to prioritise participant safety
while still producing measurable head motion. Although this limits direct transfer
to the field, the controlled setting reduced variation in impact exposure and enabled
specific variables to be examined in relative isolation.

Paper 1V included nine end-users across two workshops, which potentially limited
the breadth of perspectives that could be captured. However, the sample was
selected purposively, as all participants had direct roles as players, coaches, athletic
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trainers, or physiotherapists across Divisions 1-3 of Swedish female football,
resulting in a contextually relevant and information-rich sample. The design
therefore prioritised depth of discussion and practical knowledge over broad
generalisability. Nevertheless, perspectives from other competitive levels,
geographical areas, or organisational settings may not have been represented.

Paper V purposively evaluated a neck resistance training strategy to establish
whether this specific approach showed sufficient potential for further investigation.
Although this increased the specificity of the intervention, neck muscle strength
represents only one component of the broader SRC-prevention puzzle. End-user
education and training in appropriate heading technique should therefore be
investigated alongside neck resistance training as complementary components of a
multimodal approach to SRC prevention in female football.

Finally, the effect of the developed neck resistance training program on SRC
incidence was not evaluated. A sufficiently powered trial evaluating SRC incidence
would require substantially larger athlete samples, detailed exposure monitoring,
and follow-up across one or more competitive seasons, which was not feasible
within the scope and timeframe of this thesis. Consequently, the thesis provides
foundational evidence concerning biomechanical modifiability and the acceptability
of the intervention, but it does not demonstrate that the program reduces SRC
incidence.
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Clinical relevance and future
perspectives

The findings of this thesis have several implications for SRC prevention research
and practice. First, LHA and RHA are relevant biomechanical outcomes, but their
magnitudes vary considerably with sporting context and measurement methods.
They should therefore not be interpreted in isolation as indicators of SRC
occurrence. Instead, they may serve as intermediate outcomes for examining
whether a preventive strategy modifies the mechanical response of the head before
progressing to larger injury-incidence studies. The reliable laboratory protocol
established in Paper II provides a controlled method for such early-stage
evaluations, particularly when the variability in field-based head-impact
measurements would make intervention effects difficult to isolate.

The end-user-informed neck resistance training program developed and evaluated
in Papers IV and V provides a practical example of this progression. Requiring only
3-5 minutes, the program was incorporated into an existing football warm-up and
was considered acceptable to players and coaches. Preliminary reductions in
laboratory-measured LHA and RHA occurred alongside improvements in neck
muscle strength, while no intervention-related adverse events were reported during
the six-week evaluation. These findings indicate that neck resistance training can be
delivered within a team-based female football setting and may modify outcomes
relevant to SRC prevention. However, the program should currently be regarded as
a promising component rather than an established SRC-prevention intervention
because its effects on head acceleration during sport-specific impacts and SRC
incidence remain unknown.

Future research should improve the consistency and transparency of head
acceleration measurement through greater adherence to the Consensus Head
Acceleration Measurement Practices (CHAMP) guidelines (33). This would
improve comparisons between studies and help distinguish genuine biomechanical
differences from variation introduced by instrumentation or analytical procedures.
Similar improvements are needed in the reporting of exercise-based interventions.
Consistent use of the Consensus on Exercise Reporting Template (CERT) would
facilitate interpretation and replication while enabling clearer examination of which
program characteristics are associated with meaningful effects (77).
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Future research should examine neck resistance training alongside complementary
components, such as training in appropriate heading technique, and evaluate their
effects on head acceleration during controlled, sport-specific heading tasks. This
would help determine whether improvements observed during low-intensity
laboratory perturbations transfer to more representative football situations, thereby
bridging the gap between standardised laboratory testing and the demands of the
sport. Ultimately, adequately powered randomised trials with SRC incidence as the
primary outcome and sufficient representation of female athletes are needed. This
staged pathway from laboratory-based biomechanical testing through controlled
sport-specific task evaluation to incidence-based trials provides a clear framework
for translating the foundational findings of this thesis into evidence of real-world
SRC prevention.
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Conclusion

This thesis followed a stepwise progression, with each paper addressing gaps
identified by the preceding work. Paper I established head acceleration as a relevant
but context-dependent feature of SRC biomechanics, showing greater LHA and
RHA during SRC than non-concussive impacts but considerable variation across
sporting and measurement contexts. This variability highlighted the value of
controlled assessment, which Paper II addressed by demonstrating the test-retest
reliability of a laboratory protocol for measuring head acceleration. Building on this
biomechanical foundation, Paper III examined whether exercise interventions could
influence SRC incidence, head acceleration, and neck muscle strength. Resistance
training produced large improvements in neck strength, but evidence concerning
head acceleration and SRC incidence was limited, heterogeneous, and
predominantly based on male participants.

These gaps directly informed the development of an end-user-informed neck
resistance training program for female football in Paper IV, translating the available
evidence into a brief, contextually adapted intervention. Paper V subsequently
provided the first evaluation of this program, showing preliminary reductions in
laboratory-measured LHA and RHA alongside improvements in neck muscle
strength and favourable ratings of acceptability from players and coaches.
Collectively, the five papers trace a progression from identifying a relevant
biomechanical outcome to demonstrating that it can be assessed reliably under
controlled conditions, synthesising the available intervention evidence, developing
a population-specific program, and examining its preliminary efficacy and
acceptability. Although this thesis does not demonstrate a reduction in SRC
incidence, it provides a coherent foundation for future research to determine whether
this acceptable and feasible neck resistance training strategy can ultimately
contribute to SRC prevention.
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