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Abstract 

The goal of this dissertation is to enhance our knowledge of the three-dimensional 

impulsive strength capacity available at the upper cervical spine and its anticipatory 

neuromuscular control of the superficial neck muscles by characterizing relevant strength- and 

muscle activity outcome variables. 

A scoping review was conducted to critically appraise the level and quality of evidence 

relating neck strength and neck muscle resistance training to the incidence of concussion in 

contact sports. Our analysis did not support the position that peak isometric strength lowers the 

impact severity of hits to the head. We identified the need to investigate short-latency, impulsive 

strength capacity and feedforward muscle activity as a potential strategy to decrease risk of head 

injury. 

The first study characterized the effects of head posture on the multidirectional 

modulation of neck strength. Results demonstrated that the upper cervical spine has a 

significantly decreased strength capacity compared to the lower portion, due to smaller 

mechanical moment arm. Impulsive static strength capacity was also significantly decreased 

when exerting efforts along diagonal planes and positioned in 20˚ head flexion posture.  

The second study characterized the anticipatory neuromuscular activity of the superficial 

neck muscles during multidirectional, ballistic-intent static contractions. The central nervous 

system utilizes simplifying intermuscular coordination synergies during the anticipatory phase of 

a ballistic-intent muscle contraction. The feedforward activities of posterior muscles frequently 

predict high magnitudes of static impulse generation at the upper cervical spine and are most 

influenced by peripheral sensory inputs induced by head flexion posture. 

The third study evaluated the effects of a simple repetitive ballistic-intent training 

stimulus to facilitate an acute increase in early-phase neck strength capacity and muscle 

activation. The single-bout of ten ballistic-intent static maximal efforts produced significant and 



iii 

 

clinically meaningful acute increases in early-phase neck strength capacity and feedforward 

muscle activity that persisted for at least two days post training.  

Through our biomechanical platform, we have enhanced our understanding of how neck 

muscle strength capacity and activation contribute to the stability of the upper cervical spine, 

which serves to increase our ability to diagnose, rehabilitate, and ultimately develop strategies to 

prevent head and upper cervical spine injuries. 
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Chapter 1 

General Introduction 

1.1 Preamble 

The aim of the research presented in this thesis is to enhance our understanding of the 

possible role of neck muscle strengthening in the risk management of head and neck injuries in 

contact sports. In recent years, research on the diagnosis and treatment of concussions and 

cervical spine injuries in sports has markedly increased. Yet, the primary prevention of these 

injuries is the true priority. Basic research is needed to identify mechanisms of head and neck 

injuries that will allow for the development and evaluation of strategies to mitigate potential risk 

factors [1]. 

The focus of this introduction chapter is to provide an overview of the causes of head and 

neck injuries in contact sports, highlight the vulnerability of the upper cervical spine to strain 

injuries, introduce the possible role of the neck musculature in resisting the effects of applied 

external forces and, thereby, lower the risk for injury, and describe the need and rationale for 

conducting this set of studies within the context of this thesis. This chapter concludes by stating 

the specific aims of the thesis, and a summary of the key findings of the body of research 

presented in this thesis. 

1.2 Background and Justification 

The methodology presented in this thesis builds upon preliminary evidence by 

Almosnino et al. [2, 3], in the ability to reliably measure short-latency variables of static neck 

strength that may be relevant to concussion biomechanics. We developed the current platform 

using a commercially available fixed-frame dynamometer (Multi-Cervical Unit, BTE Tech, 

Hanover, MD) with the intention that it would enhance the reliability of measurement and 
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facilitate a transfer to clinical practice. The current biomechanical platform allows for the 

comprehensive measurement and analysis of force and electromyography (EMG) signals to 

provide quantitative measures of peak static strength and muscle activation, but also participant-

specific measures of early-phase force and neuromuscular coordination that may be used as 

outcome measures in clinical practice to evaluate sport-readiness.  

The addition of EMG recording to the measurement platform is important both from a 

clinical and research perspective. In research, neck muscles are being increasingly included in 

computational models of the head and cervical spine to improve biofidelity in predicting 

kinematic response and potential injury mechanisms. Computational models use experimental 

EMG data as inputs, yet no published data characterizes multidirectional feedforward muscle 

activity and coordination. Specifically, the organization of predictive feedforward neuromuscular 

activity when generating static restraint forces; or if the central nervous system (CNS) simplifies 

muscle coordination, similar to strategies used during submaximal efforts, is unknown [4]. 

Multidirectional feedforward EMG input data in computer models would help to advance the 

field of head impact biomechanics. Moreover, while traditional isotonic neck strengthening 

protocols have been demonstrated to be effective in increasing peak neck muscle strength, there is 

little information regarding effective training stimuli to facilitate neural adaptations that lead to 

enhanced predictive muscle coordination and acute increases in early-phase strength capacity. 

Altogether, due to the lack of published data characterizing multidirectional early-phase static 

restraint capacity and the associated neuromuscular coordination, our understanding of the role of 

neck muscle strength and activity in head and neck injury risk management is limited.  

Injury to the neural, vascular and musculoskeletal structures of the head and neck occurs 

when the tensile strength of a specific tissue is exceeded. Within the context of contact sports, 

tissue injury thresholds are exceeded by external forces applied, either directly or indirectly, to 

the head and neck [5-8]. The upper cervical spine, which includes C0 to C3, is specifically 

vulnerable to injury with applied external forces [9-12].  When we consider the moment of inertia 
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relative to the head’s centre of mass and the small mechanical moment arms of muscles acting on 

the head that cross the upper cervical spine segments [13], then the ligaments become susceptible 

to potential irreversible deformation or rupture, even at relatively low magnitudes of applied 

forces and rates of force application [14-16]. Therefore, increasing the magnitude of neck 

stiffness that would be available at the time of impact would offer a protective effect to lower the 

risk for such injuries, by absorbing impacts [7] and lowering the magnitude of force transmitted 

across the osteoligamentous structures of the upper cervical spine [17]. The magnitude of force 

required to cause tissue injury is not trivial. A finite element model of head and cervical spine 

(model includes passive osteoligamentous structures and active musculature), determined that the 

alar ligaments are susceptible to injury when exposed to 21 g (7.6 mm distraction) and 14 g (8.2 

mm) impacts, frontal and rear respectively [16]. These injury thresholds are relevant, as for 

example, elite adolescent hockey players sustain, on average, head impacts of 19 g over the 

course of a season [18]. 

In contact sports, it is natural behaviour for individuals to “brace” the head and neck by 

statically contracting the neck muscles to resist the externally applied force [19, 20]. Bracing the 

neck muscles acts to restrain against a three-dimensional rotational motion of the head caused by 

an external force application. Advanced knowledge of the timing and direction of an external 

force allows the individual to optimally prepare for the impact by statically bracing the neck 

musculature to maximum, and has been demonstrated to be effective in attenuating resultant head 

kinematics in controlled experimental settings [21]. In a highly trained athletic population, it 

takes on average 140 ms to reach 50% of peak force during efforts along the sagittal and frontal 

planes [2]. Therefore, effective attenuation of the post-impact kinematic response of the head and 

neck requires the organization of coordinated neck muscle activity prior to an impact. An 

anticipatory neck muscle response facilitates the generation of a static impulse of moment of 
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force (ISF1) that can be maximized within the first 50 ms after an impact to provide restraint and 

maintain alignment of the cervical spine [22]. This coordinated anticipatory bracing response of 

the neck muscles may also be optimized through task-specific motor learning.  

The results of these research studies have applications in the field of rehabilitation, sport 

science and biomechanics to better measure neck muscle strength capacity and the associated 

neuromuscular coordination.  

1.3 Thesis Goals 

The goal of this thesis is to enhance our knowledge of the three-dimensional strength 

capacity available at the upper cervical spine and its anticipatory organization by characterizing 

relevant strength- and muscle activity outcome variables. To this end, this thesis includes a 

general review of the literature regarding the anatomy, biomechanics and neuromuscular control 

of the cervical spine and selected superficial neck muscles (Chapter 2), a scoping review that 

critically appraised the level and quality of evidence relating neck strength and resistance training 

specific to the neck musculature, to the incidence of concussion in contact sports (Chapter 3); and 

three experimental studies of the effect of head posture on multidirectional neck strength (Chapter 

4), predictive neuromuscular coordination of multidirectional neck strength (Chapter 5), and the 

neural facilitation of static neck strength and neuromuscular activity (Chapter 6). 

1.4 Summary of Chapters 

Chapter 3 is a published scoping review [23] that critically appraised the level and quality 

of evidence relating neck strength and resistance training specific to the neck musculature, to the 

incidence of concussion in contact sports. This chapter demonstrates the need and justification for 

a more in-depth characterization of neck muscle strength and activity that address the current 

                                                        
1 The force variable, ‘impulse of the static moment of force’ is represented in this thesis by the acronym ‘ISF.’ It is 
acknowledged that this acronym does not correspond to the term and may be misleading to the reader. However, ‘ISF’ 
term was used on the insistence of external reviewers before the publication of Chapter 4. Therefore, to maintain 
consistency throughout this thesis, ‘ISF’ is used to represent ‘impulse of the static moment of force.’ 
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gaps in the literature. The analysis did not support the position that peak isometric strength 

attenuates post-impact kinematics of the head or lowers the impact severity. We identified the 

need to focus on the study of multidirectional neck strength capacity using standardized methods 

to investigate early-phase resistive strength capacity and muscle activity in neutral- and non-

neutral head postures.  

Chapter 4 is a published study [24] that evaluated the effects of head flexion postures on 

the multidirectional static force capacity of the neck. The results identified a significant extensor 

bias of 15% in the ratio between flexor and extensor efforts. Placing the head in 20˚ of flexion 

significantly decreased overall static impulse capacity at the upper and lower cervical spine, as 

did efforts along diagonal planes compared to orthogonal planes. Moreover, there was an effect of 

laterality during flexion efforts at 45˚ from midline, with the right side exhibiting a significantly 

greater static impulse capacity. Overall, this study provides evidence of vulnerability of head-

down postures, in that it lowers the resistive capacity of the neck against applied forces. 

Chapter 5 is a study that measured the predictive neuromuscular coordination of the 

multidirectional static force capacity of the neck muscles. Predictive features of the coordination 

of a high ISF were characterized by, 1) a sequential activation of extensor muscles, followed by 

activation of the flexor muscles regardless of the direction of maximal effort exerted; 2) a greater 

capacity to adapt the preferred orientation of activation of the splenius capitis and 

sternocleidomastoid muscles to meet the unique stability requirements for ISF generated along 

multiple directions. These features of the coordination of a high ISF were supported by coherence 

in activation of bilateral muscles over frequency ranges of 10-20 Hz and 30-60 Hz, indicative of a 

common central drive underlying the consistent coordination.  

Chapter 6 is a study that evaluated the effects of a simple repetitive ballistic-intent 

training stimulus to facilitate an acute increase in early-phase neck strength capacity and muscle 

activation. A single-session explosive static training stimulus produced significant and immediate 

increases in rate of moment and static impulse capacity over the first 100 ms, and significant 
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increases in predictive feedforward muscle activity that persisted for at least two days post 

training. The study provides evidence that it is possible to facilitate an increase in predictive 

muscle coordination and activity that increases the resistive capacity of the neck. The results of 

this study will serve as the basis for the design and evaluation of neuromuscular training 

protocols targeted for individuals who exhibit low impulsive strength capacity. 

 Chapter 7 is a recapitulation and general discussion of the four studies presented. There is 

also a discussion of the limitations of this work, as well as clinical applications of the 

biomechanical platform and directions for future research.  
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Chapter 2 

Literature Review: Anatomy, biomechanics and neuromotor control of 

the cervical spine and selected superficial neck muscles 

2.1 Preamble 

The aim of the second chapter is to describe the anatomy and biomechanics of the 

contractile and osteoligamentous tissues, and how they interact with the neuromuscular control 

system to provide stability and active restraint to the head and neck complex. This chapter will 

also discuss previous work describing the neuromuscular coordination of the neck muscles under 

a variety of head loading scenarios, and identify gaps in the literature that the series of studies 

presented in this thesis will address. 

2.2 Components of spinal stability 

The cervical spine consists of seven vertebrae which serve as the support platform for the 

head mass and protects vital neural and vascular structures [1, 2]. Maintaining cervical alignment 

and stability relies on the integrated relationship between three subsystems: passive, active, and 

neuromuscular control [3]. 

2.2.1 Passive subsystem 

The inert tissues that function to provide structural support to the spinal column comprise 

the “passive subsystem” [3]. These tissues include the vertebrae (and uncovertebral joints), 

intervertebral discs, ligaments, facet joints and their fibrous capsules.  

First, the structure of the cervical vertebrae is non-uniform along its length, with the 

shape of each vertebra determining its functional role. Specifically, the cervical spine (C0-C3) 
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has flat and shallow articular surfaces that allow for a high degree of mobility at the expense of 

stability due to relatively low compressive joint contact forces [4]. As such, the upper cervical 

spine relies on a dense network of ligamentous tissue to maintain intervertebral alignment and 

restraint against displacement [5]. It is at the level of C1-C2 where 62% of the total axial range of 

motion occurs [6]. Immediately below, the C2-C3 joint is where the cervical spine transitions 

from increased mobility of the upper portion to increased stability at the lower portion (C3-C7). 

Bogduk et al. [4] refer to the C2-C3 joint as the “root” of the upper cervical spine, as the superior 

articular surface of C3 forms a socket to cradle inferior articular surface of C2. It is below this 

“root” level where the presence of intervertebral discs, uncovertebral and zygapophyseal joints 

provide an enhanced stability that is better able to handle compressive loads compared to the 

upper portion [4].  

The tensile restraint capacity of the osteoligamentous cervical spine is significantly 

greater, due to the restraint provided by ligaments. A dense complex of ligamentous tissue that 

attaches between the occipital condyles and C2 provides mechanical stability and maintenance of 

alignment in the upper cervical spine. This network of ligaments serves to resist excessive 

intervertebral displacement along the sagittal plane and against axial rotation [7-9]. The density of 

the ligamentous network is not uniform along the length of the cervical spine, as differential 

tensile strength capacities exist between the upper and lower segments [10]. In vitro studies report 

that in "passive" cervical spine specimens (C0-C7, devoid of musculature), the upper cervical 

spine is 35-100% stronger compared to the lower segment in tension and bending moments [9-

11].  

The dense network of ligamentous tissues provides a degree of mechanical restraint at the 

upper cervical spine is likely a function of the small moment arms of the superficial muscles of 
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the neck that generate moments of force at the upper cervical spine. Specific muscles and their 

mechanical actions that contribute to neck stiffness and three–dimensional restraint moment-

generating capacity will be discussed further. 

2.2.2 Active subsystem 

Contractile tissues comprise the “active subsystem” [3], and provide the majority of the 

mechanical stability of the cervical column. However, while the neck musculature enhances the 

overall mechanical stability and increases the total tensile capacity of the head and neck system, 

cadaveric and modelling studies have deduced that it preferentially protects the lower portion of 

the cervical spine. The neck musculature generates increased compressive forces and acts a 

dampening mechanism to absorb applied external forces along the lower cervical spine. However, 

the increased restraint capacity at the lower cervical spine provided by the neck musculature 

shifts the node of tensile weakness from the lower to the upper portion of the cervical spine [10, 

12, 13]. These findings are supported by epidemiological data of cervical spine trauma that 

indicate that the upper cervical spine complex is the most frequently injured [9, 11, 14-16]. 

The active subsystem consists of over twenty pairs of muscles overlain in deep and 

superficial layers [17]. The deep layer consists of short muscles with small physiological cross-

sectional areas (PCSA) and small moment arms that typically lie adjacent to the vertebral column. 

The superficial layer consists of longer muscles with large PCSA and moment arms that attach 

the head to the cervical spine or torso. Their unique orientations relative to the vertebral column 

allow for moment generation about the x-, y- and z-axes [18]. Principal superficial muscles 

include the sternocleidomastoids anteriorly, and splenius capitis and upper fibres of trapezius 

posteriorly. Together, these three muscle groups represent the three of the largest PCSA and 

moment-generating capacity [17], and thus have the greatest capacity to resist externally applied 
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forces on the head. 

2.2.2.1 Sternocleidomastoid (SCM) 

The SCM is a long, obliquely oriented strap muscle that originates at the superior lateral 

portion of the manubrium and the superior-medial aspect of the clavicle and attaches on the 

mastoid process at the base of the skull [17]. Due to its orientation relative to the centre of joint 

rotation of each vertebra, the SCM generates moments around the x-, y-, and z-axes [18, 19]. 

Interestingly, also due to its origin and insertion points relative to the curvature of the cervical 

spine, its pattern of moment generation varies between the upper and lower cervical spine along 

the sagittal plane. Specifically, due to its insertion on the mastoid process posterior to the upper 

cervical vertebrae, it generates a small extension moment at the upper cervical segments (upper 

cervical moment arm = 1.0 – 8.0 mm in extension [18, 19]). At the same time, it generates 

progressively larger flexion moment along the lower segments (lower cervical moment arm = 6.8 

mm, 12.6 mm, 20.1 mm, 27.6 mm, and 32.2 mm in flexion at C2-C3, C3-C4, C5-C6, C6-C7 

respectively) [18, 19]. As SCM has the largest overall flexor moment-generating capacity, it is, 

therefore, required to provide much of the restraint moments against anterior-to-posterior applied 

forces acting on the head [13, 19]. 

A modelling study by Oi et al. [13] estimated the individual muscle contributions to 

moment generation at the neck, and reported that the deep neck flexor muscles (infrahyoid 

muscles, longus colli and longus capitis) work in concert with the SCM to provide a flexion 

moment at the upper cervical spine to offset the upper cervical extension moment exerted by the 

SCM [13]. 

2.2.2.2 Splenius capitis (SPL) 
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Splenius capitis is a broad, strap-like muscle that originates on the spinous processes of 

C7-T4 and inserts on the lateral third of the nuchal line and mastoid process [17]. It is a primary 

extensor of the head, but also ipsilaterally side bends and rotates the head [18]. The SPL muscles 

work in conjunction with the contralateral SCMs to produce axial rotation of the head and upper 

cervical spine. 

2.2.2.3 Upper fibers trapezius (UFT) 

The trapezius is the largest muscle with respect to mass, PCSA, as well as moment 

generating capacity [13, 17-19]. It has three functional regions based on the orientation of the 

muscle fibers. This literature review will only focus on the UFT as it originates from the external 

occipital protuberance, medial third of the nuchal line and ligamentum nuchae between C0-C3, 

and inserts on the lateral third of the clavicle and spine of the scapula [18]. The upper portion of 

trapezius is the only segment of the trapezius muscle that can directly affect the head and 

contribute to restraint capacity. 

In anatomical texts, the primary function of UFT is to elevate and rotate the scapula 

against a fixed head and spinal column; however, it also works to fix the scapula against the 

thoracic wall. By stabilizing the scapula against the thoracic wall, the action of the muscle 

reverses, which allows mechanical work to be done on the head and neck. This action reversal has 

been observed in controlled experimental situations, when the upper torso, the scapulae, and the 

clavicles are stabilized, the UFT is to generate moments about all three axes [20]. Furthermore, in 

contact sports, whole- or upper body static bracing, in preparation for a collision, may help to 

stabilize the scapula against the thoracic wall that provides UFT with a fixed insertion point and 

allows for contribution to active head and neck restraint.  
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Studies have reported different moment generating capacities of the UFT at the upper and 

lower cervical spine. Vasavada et al. [19], estimate that UFT contributes approximately 10% to 

the total extension moment, and 19% in lateral bending at the cervical spine; while Oi et al. [13] 

estimates its contribution in extension to be 37% and 28% at the upper and lower cervical spine 

and 35% total lateral bending moment. 

 

(A) 

 

 (B) 

 

Figure 2-1: Schematic representation of the superficial neck muscles studied. (A) Posterolateral view; (B) 
anterolateral view. Both copyright images are used with permission of Primal Pictures 
(www.primalpictures.com). 
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2.2.2.4 Changes in muscles length on moment-generation 

Due to their proximity to the cervical spine, many of the neck muscles have small 

moment arms in a neutral head posture and may be sensitive to even small changes in head and 

neck angles. Therefore, measurement of strength and muscle activation in a neutral head posture 

may not represent the same strength capacity or patterns of muscle activation in head flexion 

postures. 

To this end, Vasavada et al. [19] used graphics-based musculoskeletal modeling to 

evaluate the effect of head posture on the overall moment-generating capacity of the neck 

muscles. Inputs to the model were the attachment sites and morphological properties (e.g. fascicle 

length, pennation angles, PCSAs) from a seminal anatomical study by Kamibayashi and 

Richmond [17]. Vasavada et al. [19] determined that a head flexed posture (30˚) alters the length 

of the moment arms, most noticeably of the SCM, when compared to a neutral posture, increasing 

its flexion moment arm length by approximately 80% about the lower cervical spine and 

decreases its extension moment arm by approximately 50% about the upper cervical spine, 

approaching 0 mm. While the authors did not specifically report changes in the moment arm 

lengths of the SPL or UFT with head flexion posture, they did state that the moment arms of the 

extensor muscles decrease by 10 mm or less. The authors predict that these changes in moment 

arm length lead to an overall 108% increase in its flexion moment-generating capacity of SCM, 

with a concomitant decrease of 12% and 41% for SPL and UFT respectively. When considering 

the average surface area of the occipital condyles available to articulate with the concave surfaces 

of C1 is, on average, 301 mm2 [21], any changes in the balance of moment generating capacity 

could have significant destabilizing effects at the upper cervical spine. Moreover, head flexion 
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posture alters the fascicle length of the muscles [19], which may in-turn affect the sensory and 

proprioceptive inputs that may ultimately affect the muscle activation patterns. 

Discussion of the neck musculature that contributes to head and cervical spine stability 

would be remiss if it failed to acknowledge the presence of deep muscles of the neck that attach 

directly on the upper cervical vertebrae and generate moments, albeit small (e.g. infrahyoid, 

longus colli, longus capitis, levator scapulae, anterior and middle scalenes, splenius cervicis, 

semispinalis cervicis) [18]. These muscles contribute moment generation in specific axes of 

rotation and work in concert with the large superficial muscles to stiffen the head and neck 

complex to resist against imposed loads. However, due to their anatomical locations, these 

muscles are inaccessible without the use of indwelling, fine-wire electromyography techniques. 

Therefore, as this series of studies did not use indwelling electromyography of the deep 

musculature, these muscles will not be discussed further, save for the “limitations” section in the 

general discussion.  

While the active system provides the majority of the mechanical stability to the head and 

cervical spine, their capacity to resist external forces is dependent on the neural subsystem that 

controls the timing and magnitude of neck muscle activity. 

2.2.3 Neural subsystem 

The peripheral and central neural components that contribute to neuromuscular activation 

and control comprise the “neural subsystem” [3]. A highly tuned neuromuscular control system of 

the spinal musculature is critical to ensure that all stabilizing muscles are appropriately tensioned 

to prevent directional or intersegmental weakness [22]. Peripheral neural components include 

muscle spindles, Golgi tendon organs, articular mechanoreceptors, and the vestibular system. 

Other complementary sensory receptors of the cervical spine include periarticular 
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mechanoreceptors that respond to joint excursion and capsular tension, as well as nociception. 

However, depending on the type of receptor, they may only provide sensory information at the 

extremes of joint range [23]. Finally, sensory inputs from the vestibular system also play a 

significant role in head and neck stability and control [24, 25]. External forces that perturb the 

head in space, as well as relative to the trunk, elicit the vestibulocollic- and the cervicocollic 

reflexes. Both reflexes work together to detect sudden changes in head and neck position and 

activate neck muscles to stabilize the head globally, and relative to the trunk, respectively [24, 

25]. 

2.3 Neuromuscular control of the neck musculature 

Neuromuscular activity of the neck muscles has been described in the literature under a 

variety of experimental conditions [26-33]. A general finding across many studies is that at 

relatively low levels of exertion, the neck muscles exhibited preferred directions of activation 

[27-29, 32]. However, in a study by Keshner et al. [32], at a critical load, the authors observed a 

change in muscle activation patterns from a reciprocal, or “tuned response,” to one of co-

activation between the agonist and antagonist muscles.  

In another study, Vasavada et al. [27] examined two- and three-dimensional EMG tuning 

curves when generating sub-maximal isometric moments in three-dimensions. The study used 

surface EMG electrodes to measure muscle activity from SCM, SPL, semispinalis capitis, and the 

UFT. The authors expressed normalized EMG amplitudes as functions of moment direction and 

quantified the orientation (the angle at which they are maximally active) and spatial focus (the 

angular range over which the muscle is active) of specific muscle activity in three-dimensional 

space. Each muscle exhibited a preferred direction of activation; however, they did not 

correspond to their mechanical moment arms. For SCM and SPL, the differences are 
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considerable, with SCM’s preferred orientation measuring 60-70˚ anterior to the moment arm, 

and SPL preferred orientation measuring 45-65˚ lateral to its moment arm. The UFT 

demonstrated the closest preferred orientation to its moment arm, differing between 5-15˚ [27]. 

Rather, they found that the preferred direction of EMG activity was related more to the muscle’s 

anatomical location relative to the cervical spine, rather than maximizing its mechanical 

advantage by aligning with the moment arm. The preferred directional EMG activity that does not 

align with the direction of the moment arm implies that maximizing a muscle’s mechanical 

advantage is not an organizational strategy to coordinate neck muscle activation by the CNS. 

Vasavada’s three-dimensional tuning plots demonstrate that axial rotation efforts elicited the 

largest component of the resultant EMG vectors, which again, did not correspond to the 

mechanical moment arms (except for UFT), highlighting their importance in generating axial 

rotational moments [27].  

In a similar study, Blouin et al. [28] examined the neural control of both deep and 

superficial neck muscles. Similar to findings by Vasavada et al. [27] and Keshner et al. [32], 

Blouin et al. [28] found that neck muscles exhibit preferred directions of activation, and the CNS 

utilizes specific muscles synergies between deep and superficial layers to generate moments of 

force at the neck. However, with increasing force output (25 N – 50 N, continuous sweeping 

isometric motions), muscles became more focused in their activation. These findings are contrary 

to the previous data of Vasavada et al. [27] and Keshner et al. [32], and may be attributed to 

differences in the mechanical constraints associated with the experimental task.  

Contrary to previously held notions that the deep cervical extensor musculature functions 

independently and are uniformly activated across all directions to provide static stabilizing forces, 

these deep extensor muscles were found to exhibit preferred directional tuning similar to the large 
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superficial muscles when performing the isometric sweeping task. Blouin et al. contend that the 

CNS simplifies the redundancy and complexity of the neck musculature by utilizing muscle 

synergies between specific deep and superficial layers of extensor muscles to generate direction-

specific moments through common neural signals [28]. By extension, these results allow for 

inferences to be made regarding the behaviour of the deep musculature, through the analysis of 

activity profiles of the superficial muscles.  

Protocols by Siegmund et al. [26], Gabriel et al. [29], and Kumar et al. [34], offer the 

closest comparison to the experimental protocols presented in this thesis, by quantifying maximal 

multidirectional neck muscle strength and activation in the horizontal plane. Siegmund et al. [26] 

and Kumar et al. [34], measured isometric neck strength in eight directions around the head at 45˚ 

intervals, while Gabriel et al. [29] measured in twelve directions at 30˚ intervals. Kumar et al. 

[34] reported that while flexion efforts resulted in the smallest magnitude of force output, it 

elicited the largest EMG response from the SCM. The authors attribute this to the orientation of 

the SCM, specifically its insertion on the mastoid process, which induces an extension moment 

about the upper cervical spine, and a flexion moment about the lower cervical spine. The 

mechanical inefficiency of this muscle would, therefore, require more activation to generate a 

pure flexion moment. Also, Vasavada et al. [27], postulated that due to the smaller number of 

muscles that generate flexion moments at the neck relative to the number of muscles that generate 

extension moments, to effectively counterbalance the extension moments, the CNS would require 

SCM to generate the majority of the flexion moment, despite its moment arm being oriented just 

anterior to lateral flexion. 

 However, each of these studies had participants exert maximal voluntary efforts in a 

“ramp-and-hold” manner, which may result in different interpretations of neck muscle 
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coordination. Specifically, muscle contractions performed in a ramped fashion are executed in a 

“closed-loop” and may be continuously controlled through sensory feedback [35, 36]. The access 

to sensory feedback allows for online adjustments to be made to improve the accuracy of the task 

[35]. Conversely, muscle contractions performed with ballistic-intent (isometric or concentric) are 

dispatched and executed rapidly without the adjustment of sensory input associated with sensory 

feedback. Once the motor command is dispatched, online adjustments cannot be made, and the 

contraction is executed to completion and is thus termed “feedforward” [37]. Post-execution, 

feedback of accuracy is compared against an internal model of accuracy that allows for 

modifications in the initial motor command, which can be shaped over time through repetition. 

However, feedforward activation strategies of the neck musculature are under-studied [24, 38].  

Characterization of feedforward motor control strategies is highly relevant in the study of head 

and neck biomechanics pertaining to sport-related impacts, as well as the evaluation of training 

stimuli to facilitate the enhancement of feedforward neck muscle coordination. Anticipation of an 

impact allows for an efferent motor command to neck muscles to contract rapidly and stabilize 

the cervical spine to counteract the kinetic and kinematic effects of the perturbation [38]. 

2.4 Pathomechanics of head and cervical spine injuries 

A previous review paper broadly defines minor neck injuries, as injuries to the soft tissue 

(muscles and or ligaments), without an associated fracture of the bone or injury to the spinal cord 

[39]. These injuries occur when the tensile strength of a specific tissue is exceeded, typically, by 

external forces applied either directly or indirectly to the head and neck [40-43]. Similarly, 

concussive injuries result from inertial loading caused by external forces. This inertial loading 

induces linear and rotational acceleration of the head that creates pressure gradients and tensile 

and shear strain within the tissues of the brain [43]. With respect to this thesis, it was assumed 
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that the transmission of force, either caudal or cephalic, through the upper cervical spine and 

brainstem is the fundamental mechanism of both concussion and upper cervical spine injury. 

As previously mentioned, the ligamentous system of the upper cervical spine plays a role 

in maintaining overall cervical alignment by resisting intervertebral displacement [4, 7]. One of 

the strongest and most significant ligament complexes in the upper cervical spine, the alar 

ligaments, function to limit excessive axial rotation of the head [5, 7]. It is these rotated, and head 

flexed postures that render the alar ligaments most vulnerable to strain injury [7, 8, 44-46]. While 

complete uni- or bilateral rupture of alar ligaments is rare, due to the high percentage of non-

elastic collagen fibers that comprises the tissue, they are susceptible to injurious tensile strain 

[47]. Specifically, the alar ligament consists of almost entirely collagen fibers oriented in a 

parallel fashion, rendering them resistant to tensile deformation [47]. However, once an applied 

force exceeds the physiological limits of the ligament and deformation occurs, the tissue will not 

revert to its original length, rendering it lax. Furthermore, individuals who sustain strain injuries 

to the upper cervical ligaments may be at increased risk of future injury due to the weakening of 

the ligamentous tissues. Weakening of the ligaments following mechanical strain has been 

demonstrated in vitro, whereby cervical spine ligaments that were exposed to progressive tensile 

strain from impulsive loading exhibited a significantly lower tissue failure threshold than control 

specimens [48]. These findings are relevant considering that the mean magnitude of head impacts 

measured in minor hockey players (13 years old) has been reported to be 19 g [49]. These 

measured head impact magnitudes are consistent with magnitudes of injurious forces to the alar 

ligaments as predicted through finite element models [50]. 

Injury to the upper cervical ligaments has implications for intervertebral stability, 

sensorimotor control and proprioceptive feedback of the head-neck complex, which places 
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increased demand on the neck musculature to provide active restraint capacity by absorbing 

applied forces, limiting the amount of intervertebral displacement, and thus maintaining 

osteoligamentous tissue integrity. 

The risk and severity of soft-tissue injuries are dependent on the rate- and direction of 

external force application, head and neck posture, and the magnitude of neck muscle tension at 

the time of impact [40, 51]. External forces applied at oblique angles will induce both linear and 

rotational head acceleration. Linear head accelerations are typically the result of direct contact 

with the head that causes translational and angular displacement, causing tensile and shear strain 

on the tissues. Excursion beyond the “neutral zone” (represents the inherent, or baseline, laxity) 

and into the “elastic zone” (represents intervertebral range of motion from the neutral zone to the 

physiological limit. Unchecked applied forces may strain the ligaments into their elastic zone or 

to the physiological limits of the tissue, resulting in injury [52]. Excessive or repetitive excursions 

into the elastic range potentially increases the range of the joint’s neutral zone and consequently, 

shifts the burden of stability further onto the neck musculature [5, 53, 54]. Active restraint of the 

neck musculature is especially important at the upper cervical spine, as the largest sagittal plane 

neutral zones are located at C0-C1 (extension) and C1-C2 (flexion) [55].  

While all of the studies discussed in this literature review have contributed to our 

understanding of neck biomechanics and neuromuscular control, collectively, the body of 

knowledge is limited. Alternative strategies of muscle activation and moment generation, such as 

early-phase force characteristics, under static conditions and generated with ballistic-intent, 

warrant further investigation. Advanced knowledge of the timing and direction of an external 

force allows the individual to optimally prepare for the impact by rapidly bracing the neck 

musculature in a static manner to maximum, and has been demonstrated to be effective in 
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attenuating resultant head kinematics in controlled experimental settings [56] as well as live game 

settings [57]. However, due to the high-speed nature of body-contact sports (e.g. hockey, football, 

rugby), anticipation of the timing and direction of external impacts can be highly variable and 

challenging. In these scenarios, ‘optimal’ preparation (i.e. maximal static stiffness) may not be 

feasible due to time constraints between identification and recognition of an imminent impact and 

the actual time impact. With respect to short-latency, or impulsive, moment of force generation at 

the neck, it would allow for individuals to generate greater magnitudes of stiffness in a shorter 

amount of time (i.e. 50 ms), albeit, not reaching maximal capacity. It should be noted that this 

impulsive stiffness is contingent on the awareness and the ability of the individual to anticipate an 

impending impact, where the earlier the recognition, the greater capacity to prepare to absorb the 

impact.  

As well, the majority of the neck strength research has been completed in neutral head 

postures. Few studies have measured neck strength in head flexed postures [58-62]. However, 

these have been limited to measurements along the frontal and sagittal planes.  

Although the anatomy, morphology and neuromuscular control would suggest that simply 

increasing neck muscle size and strength would be an effective strategy to mitigate the risk of 

head and neck injuries in sport, this has not translated into improved outcomes. The following 

chapter is a published scoping review that critically appraises evidence that relates neck strength 

and resistance training to head and neck injury prevention in sport, as well as the effectiveness of 

resistance training protocols that may be used to attenuate post-impact kinematics of the head. 
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Chapter 3 

Neck muscle strength training in the risk management of concussion in 
contact sports: critical appraisal of application to practice 

Gilchrist I, Storr M, Chapman E, Pelland L 
Journal of Athletic Enhancement, 2015; 4(2): 1-19 

Available from: http://dx.doi.org/10.4172/2324-9080.1000195 

3.1 Preamble 

This chapter is the first in a series of studies that aim to characterize multidirectional 

static neck strength capacity and muscle activation. Specifically, this chapter is a published 

scoping review that identified and critically appraised the level and quality of evidence relating 

neck strength and resistance training specific to the neck musculature, to the incidence of 

concussion in contact sports. This chapter concludes with recommendations for practice and 

future research that will set up the remainder of the studies in this work. 

3.2 Abstract 

Background: Neck strength training has been advocated as a player-specific modifiable factor in 

the risk management for concussion in contact sports. A scoping review of the literature was 

undertaken to address two specific aims. The first was to identify and critically appraise the level 

and quality of evidence relating neck strength and resistance training to concussion incidence and 

risk in contact sports. The second was to compare and contrast the effectiveness of resistance 

neck strengthening programs and to evaluate effects of increased strength in attenuating the post 

impact kinematics of the head, a proxy measure of concussion risk. 

Methods: Structured search of five electronic databases (Ovid MEDLINE, CINAHL, PubMED, 

EMBASE, and AMED), combining MeSH and generic search terms relating neck strength to 
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concussion biomechanics, risk and incidence. Level of research evidence (Oxford Centre of 

Evidence-based Medicine) and methodological quality were determined (PEDro and Newcastle-

Ottawa Scales).  

Results: Total isometric neck strength predicted concussion incidence in one prospective study 

(level 1b). The effect size of strength on concussion incidence was small (Cohen’s d, 0.29). Peak 

isometric strength did not predict the odds of sustaining a moderate or severe head impact in 

contact sports (level 1b, 2b, and 4). Short-latency anticipatory strength exerts an attenuating effect 

on post-impact kinematics of the head (level 1b, 2b) and can be facilitated by selective parameters 

of isotonic strength training. Methodological quality of the research evidence ranged from 6/10 to 

8/10 for controlled trials and 6/9 to 9/9 for case-series and cohort studies. 

Conclusion: Short-latency strength, developed prior to impact, is a key modifying variable of the 

post-impact kinematics of the head. By facilitating short-latency neck strength, muscle strength 

training is a potential target to favorably influence concussion risk, but further study is required to 

determine the translation of neck/head kinematics to concussion risk. Standardized methods for 

assessment of multi-directional short-latency, and peak neck strength need to be adopted and 

combined with prospective studies. 

 

Keywords 

Concussions; Neck strength; Resistance training; Post-impact head kinematics; Concussion risk; 

Neck stiffness 
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3.3 Introduction 

In response to increasing evidence of the severity of acute effects of concussion on 

neurocognitive function and of the possibility for their lasting impairments on health [1-3], 

implementation of risk management strategies for concussion has become a priority for sports 

governing bodies [4-7]. Effective risk management requires a multi-factorial approach, with 

athlete preparation and sports readiness being fundamental components [8]. Within the context of 

contact sport, strength training of the neck musculature has increasingly been advocated as a 

player-specific modifiable factor to lower the odds of sustaining a concussion [9-14]. As stronger 

muscles generate higher peak magnitudes of isometric tension at faster rates of force development 

[15], it is postulated that strength training of the neck musculature would enhance the early 

resistance of the head and neck (HN) segment to externally applied forces, attenuating the post-

impact kinematic response of the head and, thereby, lowering the risk for concussion [9, 10]. 

While this basic research on muscle mechanics provides theoretical support for neck 

strengthening programs that are being promoted as preventative measures for concussions in 

contact sports [16-18], the research evidence specifically relating neck strength to concussion 

risk, incidence and severity have yet to be comprehensively evaluated. Therefore, a scoping 

review of the literature was undertaken to address two specific aims. The first was to identify and 

critically appraise the level and quality of evidence relating neck strength and resistance training 

of the neck musculature to the incidence of concussion in contact sports. The second was to 

compare and contrast the effectiveness of resistance training programs in producing absolute 

gains in isometric neck strength in non-clinical populations and to evaluate effects of increased 

strength in attenuating the post-impact kinematics of the head, which provides a proxy measure of 

concussion risk. 
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3.4 Methods 

The scoping review was performed using the methods outlined by Arksey et al. [19] and 

Anderson et al. [20]. Five databases were searched - Ovid MEDLINE, CINAHL, PubMed, 

EMBASE, and AMED – using two structured search strategies. The first strategy combined 

MeSH and generic terms relating neck strength, measured at baseline or following a resistance 

training intervention, to concussion risk and incidence, and to the concussion-relevant kinematics 

of the HN segment. The second search focused on outcomes of neck training programs and the 

relationship of these outcomes to the kinematics of the HN segment. The search strategies are 

described in Table 3-1 and 3-2, and the searches are up to date to January 2015, week 4. In 

agreement with the scoping nature of the review, the search was not limited by study design; all 

experimental and quasi-experimental designs and systematic reviews outlined by the Oxford 

Center for Evidence-based Medicine were included. 
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Table 3-1: Medical Subject Headings (MeSH) headings and keywords for search on neck 
strength and concussion biomechanics and risk 
Database: MEDLINE - January, week 3, 2015 
Step Search Results 
1 craniocerebral trauma (MeSH)/ or brain 

concussion(MeSH)/ or diffuse axonal injury (MeSH)/ or 
head injuries, closed (MeSH)/ 

25950 

2 exp Neck Muscles (MeSH)/ or sternocleidomastoid 
(keyword) 

6007 

3 muscle contraction (MeSH)/ or isometric contraction 
(MeSH)/ or isotonic contraction (MeSH)/ 

97865 

4 exercise therapy (MeSH)/ or plyometric exercise 
(MeSH)/ or resistance training (MeSH)/ 

29878 

5 exp Biomechanical Phenomena (MeSH)/ or 
biomechanics (keyword) 

86333 

6 Acceleration (MeSH)/ or deceleration (MeSH)/ 8423 
7 Step 1 and 2 25 (Schmidt et al., 2014; Fanta et al., 2014; Eckner 

et al., 2014; Mihalik et al., 2011; Viano et al., 
2007; Bauer et al., 2001; Merrill et al., 1984) 

8 Step 1 and 3 20 (Eckner et al., 2014; Almosnino et al., 2010; 
Tierney et al., 2008; Tierney et al., 2005; Frisch et 
al., 1977) 

9 Step 1 and 4 25 (Cross & Serenelli, 2003);  
10 Step 1 and 2 and 5 7 (Schmidt et al., 2014; Fanta et al., 2014; Eckner 

et al., 2014; Mihalik et al., 2011; Viano et al., 
2007; Bauer et al., 2001; Merrill et al., 1984) 

Database: EMBASE – 1980 to 2015 week 4 
Step Search Results 
1 exp concussion (MeSH) / or exp brain concussion 

(MeSH) / 
5894 

2 neck muscle (MeSH) / 4415 
3 Muscle contraction (MeSH) / or muscle isometric 

contraction (MeSH) / or concentric muscle contraction 
(MeSH) / or eccentric muscle contraction (MeSH) / 

69208 

4 exp muscle strength (MeSH) / or exp resistance training 
(MeSH) / or exp exercise (MeSH) / or exp training 
(MeSH) / or exp muscle hypertrophy (MeSH) / 

243623 

5  Biomechanics (MeSH) / 76414 
6 Step 1 and 2 11 (Schmidt et al., 2014; Eckner et al., 2014; 

Tierney et al., 2005) 
7 Step 1 and 2 and 3 4 (Eckner et al., 2014; Tierney et al., 2005) 
8 Step 1 and 2 and 4 4 (Schmidt et al., 2014; Eckner et al., 2014; 

Tierney et al., 2005) 
9 Step 1 and 3 8 (Eckner et al., 2014; Almosnino et al., 2010; 

Almosnino et al., 2009; Tierney et al., 2005) 
10 Step 1 and 4 and 5 12 (Hanson et al., 2014; Schmidt et al., 2014; 

Eckner et al., 2014; Wick et al., 2014; Benson et 
al., 2013; Meehan III & Bachur, 2009; Park et al., 
2009, Rivara et al., 2014) 

11 Step 1 and 3 and 4 4 (Eckner et al., 2014; Almosnino et al., 2010; 
Almosnino et al., 2009; Tierney et al., 2005) 

Database: AMED (Allied and Complementary Medicine) – 1985 to January 2015 
Step Search Results 
1 head injuries/ or brain injuries/ or brain concussion/ 4837 
2 neck muscles/ 107 
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3 muscle contraction/ or isometric contraction/ or isotonic 
contraction/ or muscle relaxation/ or plyometric exercise 

3951 

4 exp Exercise therapy/ or exp Muscle strength/ or 
Exercise/ 

18141 

5 biomechanics/ 16920 
6 Step 1 and 2 and 3 0 
7 Step 1 and 2 0 
8 Step 1 and 3 10 (Saari et al., 2013) 
9 Step 1 and 4 94 (Kozlowski et al., 2013a; Kozlowski et al., 

2013b) 
10 Step 1 and 5 62 (Patton et al., 2013; Saari et al., 2013; Meaney, 

2011; Withnall et al., 2005; Shewchenko et al., 
2005a; Shewchenko et al., 2005b; Shewchenko et 
al., 2005c; Johnson et al., 2005, Viano et al. 1989) 

Database: CINAHL – January 25, 2015 
Step Search Results 
1 (MeSH "Brain Concussion") 1529 
2 (MeSH "Neck Muscles") OR (MeSH "Trapezius 

Muscles") OR (MeSH "Sternocleidomastoid Muscles")  
1000 

3 (MeSH "Kinetics") OR (MeSH "Kinematics") OR 
(MeSH "Biomechanics")  

16324 

4 (MeSH "Muscle Contraction") OR (MeSH "Eccentric 
Contraction") OR (MeSH "Concentric Contraction") OR 
(MH "Isotonic Contraction") OR (MeSH "Isometric 
Contraction") 

6318 

5 (MeSH "Muscle Strength") OR (MeSH "Resistance 
Training") OR (MeSH "Muscle Strengthening") OR 
(MeSH "Muscle Hypertrophy (Physiology)/PH")  

1404 

6 Step 1 and 2 and 3 3 (Caswell et al., 2014; Eckner et al., 2014; 
Gutierrez et al., 2014) 

7 Step 1 and 3 41 (Caswell et al., 2014; Eckner et al., 2014; 
Gutierrez et al., 2014; Patton et al., 2013; Benson 
et al., 2013; Meehan III, 2011; Meaney et al., 2011; 
Buzzini et al., 2006; McIntosh et al., 2000; Withnall 
et al., 2005) 

8 Step 1 and 2 and 4 2 (Caswell et al., 2014; Eckner et al., 2014) 
9 Step 1 and 2 and 5 4 (Caswell et al., 2014; Eckner et al., 2014; 

Gutierrez et al., 2014; Cornwell, 2013) 
Database: PubMed – January 25, 2015 
Step Search Results 
1 ("brain concussion"[MeSH Terms] OR ("brain"[All 

Fields] AND "concussion"[All Fields]) OR "brain 
concussion"[All Fields]) 

5866 

2 ("neck muscles"[MeSH Terms] OR ("neck"[All Fields] 
AND "muscles"[All Fields]) OR "neck muscles"[All 
Fields] OR ("neck"[All Fields] AND "muscle"[All 
Fields]) OR "neck muscle"[All Fields]) 

11251 

3 "muscle strength"[MeSH Terms] OR ("muscle"[All 
Fields] AND "strength"[All Fields]) OR "muscle 
strength"[All Fields] 

43197 

4 Step 1 and 2 and 3 8 (Schmidt et al., 2014; Eckner et al., 2014; 
Benson et al., 2013; Almosnino et al., 2010; Tierney 
et al., 2008; Tierney et al., 2005; Viano et al., 
2007) 
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Exp – exploded search; PH – physiology subheading. All titles listed were reviewed for relevance and fulfillment of 
inclusion criteria. Only bold titles were retained for full critical review. 
 

Table 3-2: Medical subject headings (MeSH) and keywords for search on resistance training for 
the neck musculature in non-clinical populations.  
Database: MEDLINE – January Week 3, 2015 
Step Search Results 
1 Neck muscles (MeSH)/PH  1291 
2 Isometric contraction (MeSH)/ or isotonic contraction 

(MeSH)/ 
13250 

3 exp Plyometric exercise (MeSH)/ or resistance training 
(MeSH)/ 

3622 

4 exp Electromyography (MeSH)/ 67330 
5 Step 1 and (2 or 3) and 4 64 (Burnett et al., 2008; Portero et al., 2001) 
Database: EMBASE - 1980 to 2015 Week 3 
Step Search Results 
1 Neck muscles (MeSH)/ 4415 
2 Resistance training (MeSH)/ 6389 
3 Step 1 and 2 12 (Kramer et al., 2013) 
Database: AMED (Allied and Complementary Medicine) - 1985 to January 2015 
Step Search Results 
1 Neck muscles (MeSH)/ or sternocleidomastoid 

(keyword)/ or splenius capitis (keyword) 
195 

2 Resistance training (MeSH)/ 740 
3 Step 1 and 2 2 (Portero et al., 2001; Kramer et al., 2013) 
Database: CINAHL - January 25, 2015 
Step Search Results 
1 (MeSH "Neck muscles/PH") OR (MeSH "trapezius 

muscles/PH") OR (MeSH "sternocleidomastoid 
muscles/PH") OR “splenius capitis” (keyword) 
 

323 

2 (MeSH "Resistance training/") OR (MeSH "Muscle 
strengthening/")  
 

9078 

3 Step 1 and 2 48 (Caswell (2014); Cornwell, 2013) 
Database: PubMed – January 25, 2015 
Step Search Results 
1 Neck muscles  
2 Resistance training or “strengthening”  
3 Step 1 and 2 48 (Taylor et al., 2006; Salmon et al., 2013; Kramer 

et al., 2013; Mansell et al., 2005; Portero et al., 
2001; Conley et al., 1997; Pollock et al., 1993; 
Leggett et al., 1991) 

Exp – exploded search; PH – physiology subheading. All titles listed were reviewed for relevance and fulfillment of 
inclusion criteria. Search result titles that are followed by the year in round brackets (e.g. Burnett et al. (2008)) were not 
retained, nor cited in the manuscript. Search result titles that are followed by square brackets (e.g. Cornwell et al. [16]) 
did not meet inclusion criteria for critical review, but were cited in the manuscript. Only bold titles were retained for 
full critical review. 
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3.4.1 Search outcomes 

The first search identified 343 articles relating neck strength and concussion incidence 

and risk (Table 3-1). Of these, 46 titles were redundant, leaving 297 studies for abstract review. 

Another 262 studies were excluded at this phase of the review process as neck strength was either 

evaluated within the context of intervention studies in clinical populations or concussion risk and 

incidence were not explicitly measured outcomes. Of the thirty-five remaining studies, twelve 

were general review articles that did not include either original or systematically reviewed data, 

and three studies could not be retrieved. Five additional studies were identified by a manual 

search of the reference list of retrieved studies and by Google Scholar alerts of new articles on 

concussion. Of this final set of twenty-five articles, twelve were excluded following full review as 

they provided a general context for interpreting research evidence on concussion but did not 

contribute specific data relating neck strength to concussion incidence, risk, or post-impact 

kinematics of the HN segment. Therefore, thirteen unique articles were included in the critical 

appraisal of evidence. 

The second search identified 174 articles on resistance training programs for the neck 

musculature (Table 3-2). Of this original set, four redundant titles were excluded, and one article 

could not be retrieved. Abstracts were reviewed for the remaining 169 studies, with 161 being 

excluded at this phase as they evaluated the effectiveness of strength training programs of the 

neck and shoulder girdle in relation to the incidence of neck pain in healthy populations, 

comparatively evaluated the outcomes of different training modalities on strength using repeated 

measures analysis within a single session, or focused on outcomes between healthy controls and 

clinical populations. One general review article was also excluded, as it did not present either 

original or systematically reviewed data. Three additional strength training studies were identified 
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through a manual search of the reference list of retrieved studies, resulting in ten resistance 

training programs included in the critical appraisal of effectiveness. 

3.4.2 Data analysis 

The guidelines of Law and MacDermid [21] were used to appraise retrieved studies; 

summaries of experimental design and methods, statistical comparison, measured outcome and 

findings were provided for all studies included in the analysis (Tables 3-3 – 3-6). The 

Physiotherapy Evidence Database (PEDro) scale was used to evaluate the methodological quality 

of experimental controlled trials with and without randomisation (RCT and non-RCT) [22, 23], 

while the Newcastle-Ottawa Scale (NOS) was used to evaluate the quality of case-series and 

cohort studies [24]. On the PEDro scale, the criterion for high-quality methodology is a score ≥ 

6/10, with a maximum score of 8/10 possible for non-RCTs. The NOS provides a continuous 

grading of methodological quality for cohort and case-series studies from 0 to 9, with no 

definition of cut-off criteria to define a high-quality of methodology. The level of research 

evidence was determined using the Oxford Levels of Evidence Scale. When possible from the 

data reported, Cohen’s d-statistic was calculated (mean difference between two independent 

samples divided by the pooled standard deviation) to evaluate the effect size of reported 

associations between changes in neck strength and post-impact HN kinematics, concussion risk, 

and incidence. A Cohen’s d value of 0.2 is considered to be a ‘small’ effect size, 0.5 a ‘medium’ 

effect size, and ≥ 0.8 a ‘large’ effect size [25]. For the strength training programs, minimum 

detectable change (MDC95%) values were calculated, when sufficient data were available, to 

determine the magnitude of change necessary for a resistance training program to produce a 

clinically meaningful effect on neck strength [26]. 
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3.5 Results 

3.5.1 Evidence relating neck strength to concussion incidence and risk 

Peak isometric strength does not attenuate post-impact kinematics of the head or lower 

the impact severity of hits to the head, variables commonly used as proxy measures for 

concussion risk. However, the total isometric strength of the neck was found to be a significant 

predictor of concussion incidence in high school athletes. This level 1b evidence is summarized 

in Table 3-3. 

The specific association between peak isometric neck strength and concussion incidence 

has been evaluated in one prospective study [14]. As part of a surveillance study of concussive 

injuries in three high school sports (basketball, soccer and lacrosse), Collins et al. [14] obtained 

pre-season measures of peak isometric neck strength for 6,662 high school athletes. Total neck 

strength was calculated as the mean of the peak isometric force (lbs.) measured in flexion-

extension and bilateral side flexion. Concussion incidence was monitored prospectively during 

the academic years of 2010 and 2011; a clear criterion for concussion diagnosis was not provided. 

Of the study group, 179 athletes sustained a concussion, which is an incidence rate of 2.7%. Sex- 

and sport-specific effects were identified. The incidence of concussion was higher in females (P < 

0.001) and in soccer, where the incidence rate was 5.2 per 10,000 athletes exposures compared to 

3.7 in lacrosse and 2.3 in basketball. After adjusting the logistic regression model for sex- and 

sport-effects, total neck strength remained a significant predictor of concussion incidence (P = 

0.004). The odds of sustaining a concussion were predicted to decrease by 5% for every one lbs 

increase in total neck strength. The effect size of total neck strength on concussion incidence was 

small (Cohen's d = 0.29). 

In a smaller prospective study [27], higher peak isometric neck strength did not lower the 
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impact severity of hits to the head of minor hockey players. Peak isometric strength of the 

anterior and anterolateral neck flexors, posterolateral neck extensors and cervical rotators muscle 

groups was measured prior to the start of the season for thirty-seven elite minor ice hockey 

players. Participants’ hockey helmets were instrumented with the Head Impact Telemetry (HIT) 

system to record peak linear and angular acceleration of the head during on-ice head contacts. 

Head impacts were monitored over 98 games and 99 practices. Post-impact head acceleration 

profiles were combined with data on the location and duration of impact to yield the Head Impact 

Telemetry severity profile (HITsp). The HITsp score was used as a criterion of concussion risk in 

the statistical analysis. Higher peak isometric strength did not predict lower HITsp scores 

(P ≥ 0.22). 

Schmidt et al. [28] confirmed the findings of Mihalik et al. in their prospective study of 

concussion risk in forty-nine high school and collegiate football players, where again, the 

criterion for concussion risk was the HITsp score. Peak isometric strength was measured in 

flexion, extension and bilateral side flexion, with peak magnitudes summed to provide a 

composite strength score. Football helmets were instrumented with the HIT system and impact 

kinematics of the head recorded over one season, including both games and practices. HITsp 

scores were calculated for a total of 19,775 impacts. HITsp scores were rank ordered and the 

group median used as a cutoff to classify athletes into a ‘high’ or ‘low’ head impact group. HITsp 

scores were categorized as mild (HITsp < 11.7, n=4775), moderate (11.7 < HITsp < 15.7, n = 

7309) or severe (HITsp > 15.7, n = 7691), and logistic regression analysis used to relate HITsp 

scores to composite strength scores. Higher isometric strength scores did not modify the odds of 

sustaining a moderate or severe head impact, with an odds ratio of 1.02 (CI95%, 0.80 to 1.32, Note: 

odds ratio of 1.0 indicates no change, >1.0 indicates a greater likelihood of an event, <1.0 
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indicates a lower likelihood of an event) for moderate impacts and 0.96 (CI95%, 0.67 to 1.36) for 

severe impacts. By including player position as a covariate in the regression model, Schmidt et al. 

reported the odds of sustaining a moderate or severe head impact to be highest for linesmen, with 

an odds ratio of 1.78 (CI95%, 1.01 to 3.16) for moderate impacts and 1.34 (CI95%, 0.29 to 6.23) for 

severe impacts, despite linesmen having the highest measures of peak isometric neck strength.  

While peak isometric neck strength did not predict the odds of sustaining a moderate or 

severe head impact in prospective sport specific cohort studies, controlled lab-based studies have 

described an attenuating effect of peak isometric neck strength on the kinematic response of the 

HN segment to standardized applications of external forces to the head. These attenuating effects 

were evaluated using between-subject [11, 13, 29, 30] and within-subject [11, 31] experimental 

designs. This level 2b and level 4 evidence are also summarized in Table 3-3. 
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Table 3-3: Evidence relating peak isometric strength of the neck musculature and the dynamic stiffness of the Head-Neck segment 

Author(s) Experimental 
Design / rating 

Participants Statistical 
Comparisons 

Measures of 
Static Neck 
Strength  

External Force Measured Outcomes Results 

Between-subject comparisons  
Collins et 
al. (2014) 

Prospective 
cohort study 
CEBM: 1b 
NOS: 9/9 

3,002 males 
3,660 females 
 
High school 
athletes 
(basketball, 
soccer, lacrosse) 

Concussed vs. uninjured 
athletes 
 
Odds ratio of 
concussion incidence – 
neck strength predictor 
variable  
 
Logistic regression 
models 

Gradual increase 
of isometric 
contraction to 
peak (lbs.) 
 

Natural collisions Strength 
Peak isometric strength 
(lbs.) in Flex, Ext, RSFlex 
and LSFlex 
 
Concussion incidence 
Athletic therapist reporting 
of concussion incidence 
using High School RIO 
system -  

↑ OR (1.8, p<0.0001) of 
concussion in females vs. males 
overall 
 
↑ OR (2.7, p<0.001) of 
concussion in females vs. males 
in basketball, ↑ OR (1.8, p<0.01) 
in soccer; and OR (1.0, p=0.92) in 
lacrosse. 
 
Isometric neck strength is a 
significant predictor of 
concussion (p=0.004) after 
controlling for gender and sport 
 
↓ OR (0.95) of concussion 
incidence for every 1 lbs increase 
in neck strength 
 

Schmidt et 
al. (2014) 

Prospective 
cohort study 
CEBM: 1b 
NOS: 8/9 

49 males 
16-21 years 
 
High school and 
collegiate 
football players 

DS in Flex and Ext, 
sagittal plane of neck 
motion 
 
High vs. low performers 
(median split) 
 
Line positions vs. non-
line positions 
 
OR (95% CI) of 

Increase 
isometric 
contraction as 
quickly as 
possible (Nm) 

Linear variable 
mass equal to 1.0-
2.5% body mass 
dropped 15 cm via 
cable attached to 
the head. 
 
Head impacts 
sustained during 
practices and 
game over the 

Strength 
Peak isometric torque 
(Nm/kg) and RFD (Nm/s) 
in Flex, Ext, LSFlex, 
RSFlex and Comp (sum of 
all directions) 
 
HN Kinematics 
Peak angular displacement 
(rad) in Flex and Ext 
 

↑66% peak torque in Flex; ↑44% 
Ext; ↑62% RSFlex; ↑62% 
LSFlex; ↑44% Comp, high vs. 
low performers 
 
↑114% RFD in Flex; ↑107% Ext; 
↑117% RSFlex; ↑107% LSFlex; 
↑82% Comp, high vs. low 
performers 
 
↑254% dynamic stiffness in 
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sustaining moderate and 
severe head impacts 
 

2012 season Peak linear head 
acceleration (g) 
 
HITsp score 
 
Dynamic stiffness 
(Nm/rad) 
 
Muscle activity, SCM and 
UFT muscles 
Onset latency (ms), 
defined as moment onset 
and EMG signal upswing 
11 and 6 times resting SD 
(unknown trials only) 
 

forced extension; ↑140% in 
forced flexion; ↑171% Comp, 
high vs. low performers 
 
↑47% angular displacement in 
forced extension; ↑78% in forced 
flexion 
 
↑ OR (1.73 – 1.78) of sustaining 
moderate linear head acceleration 
for high performing lineman for 
strength predictor in RSFlex, 
LSFlex and Comp  
 
↑ OR (1.66) of sustaining severe 
HITsp for high performing non-
lineman for strength predictor in 
LSFlex 
 
↓ OR (0.66) of sustaining 
moderate linear head acceleration 
for high performing non-linemen 
for strength predictor in Flex 
 
↑ OR (2.08 – 3.28) of sustaining 
severe linear head acceleration for 
high performing non-lineman for 
strength predictor in Ext, RSFlex 
and Comp 

Mihalik et 
al. (2011) 

Prospective 
cohort study 
CEBM: 1b 
NOS: 8/9 

37 males 
13-16 years 
 
AAA level 
hockey players 

Comparison of neck 
strength capacity (weak, 
moderate, strong) to 
magnitude of post-
impact kinematics of the 
head 

Gradual increase 
of isometric 
contraction to 
peak (kg) 
 

Natural collisions Strength 
Peak isometric strength 
(kg) in Flex, L45Flex, 
R45Flex, L45Ext, L45Ext, 
LRot, RRot and shoulder 
elevation 
 
HN Kinematics 

↑ 6% HITsp score in players with 
the strongest shoulder elevation 
strength compared to players with 
weak shoulder elevators 
(p=0.011) 
 
Greater isometric neck muscle 
strength does not reduce the 
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Peak linear acceleration (g) 
 
Peak angular acceleration 
(rad/s2) 
 
HITsp score 

magnitude of post-impact HN 
kinematics 

Tierney et 
al. (2005) 

Cohort 
CEBM: 2b 
NOS: 7/9 

20 males  
20 females 
20 – 30 years 

DS in Flex and Ext, 
sagittal plane of neck 
motion 
 
Females to males 

Gradual increase 
of isometric 
contraction to 
peak (lbs.) 
 

Linear 1-kg mass, 
dropped 15 cm via 
cable attached to 
the head 

Strength 
Peak isometric strength 
(lbs.) in Flex and Ext 
 
HN Kinematics 
Peak angular acceleration 
(°/s2) 
 
Total displacement (°) 
 
Dynamic stiffness (lbs./°) 
 
Muscle activity, SCM and 
UFT muscles 
Peak amplitude of 
normalized EMG  
 
Muscle activity area 
(%·ms), defined as sum of 
normalized EMG 
amplitudes 
 
Onset latency (ms), 
defined as time between 
force application and first 
upswing of EMG signal 
(unknown trials only) 

↓ 49% peak strength, females (p 
< 0.001) 
 
↑ 29% angular acceleration, 
females (p = 0.001) 
 
↑ 35% angular displacement, 
females (p = 0.001) 
 
↓ 28% DS, females (p = 0.001) 
 
↑ 81% peak amplitude of EMG, 
females (p = 0.002) 
 
↑ 128% muscle activity area, 
females (p = 0.002) 
 
↓ 29% muscle onset latency for 
SCM and ↓ 9% for UFT, females 
(p < 0.05). 
 

Mansell et 
al. (2005) 

Non-
randomized 
control trial 
CEBM: 2b 

17 males 
19 females 
18 - 22 years 
 

DS in flexion and 
extension, sagittal plane 
of neck motion 
 

Gradual increase 
of isometric 
contraction to 
peak (lbs.) 

Linear 1-kg mass, 
dropped 15 cm via 
cable attached to 
the head 

Strength 
Peak isometric strength 
(lbs.) in Flex and Ext 
 

↓ 42% peak strength, females (p 
< 0.001) 
 
↑ 18% angular acceleration, 
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MQR: 7/10 NCAA, 
Division I 
Soccer  
 

Females to males   HN Kinematics 
Peak angular acceleration 
(°/s2) 
 
Total displacement (°) 
 
Dynamic stiffness (lbs./°) 
 
Muscle activity of SCM 
and UFT 
Peak amplitude of 
normalized EMG 
 
Muscle activity area 
(%·ms), defined as sum of 
normalized EMG 
amplitudes 
 
Onset latency (ms), 
defined as time between 
force application and first 
upswing of EMG signal 
(unknown trials only) 

females 
 
↑ 25% angular displacement, 
females 
 
↓ 29% DS, females 
 
↑ 117% peak amplitude of EMG, 
females 
 
↑ 110% muscle activity area, 
females 
 
↓ 43% muscle onset latency for 
SCM and ↓ 28% in UFT, females 
 

Eckner et 
al. (2014) 

Cohort 
CEBM: 2b 
NOS: 7/9 

24 males 
22 females 
8 - 30 years 

DS in Flex and Ext, 
sagittal plane of neck 
motion, LSFlex and 
RRot 
 
Females to males 
 
Age, continuous from 8 
- 30 years 

Gradual increase 
of isometric 
contraction to 
peak (N) 
 
Rate of force 
development 
(N/s) 

Linear 1-kg mass, 
dropped from 
variable height 
relative to body 
mass via cable 
attached to the 
head 
 

Anthropometrics 
Neck girth (cm) 
 
Head mass (kg) 
 
CSA, SCM (cm2) 
 
Strength 
Peak isometric strength (N) 
and RFD (N/s) in Flex, 
Ext, LSFlex, RRot 
 
HN Kinematics 
Peak linear velocity (m/s/J) 

↓ 30% peak strength, adult 
females (p < 0.05, Flex, Ext, 
LSFlex; p < 0.01, Right axial 
rotation) 
 
↓ 40% peak strength, young 
participants 
 
↑ 33% linear head velocity (p < 
0.01, Flex and Ext, females vs. 
males) and ↑ 18% angular head 
velocity (p < 0.05, Flex and right 
axial rotation, females vs. males) 
adult female during anticipated 
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Peak angular velocity 
(°/s/J) 

force application  
 
↑ 58% linear head velocity and ↑ 
45% angular head velocity, young 
participants during anticipated 
force application 

Gutierrez 
et al. 
(2014) 

Cohort 
CEBM: 4 
NOS: 7/9 

17 females 
15-17 years 
 
High school 
soccer players 

Correlation of peak 
isometric neck strength 
to peak resultant head 
acceleration 

Gradual increase 
of isometric 
contraction to 
peak (lbs.) 
 

Heading of a 
soccer ball 

Strength 
Peak isometric strength 
(lbs.) in Flex, Ext, RSFlex 
and LSFlex 
 
HN Kinematics 
Peak linear acceleration (g) 
 

Flex vs. forward peak resultant 
acceleration (r = -0.639, 
p<0.008); left peak resultant 
acceleration (r = -0.541, p<0.03); 
right peak resultant acceleration (r 
= -0.701, p<0.003) 
 
Extension vs. forward peak 
resultant acceleration (r = -0.639, 
p<0.009); left peak resultant 
acceleration (r = -0.545, 
p<0.029); right peak resultant 
acceleration (r = -0.685, p<0.003) 
 
RSFlex vs. forward peak resultant 
acceleration (r = -0.61, p<0.012); 
left peak resultant acceleration (r 
= -0.500, p<0.048); right peak 
resultant acceleration (r = -0.688, 
p<0.003) 
 
LSFlex vs. forward peak resultant 
acceleration (r = -0.608, 
p<0.012); left peak resultant 
acceleration (r = -0.621, p<0.01); 
right peak resultant acceleration (r 
= -0.757, p<0.001) 

Within-subject comparisons  
Lisman et 
al. (2012) 

Cohort 
CEBM: 4 
NOS: 6/9 

16 males  
18 - 24 years 
 

DS in Ext, sagittal plane 
of neck motion 
 

Gradual increase 
of isometric 
contraction to 

Football tackle of 
a standard padded 
tackling dummy 

Strength 
Peak isometric strength 
(kg) in Flex, Ext, RSFlex, 

↑ 3% peak strength in Flex, ↑ 7% 
Ext (p < 0.05), ↑ 7% RSFlex, ↑ 
10% LSFlex (p < 0.05) 
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Prior high 
school football 
experience 

Pre-post resistance 
training 

peak (kg) LSFlex 
 
HN Kinematics 
Peak linear acceleration (g) 
 
Peak angular acceleration 
(rad/s2) 
 
Total displacement (°) 
 
Time-to-peak angular 
acceleration (ms) 
 
Muscle activity 
Peak EMG of SCM and 
UFT 

 
Kinematics 
↑ 5% linear acceleration 
 
↑ 5% angular acceleration 
 
↑ 18% displacement 
 
↑ 14% time-to-peak angular 
acceleration 
 
Peak muscle activity 
0% right SCM, ↓ 11% left SCM; 
↑ 10% right UFT (p < 0.05), ↓ 
31% left UFT (p < 0.05) 

Mansell et 
al. (2005) 

Non-
randomized 
control trial 
CEBM: 2b 
MQR: 7/10 

17 males 
19 females 
18 - 22 years 
 
NCAA, 
Division I 
Soccer  
 

DS in flexion and 
extension, sagittal plane 
of neck motion 
 
Females to males 

Gradual increase 
of isometric 
contraction to 
peak (lbs.) 
 

Linear 1-kg mass, 
dropped 15 cm via 
cable attached to 
the head 
 

Strength 
Peak isometric strength 
(lbs.) in Flex and Ext 
 
HN Kinematics 
Peak angular acceleration 
(°/s2) 
 
Total displacement (°) 
 
Dynamic stiffness (lbs./°) 
 
Muscle activity of SCM 
and UFT 
Peak amplitude of 
normalized EMG 
 
Muscle activity area 
(%·ms), defined as sum of 
normalized EMG 
amplitudes 

↑ 10% peak strength in Flex (p < 
0.001) and ↓ 10% in Ext, males; 
↑ 30% Flex and ↑ 29% Ext, 
females (p < 0.05) 
 
↑ 130% peak angular acceleration 
in Flex and ↑ 68% Ext, males; ↑ 
74% Flex and ↑ 33% Ext, females 
 
↓ 7% head displacement in Flex 
and ↑ 28% Ext, males; ↑ 20% in 
Flex and ↓ 13% Ext, females 
 
↑ 54% DS in Flex and ↑ 54% 
Ext, males; ↑ 68% Flex and ↓ 
17% Ext, females 
 
↑ 24% peak amplitude of EMG, 
males; ↑ 1%, females 
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Onset latency (ms), 
defined as time between 
force application and first 
upswing of EMG signal 
(unknown trials only) 

↑ 23% muscle activity area, 
males; ↑ 17%, females 
 
↓ 20% muscle onset latency 
SCM, ↓ 16% UFT males; ↑ 15% 
SCM, ↑ 45% UFT, females 

CEMB – Centre for Evidence-Based Medicine; CI – confidence interval; NOS – Newcastle-Ottawa Scale; DS – dynamic stiffness; HN – head-neck; SCM – sternocleidomastoid; 
UFT – upper fibers of trapezius; EMG – surface electromyography; MQR – PEDro scale for methodological quality rating; NCAA – National Collegiate Athletic Association; N – 
newtons; Nm – newton meters; OR – odds ratio; RFD – rate of force development; Flex – flexion; Ext – extension; RSFlex – right side flexion; LSFlex – left side flexion; L45Flex 
– flexion at 45˚ left from midline; R45Flex – flexion at 45˚ right from midline; L45Ext – extension at 45˚ left from midline; R45Ext – extension at 45˚ right from midline; RRot – 
right rotation; LRot – left rotation; Comp – composite strength score; CSA – cross-sectional area; rad – radians; kg – kilograms; lbs. – pounds; g – acceleration of gravity; ms – 
milliseconds; s – seconds; J – joules; m – meters; cm – centimeters.
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Gutierrez et al. [30] correlated peak isometric neck strength, measured in flexion, 

extension and bilateral side flexion, to the post-impact kinematics of the head during controlled 

soccer ball heading manoeuvers in 17 female high school varsity soccer players. They reported a 

negative correlation between peak measures of isometric neck strength and peak magnitude of the 

post-impact linear acceleration of the head (Pearson’s r, -0.5 to -0.75). While this attenuating 

effect was significant (P ≤ 0.04), peak isometric strength explained only between 25% and 56% 

of the variance of post-impact linear acceleration of the head (level 4 evidence). 

In contrast to the semi-constrained movement used by Gutierrez et al., other studies have 

used a pulley system to standardize the application of an external force to the head, either along 

the sagittal (flexion-extension) plane of HN motion [11, 29], or along all three planes of motion 

of the HN segment [13]. Effects of applied forces were compared between male and female adults 

and in athletes, both male and female, 8 to 30 years old, with the a priori assumption that 

differences in post-impact HN kinematics would result from the lower neck strength in females, 

as well as in children and adolescent athletes. As predicted, adult females exhibited 29% to 49% 

lower peak isometric strength than adult males and 18% to 29% higher peak post-impact angular 

acceleration of the head [11, 13, 29]. From their kinematic data, Mansell et al. [11] and Tierney et 

al. [29] calculated a 29% lowering in the resistive capacity (or stiffness) of the HN segment in 

females (level 2b evidence). Additionally, Eckner et al. [13] reported a significant independent 

effect of age on the resistive capacity of the neck (P < 0.001). Peak isometric strength was 32% to 

53% lower in athletes of high school age or younger compared to adults, and was associated with 

40% higher peak post-impact angular velocity of the head for males and 48% for females (level 

2b evidence). 

From their data set, Eckner et al. [13] predicted a linear relationship between peak 
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isometric strength and the resistive capacity of the HN segment along the sagittal plane of motion 

(P < 0.02, level 2b evidence), with peak isometric strength explaining 17% to 36% of the variance 

in post-impact linear and angular velocity of the head (Pearson’s r, 0.42 to 0.60). Peak isometric 

strength did not predict the resistive capacity of the HN segment along the frontal plane or for 

axial rotation.  

3.5.2 Evidence from model-based studies  

Model-based simulation provides a method to systematically investigate the specific 

association between the resistive capacity of the HN segment and post-impact kinematics of the 

head under different scenarios of external force application. This level 5 evidence is summarized 

in Table 3-4. 
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Table 3-4: Model-based evaluation of dynamic stiffness of the Head-Neck segment and post-impact kinematics of the head 

Author(s) Model Type Model Inputs Measured 
Outcomes 

Statistical 
Comparison 

Results 

Viano et al. 
(2007) 

Kinematic model, based on data obtained from 
laboratory-based reconstruction of helmet-to-
helmet or helmet- to-ground impacts resulting in 
concussion in NFL players, using 50th percentile 
male Hybrid III dummy 
 

Striking player 
Peak acceleration – 70.9 g 
Change in head velocity (∆V) – 5.6 m/s 
 
Struck player 
Peak acceleration – 102.5 g 
Change in head velocity (∆V) – 7.1 m/s 
Resultant peak force - 9700 N at 8.2 ms 
 
Impact speed – 9.7 m/s, average of 
laboratory reconstructed collisions 
resulting in concussion from helmet-to-
helmet impacts applied at 0-90 (flexion – 
lateral side flexion) 
 
Neck stiffness (N/mm) of the struck player 
was modulated prior to impact to 
determine effects on ∆V and HIC.  

Impact force 
(N) 
 
Impact velocity 
(m/s) 
 
Peak linear 
acceleration (g) 
 
Peak angular 
acceleration 
(rad/s2) 
 
Peak ∆V (m/s) 
 
HIC values  

Struck player 
sustaining 
concussion vs. 
no concussion 

↑ 39% peak head 
acceleration (p = 0.005), 
concussion impacts 
 
↑ 47% peak impact 
force (p = 0.017), 
concussion impacts 
 
↑ 32% head ∆V (p < 
0.001), concussion 
impacts 
 
↓ 14% ∆V and ↓ 35% 
HIC, increasing neck 
stiffness of 50% male 
from 80 N/mm to 180 
N/mm prior to impact 

Shewchenko 
et al. (2005b) 

Mathematical Dynamic Modeler (MADYMO 
6.0.1.) 50th percentile male human model; 
includes 68 pairs of neck muscles organized into 
three bilateral groups: flexors, extensors and 
sternocleidomastoids 

Impact 
Low-velocity (6 m/s) 
 
Posture 
Head angle (˚) 
Back angle (˚) 
Relative head-back angle (˚) 
Change in relative head-back angle (˚) 
 
Muscle activation (% MVE) 
Baseline: flexors – 80%, extensors 0%, 
sternocleidomastoid 0% 
125%: flexors – 125%, extensors 10%, 
sternocleidomastoid 0% 

Peak linear 
acceleration 
(m/s2) 
 
Peak angular 
acceleration 
(rad/s2) 
 
HIP (kW) 
 
Neck shear (N) 
at C0-C1 
 
Neck axial 

Supra-
maximal neck 
muscle 
activation vs. 
baseline 
activation 
level 

↓1% peak linear head 
acceleration; ↑20% peak 
angular acceleration; 
↑7% HIP; ↑44% A-P 
shear force at C0-C1; 
↑63% axial compression 
at C0-C1, muscle pre-
activation at 125% MVE 
 
↓7% peak linear head 
acceleration; ↑48% peak 
angular acceleration; 
↑6% HIP; ↑79% A-P 
shear force at C0C1; 
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150%: flexors – 80%, extensors 15%, 
sternocleidomastoid 20% 

compression 
(N) at C0-C1 

↑119% axial 
compression at C0-C1, 
muscle pre-activation at 
150% MVE 

NFL – National Football League; N – newton; mm – millimeters; HIC – Head Injury Criterion; g – acceleration of gravity; rad – radians; s – seconds; m – meters; MVE – maximal 
voluntary effort; HIP – Head Impact Power; A-P – anterior-posterior; HN – head-neck 
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Using a physical model (Hybrid III dummy), Viano et al. [12] measured the effects of 

varying the resistive capacity of the HN segment also known as the stiffness, on the post-impact 

kinematics of the head. The physical force inputs applied to the head component of the Hybrid III 

model were the mean three-dimensional components of the direction and velocity of external 

forces recorded by the video for 31 head impacts in 25 players of the National Football League 

who sustained a concussion resulting from helmet-to-helmet or helmet-to-ground collisions. 

Increasing the pre-impact stiffness of the neck component of the Hybrid III model from 80 

N/mm, the estimated baseline HN stiffness for the 50th percentile male, to 180 N/mm yielded a 

14% attenuation of the peak post-impact linear acceleration of the head, with a 35% lowering of 

the Head Injury Criterion (HIC). The HIC, calculated as the change in acceleration of the head 

over the time of force application, is a measure of the likelihood of head injury arising from an 

impact [32]. The upper limit of 180 N/mm of neck stiffness used in this simulation exceeds the 

predicted stiffness for the 95th percentile male [12]. The relationship between neck stiffness and 

post-impact linear acceleration of the head was best described by an exponential function, with 

relatively small changes in stiffness yielding significant attenuation effects of post-impact head 

kinematics for lower baseline levels of neck stiffness, with only minor effects for higher baseline 

levels of stiffness. As an example, a 10 N/mm increase from a baseline neck stiffness of 30 N/mm 

produced a 23% lowering of the HIC compared to the 14% lower HIC with a 40 N/mm increase 

from an 80 N/mm baseline of neck stiffness. 

Shewchenko et al. [33] used a computational model (MADYMO, version 6.0.1, Tass 

International) to characterize the relationship between stiffness of the HN segment and post-

impact kinematics of the head for a simulated soccer ball heading manoeuver. In contrast to 

Viano et al.’s [12] method of increasing stiffness uniformly along all directions of motion, 
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Shewchenko et al. [33], manipulated stiffness of the HN segment indirectly and in direction-

specific ways by varying the relative levels of activation across sixty-eight pairs of muscle 

elements included in the neck model. Activation levels were attributed first to the neck flexor 

muscle group, with levels adjusted to flex the head and neck toward the ball in preparation for 

impact. The relative activation levels for the extensor muscle group and sternocleidomastoid 

muscles were then scaled iteratively to match motions of the HN model to realistic pre- and post-

impact kinematics obtained from recorded performances of controlled soccer ball heading 

manoeuvers in seven, non-professional, male soccer players, having five to thirteen years of 

soccer experience [34]. Resultant forces acting on the upper cervical spine were also predicted. 

Model-based simulations were then used to evaluate effects of increasing pre-impact muscle 

activity of the neck flexors to 125% and 150% of their predicted maximum activation, adjusting 

co-activation levels of extensors and sternocleidomastoid accordingly, on the post-impact 

kinematics of the HN segment. Raising activation levels to 125% yielded a 20% increase in peak 

angular acceleration of the head by 20%, with an associated 7% increase in Head Impact Power 

(HIP), where HIP is a composite index of the rate of energy transfer to the head, estimated by 

combining peak magnitudes of post-impact linear and angular acceleration of the head [34]. The 

model also predicted an associated 44% increase in peak magnitude of anterior-posterior shear 

and 63% increase in axial compression forces at C0-C1. Raising the activation level to 150% did 

not further influence peak angular acceleration of the head and HIP, with values of 48% and 6%, 

respectively. However, anterior-posterior shear forces and axial compression forces at the upper 

cervical spine (i.e., C0-C1 level) were predicted to increase to 79% and 119% of baseline, 

respectively. These model-based simulations provide evidence of the sensitivity of HN stiffness 

on parameters of pre-impact muscle activation. 
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3.5.3 Evidence relating short-latency neck strength to HN kinematics 

There is no consistent evidence for a protective effect of higher peak isometric neck 

strength in lowering the incidence of concussion or in modifying the post-impact kinematics of 

the HN segment. There is level 1b [28, 35], level 2b [11, 13, 29] and level 4 [34, 36, 37] evidence 

of an attenuating influence of higher short-latency isometric neck muscle tension, developed prior 

to impact, on the post-impact kinematics of the HN segment. The attenuating effects of short-

latency neck strength have been evaluated by comparing post-impact kinematics of the HN 

segment to an externally applied force when the time of impact is either ‘anticipated’ or 

‘unanticipated’, with the assumption that knowledge of impact allows individuals to increase 

isometric tension of their neck muscles and brace for the impact. This level 1b, level 2b and level 

4 evidence is summarized in Table 3-5. 

 



 

 

 

55 

Table 3-5: Modifying effects of anticipatory isometric neck force on dynamic stiffness of the Head-Neck segment 
Author(s) Experimental 

Design 
CEBM / 
MQR / 
NOS 
Rating 

Participants Statistical 
Comparisons 

External Force Measured Outcomes Results 

Mihalik et al. 
(2010) 

Prospective 
cohort 

CEBM: 
1b 
NOS: 7/9 

16 males  
14 years 
 
Minor hockey 
players 
 

Anticipated vs. 
unanticipated 
collisions 

Natural on-ice 
collisions 

Head kinematics 
Peak linear acceleration (g) 
 
Angular acceleration (rad/s2)  
 
Head impact severity profile 
H.I.T.sp (Simbex, Lebanon, 
NH) 
 
Body checking evaluation 
Video review using CHECC 
scale 

↓ 17% peak angular 
acceleration (p<0.01), 
anticipated medium-
intensity (50-75th 
percentile) impacts 
 
↓ 2% H.I.T.sp (p<0.05), 
anticipated medium-
intensity (50-75th 
percentile) impacts 

Schmidt et al. 
(2014) 

Prospective 
cohort  
 

CEBM: 
1b 
NOS: 8/9 

49 males 
16-21 years 
 
High school 
and collegiate 
football players 

DS in Flex and Ext, 
sagittal plane of neck 
motion 
 
High vs. low 
performers (median 
split) 
 
Line positions vs. 
non-line positions 
 
OR (95% CI) of 
sustaining moderate 
and severe head 
impacts from various 
predicting variables 

Linear variable mass 
equal to 1.0-2.5% body 
mass dropped 15 cm 
via cable attached to 
the head. 
Natural on-field 
collisions 

Strength 
Peak isometric torque (Nm) 
and RFD (Nm/s) in Flex, Ext, 
LSFlex, RSFlex and Comp 
(sum of all directions) 
 
HN Kinematics 
Peak angular displacement 
(rad) in Flex and Ext 
 
Dynamic stiffness (Nm/rad) 
 
Muscle activity, SCM and 
UFT muscles 
Onset latency (ms), defined 
as moment onset and EMG 
signal upswing 11 and 6 
times resting SD (unknown 
trials only) 

↓ OR (0.64 – 0.77) of 
sustaining severe and 
moderate (respectively) 
HITsp for high performing 
athletes for cervical 
stiffness predictor 
 
↓ OR (0.64 – 0.73) of 
sustaining severe and 
moderate (respectively) 
HITsp for high performing 
athletes for angular 
displacement predictor 
 
↑ OR (1.70 – 1.86) of 
sustaining moderate linear 
head acceleration for high 
performing non-lineman 
for onset latency predictor 
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Head Impact Telemetry 
severity profile 
H.I.T.sp (Simbex, Lebanon, 
NH) 
 
Peak resultant linear head 
acceleration (g) 
 

in forced Ext and Comp 
 
↓ OR (0.68) of sustaining 
severe HITsp for high 
performing athletes for 
onset latency predictor 

Eckner et al. 
(2014) 

Cohort CEBM: 
2b 
NOS: 7/9 

24 males 
22 females 
8 - 30 years 

DS in Flex and Ext 
along sagittal planes, 
LSFlex and Right 
axial rotation 

Drop of a 1-kg mass 
from variable height 
relative to body mass 
attached to participant’s 
head via a cable 

Anthropometrics 
Neck girth (cm)  
 
Head mass (kg) 
 
CSA, SCM (cm2) 
 
Strength 
Peak isometric strength (N) 
and RFD (N/s) in Flex, Ext, 
LSFlex, Right axial rotation 
 
HN Kinematics 
Peak linear velocity (m/s/J);  
 
Peak angular velocity (°/s/J) 

↓ 12.3% linear head 
velocity 
 
↓ 10% angular head 
velocity 
 
Pearson r-value, 0.417 to 
0.605 (p <0.01), peak 
isometric neck strength 
and in linear head velocity 
and angular head velocity 
 
Pearson r-values, 0.418 to 
0.657 (p<0.01), 
anticipatory isometric 
neck muscle tension and 
linear head velocity and 
angular head velocity 

Tierney et al. 
(2005) 

Cohort CEBM: 
2b 
NOS: 7/9 

20 males  
20 females 
20 – 30 years 

Males vs. females 
  

Linear 1-kg mass, 
dropped 15 cm via 
cable attached to 
participants’ head  
 

Strength 
Peak isometric strength (lbs.) 
in Flex and Ext 
 
HN Kinematics 
Peak angular acceleration 
(°/s2) 
 
Total displacement (°) 
 

↓ 24% males (p < 0.01), 
0% females, angular 
acceleration 
 
↓ 39% males, ↓ 35% 
females, angular 
displacement 
 
↑ 17% males,↑ 13% 
females, DS (p < 0.05) 
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Dynamic stiffness (lbs./°) 
 
Muscle activity of SCM and 
UFT 
Peak amplitude of 
normalized EMG 
 
Muscle activity area (%·ms), 
defined as sum of normalized 
EMG amplitudes 

 
↓ 0% SCM, 11% UFT 
males, ↓ 15% SCM, ↑ 8% 
UFT females, peak muscle 
activity 
 
↑ 24% SCM, ↑ 10% UFT 
males, ↑ 3% SCM, ↑ 8% 
UFT females, muscle 
activity area 

Mansell et al. 
(2005) 

Non-
randomized 
control trial 

CEBM: 
2b 
MQR: 
7/10 

17 males 
19 females 
18 - 22 years 
 
NCAA, 
Division I 
Soccer  
 

Males vs. females  Linear mass of 1-kg 
mass dropped 15 cm 
via cable attached to 
participants’ head 

Strength 
Peak isometric strength (lbs.) 
Flex and Ext 
 
HN Kinematics 
Peak angular acceleration 
(°/s2) 
 
Total displacement (°) 
 
Dynamics stiffness (lbs./°) 
 
Muscle activity of SCM and 
UFT 
Peak amplitude of 
normalized EMG 
 
Muscle activity area (%·ms), 
defined as sum of normalized 
EMG amplitudes 

↑ 12% males, ↓7% 
females, angular 
acceleration (p < 0.01, 
males and females 
combined) 
 
↓ 22% males, ↓ 24% 
females, angular 
displacement (p < 0.001, 
males and females 
combined) 
 
↓ 6% males, ↑ 21% 
females, DS 
 
↓ 38% males, ↑ 5% 
females, peak muscle 
activity SCM (p < 0.05, 
males females combined); 
↑23% males, ↓23% 
females, UFT 
 
↓ 11% males, ↑ 23% 
females muscle activity 
area for SCM; ↑ 81% 
males, ↑ 27% female, 
UFT 
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Shewchenko 
et al. (2005a) 

Cohort CEBM: 4 
NOS: 6/9 

7 males  
20 – 23 years 
 
Previous soccer 
heading 
experience  

Magnitude of neck 
muscle tension prior 
to impact 
 
High vs. low-velocity 
impacts 

Four standardized 
heading maneuvers; 
controlling, passing, 
clearing and head 
rebound applied along 
the sagittal plane in 
extension 
 
Low (6.2 m/s) and high 
(7.6 m/s) impact ball 
speed 
 

Head kinematics 
Peak linear acceleration 
(m/s2) 
 
Peak angular acceleration 
(krad/s2) along the sagittal 
plane, measured using an 
intraoral bite-plate with 
accelerometer cantilevered 
outside of the mouth. 
 
Head Impact Power (HIP) 
HIP (calculated based on rate 
of energy transfer to the 
head, accounts for linear and 
angular accelerations for all 
degrees of freedom) 
 
Muscle Activity 
SCM and UFT EMG 

↓ 2% peak linear 
acceleration, ↓ 5% peak 
angular acceleration, and 
↓ 25% HIP, low velocity 
impacts 
 
↑ 8% peak linear 
acceleration, ↑ 1% peak 
angular acceleration, and 
↑ 5% HIP, high velocity 
impacts 
 
SCM activated 280-500 
ms prior to impact and 
remained active 0-200 ms 
post-impact, low and high 
velocity heading scenarios 
 
UFT activated 120-250 ms 
prior to impact and 
remained active 100-350 
ms post-impact, low and 
high velocity heading 
scenarios 

Kumar et al. 
(2000) 

Cohort CEBM: 4 
NOS: 7/9 

5 males 
9 females 
23 - 30 years 

Magnitude of sled 
acceleration (0.5, 0.9, 
1.1 and 1.4g) 
 

Inertial extension force 
to the head via forward 
acceleration (pneumatic 
sled impact) 

Kinetics 
Chair acceleration (g)  
 
Shoulder acceleration (g) 
 
Head acceleration (g), using 
tri-axial accelerometers. 

↓ 18% (0.5g), ↓ 9% 
(0.9g), ↓ 27% (1.1g), and 
↓ 37% (1.4g) extension 
head acceleration, males 
(p<0.001) 
 
↓ 9% (0.5g), ↓ 20% 
(0.9g), ↓ 34% (1.1g), and 
↓ 29% (1.4g) extension 
head acceleration, females 
(p<0.001) 
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Ono & 
Kanno (1996) 

Cohort CEBM: 4 
NOS: 5/9 

3 males 
22 - 43 years 

Magnitude of sled 
acceleration (2, 3, 4 
km/h) 
 
Known vs. unknown 
force application 
 
Angle of sitting 
posture 
  
Head rest height 

Inertial extension force 
to the head via forward 
acceleration (pneumatic 
sled impact) 

Kinetics 
Extension moment at C1 
(Nm) 
 
Muscle Activity 
EMG of SCM and UFT  
 

↓ 40% extension moment, 
relative to standard 
headrest 

CEMB – Centre for Evidence-Based Medicine; NOS – Newcastle-Ottawa Scale methodological rating scale; g – acceleration of gravity; rad – radians; H.I.T.sp – Head Impact 
Telemetry severity profile; CHECC – Carolina Hockey Evaluation of Children’s Checking; m – meters; s – seconds; kg – kilograms; krad – kiloradians; ms – milliseconds; cm – 
centimeters; lbs. – pounds; HIP – head impact power; EMG – surface electromyography; SCM – sternocleidomastoid; UFT – upper fibers of trapezius; HN – head-neck; DS – 
dynamic stiffness; NCAA – National Collegiate Athletic Association; Nm – newton-meters; Flex – flexion; Ext – extension; LSFlex – left side flexion.
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The attenuating effects of anticipatory pre-tensing of neck muscles on the post-impact 

kinematics of the HN segment during gameplay are reported in two prospective cohort studies 

[28, 35]. Mihalik et al. [35] reviewed video capture of on-ice collisions in their study on 

concussion risk in minor hockey players to determine if future impacts were ‘anticipated’ or 

‘unanticipated’. For head impacts of moderate intensity, defined as the range between the 50th to 

75th percentile of Head Impact Telemetry severity profile (HITsp) scores, anticipation of the 

contact yielded a 17% attenuation of the peak post-impact angular acceleration of the head (P = 

0.006; Cohen’s d = 0.37), with a 2% lowering of the HITsp scores (P = 0.03; level 1b evidence). 

While significant, the effect size of this attenuating effect was small (Cohen’s d = 0.27).  

In their study group of forty-nine high school and collegiate football players, Schmidt et 

al. [28], similarly reported a positive attenuating effect of higher anticipatory HN stiffness. In this 

study, anticipatory HN stiffness was quantified pre-season using the standard methods of Mansell 

et al. [11], but scaling the magnitude of the applied external force to body weight. Players with 

higher anticipatory HN stiffness had lower odds of sustaining moderate and severe head impacts 

over the football season, with an odds ratio of 0.77 (CI95%, 0.61–0.96) for moderate impacts and 

0.64 (CI95%, 0.46– 0.89) for severe impacts (level 1b evidence). The effect size of higher 

anticipatory HN stiffness could not be calculated from the data set reported. 

Similar positive effects of anticipation of impact on post-impact HN kinematics were 

reported in soccer heading manoeuvers performed at low (6.2 m/s) and high-speed (7.5 m/s) ball 

impacts [34]. For low-speed head impacts, anticipatory pre-tensing of the neck musculature 

yielded a 2% attenuation in peak linear acceleration of the head (Cohen’s d = 2.12) and a 5% 

attenuation of peak angular acceleration (Cohen’s d = 0.34). This attenuation yielded a 25% 

reduction in the HIP score (Cohen’s d = 1.20). Anticipatory pre-tensing of the neck musculature 
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had no effect on post-impact HN kinematics for high-speed impacts. Therefore, anticipatory pre-

tensing of neck muscles contributes small to large protective effects on concussion risk only for 

low-speed impacts (range of Cohen’s d, 0.34 to 2.12, level 4 evidence). 

The positive effects of anticipatory pre-tensing of neck muscles in attenuating post-

impact kinematics of the HN segment are further supported by level 2b and level 4 evidence from 

lab-based studies [11, 13, 29, 36, 37]. Using their standard methods for quantifying HN stiffness 

along the sagittal plane, Mansell et al. [11] and Tierney et al. [29] reported a 13% to 21% increase 

in the resistive capacity of the HN segment with anticipatory pre-tensing of the neck (P ≤ 0.05) 

[29] and an associated 7% to 24% attenuation of peak magnitudes of post-impact angular 

acceleration of the head (P ≤ 0.001) [11, 29]. Eckner et al. [13] confirmed a positive attenuating 

effect of anticipatory pre-tensing of the neck on post-impact HN kinematics along all three planes 

of motion (Pearson’s r = 0.42 to 0.66, P < 0.001). Reported attenuating responses represent a 

small to large effect size of anticipatory pre-tensing, with Cohen’s d values ranging from 0.03 to 

0.70.  

3.5.4 Evidence of effectiveness of neck strengthening programs 

The second aim of our scoping review was to determine the effectiveness of neck 

strength training programs in increasing not only peak isometric strength of the neck but as well, 

the anticipatory or short-latency variables of the force-time strength response of the neck. The 

parameters of training for the twelve strengthening programs identified by our search strategy are 

summarized in Table 3-6. Figure 3-1 compares the mean (CI95%) effect sizes of training on peak 

isometric neck strength, stratified by training stimulus - isotonic, elastic, isometric, and isokinetic. 

Calculated MDC95% values for each program are reported in Table 3-7. Cohen’s d and 

MDC95% values could not be reliably calculated for two strength training programs, due to 
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insufficient detail of outcome measures [38] and the small number of participants (n = 5) in the 

control and strength training groups [39]. 

 



 

 

 

63 

Table 3-6: Neck strengthening studies in non-clinical populations 
Author(s) Experimental 

Design / rating 
Participants Statistical 

comparison 
Program Parameters Measured 

Outcomes 
Results 

Isotonic resistance 
Burnett et 
al. (2005) 

Randomized 
control-trial  
CEBM: 2b 
MQR: 8/10 

12 males 
19 - 30 years 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 2/wk for 10 wk  
Intensity: 24 – 114% of max isometric force, 2-3 sets 10 
reps 
Type: MCU weight stack in Flex, Ext, RSFlex, LSFlex 

Isometric 
neck strength 
(lbs.) 

↑64% Flex (p < 0.01); 
↑63% Ext (p < 0.01); 
↑53% LSFlex (p < 0.01); 
↑49% RSFlex (p < 0.01) 

Conley et 
al. (1997) 

Randomized 
control-trial  
CEBM: 2b 
MQR: 6/10 

22 males 
20 years 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 4/wk for 12wk 
Intensity: 10-RM, 3 sets 10 reps 
Type: Free weights in Ext 

Isometric 
neck strength 
(kg) 

↑ 34% Ext, 3 x 10-RM 
load (p < 0.05) 
 

Pollock et 
al. (1993) 

Randomized 
control-trial  
CEBM: 2b 
MQR: 7/10 

50 males 
28 females 
20 - 40 years 

Pre-test vs. post-
test neck 
strength 
assessment 

DYN x1 
Frequency: 1/wk for 12 wk 
Intensity: 80% of 1-RM, 1 set 8-12 reps 
Type: Cervical extension machine 
 
DYN+ISO x1 
Frequency: 1/wk for 12 wk 
Intensity: 80% of 1-RM, 1 set 8-12 reps, plus 1 set of 5 s 
isometric contraction in 8 head angles 
Type: Cervical extension machine 
 
DYN x2 
Frequency: 2/wk for 12 wk 
Intensity: 80% of 1-RM, 1 set 8-12 reps 
Type: Cervical extension machine 
 
DYN+ISO x2 
Frequency: 2/wk for 12 wk 
Intensity: 80% of 1-RM, 1 set 8-12 reps, plus 1 set of 5 s 
isometric contraction in 8 head angles 
Type: Cervical extension machine 

Isometric 
neck strength 
a (Nm)  

↑ 9.4% Ext, DYN x 1 (p 
< 0.05) 
 
↑ 11.5% Ext, DYN + 
ISO x 1 (p < 0.05) 
 
↑17.2% Ext, DYN x 2 (p 
< 0.05) 
 
↑11.1% Ext, DYN + ISO 
x 2 (p < 0.05) 

Mansell et 
al. (2005) 

Non-randomized 
control-trial  
CEBM: 2b 

17 males  
19 females  
18 - 20 years 

Pre-test vs. post-
test neck 
strength 

Frequency: 2/wk for 8 wk  
Intensity: 55-70% of 10-RM, 3 set 10 reps 
Type: Free weights in Flex, Ext, RSFlex, LSFlex 

Isometric 
neck strength 
(lbs.) 

↑ 10% Flex, ↓ 10% Ext 
males 
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MQR: 7/10  
NCAA 
Division I 
soccer players 

assessment ↑ 30% Flex, ↑ 29% Ext 
in female training group 
(p = 0.01) 
 

Taylor et al. 
(2006) 

Non-randomized 
control-trial  
CEBM: 3b 
MQR: 6/10 

10 males 
30 - 50 years 
 
US Navy 
personnel 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 3/wk for 12 wk 
Intensity: 10-RM, 3 sets, 10 reps 
Type: Free weight in Flex, Ext, RSFlex, LSFlex 

Isometric 
neck strength 
(lbs.) 

↑46% Flex; ↑73% Ext (p 
< 0.05); ↑83% RSFlex (p 
< 0.05); ↑72% LSFlex (p 
< 0.01) 

Leggett et 
al. (1991) 

Non-randomized 
control-trial  
CEBM: 3b 
MQR: 6/10 

24 adults 
18 - 30 years 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 1/wk for 10 wk 
Intensity: 10-RM, 1 set 8-12 reps 
Type: Free weights, Ext only 

Isometric 
neck strength 
(Nm) 

↑6.3 – 14.3% Ext (p < 
0.05) b 

Lisman et 
al. (2012) 

Cohort study 
CEBM rating: 4 
NOS: 7/9 

16 males 
19 - 25 years 
 
Ex-high school 
football players 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 2-3/wk for 8 wk 
Intensity: 60-80% of 10-RM, 3 sets, 10 reps 
Type: Pro 4-way weight stack in Flex, Ext, RSFlex, 
LSFlex 

Isometric 
neck strength 
(kg) 

↑ 3% Flex; ↑ 7% Ext (p 
< 0.05); ↑ 7% RSFlex; ↑ 
10% LSFlex (p < 0.05) 

Alricsson et 
al. (2004) 

Cohort study 
CEBM: 4 
NOS: 8/9 

40 males 
23 - 40 years 
 
Military fighter 
pilots 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 3/wk for 6-8 months 
Intensity: Absolute masses of 1, 2, and 4 kg that could be 
combined to increase head mass if required, 4 sets, 10 reps 
Type: Free weights (no directions specified) 

Isometric 
neck strength 
(Nm) 

↑ 11% Flex (p < 0.001) 
and ↑ 11% Ext (p = 
0.001) in reinforcement 
group 
 
↓ 2% Flex and ↓ 16% 
Ext in non-reinforcement 
group 

Elastic Resistance 
Burnett et 
al. (2005) 

Randomized 
control-trial  
CEBM: 2b 
MQR: 8/10 

9 healthy males 
19 - 30 years 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 2/wk for 10 wk 
Intensity: Dynaband level 1-6, 2-3 sets of 10 reps 
Type: Dynaband in Flex, Ext, RSFlex, LSFlex 

Isometric 
neck strength 
(lbs.) 

↑ 41% Flex (p < 0.05); ↑ 
30% Ext; ↑24% RSFlex; 
↑ 26% LSFlex 

Kramer et 
al. (2013) 

Randomized 
trial (no 
controls) 
CEBM: 2b 
MQR: 6/10 

13 females 
18 - 27 years 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 2/wk for 10 wk 
Intensity: 15% of max isometric strength, 2 sets of 10-12 
reps 
Type: Thera-band in Flex, Ext, Rrot, Lrot 

Isometric 
neck strength 
(Nm) 

↑ 10% Flex; 0% Ext; 
↑19% Rrot (p < 0.05); ↑ 
8% Lrot 

Isometric Resistance 
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Portero et 
al. (2001) 

Cohort study 
CEBM: 4 
NOS: 8/9 

7 males 
24 - 30 years 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 3/wk for 8 wk 
Intensity: 80% of max isometric strength, 2 sets 8 reps of 
6 second holds 
Type: RSFlex, LSFlex 

 

Isometric 
neck strength 
(Nm) 
 
Isokinetic 
neck strength 
at 30º/s (Nm) 

↑35%, isometic bilateral 
side flexion (p < 0.01);  
 
↑20%, isokinetic bilateral 
side flexion (p < 0.01) 

Isokinetic resistance 
Kramer et 
al. (2013) 

Randomized 
trial (no 
controls) 

CEBM: 2b 
MQR: 6/10 

13 females 
18 - 27 years 

Pre-test vs. post-
test neck 
strength 
assessment 

Frequency: 2/wk for 10 wk 
Intensity: 15% of max isometric strength, 2 sets 10-12 
reps 
Type: VR software controlled kinematic robotic system, 2 
sets 10-12 reps in Flex (start position 25˚ Ext – end 
position 40˚ flexion), Ext (start position 40˚ Flex – end 
position 25˚ Ext), bilateral axial rotation (start position 35˚ 
contralateral rotation – end position 70˚ ipsilateral 
rotation, concentric phase 40˚/s, eccentric phase 20˚/s 

Isometric 
neck strength 
(Nm) 

↑ 29% Flex (p < 0.05); 
8% Ext; ↑28% Rrot; ↑ 
8% Lrot 

CEBM – Centre for Evidence Based Medicine; MQR – PEDro methodological rating scale; NOS – Newcastle-Ottawa Scale of methodological rating; MCU – Multi-Cervical Unit; 
Flex – flexion; Ext – extension; RSFlexion – right side flexion; LSFlexion – left side flexion; Rrot – right side rotation; Lrot – left side rotation; RM – repetitions max; DYN – 
dynamic strength; ISO – isometric strength; NCAA – National Collegiate Athletics Association; wk – week; reps – repetitions; lbs. – pound; kg – kilograms; VR – virtual reality;  
a Pollock et al. (1993) measured static extension strength at eight positions (0º, 18º, 36º, 54º, 72º, 96º, 108º, 126º) of cervical sagittal-plane range of motion (end-range extension - 
0º, end-range flexion - 126º). Strength outputs reported are for head positioning at 54º, which most closely represents sagittal plane neutral head posture. 
b Leggett et al. (1991) measured static extension strength at eight positions (0º, 18º, 36º, 54º, 72º, 96º, 108º, 126º) of cervical sagittal-plane range of motion (end-range extension - 
0º, end-range flexion - 126º). P < 0.05 for head positions at 36º, 54º, 72º, 96º, 108º, 126º.
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Table 3-7: Minimum detectable change of neck strengthening studies 

Author (s) Direction of 
effort 

% 
Change 

MDC % (α = 0.05, 
CI95%) 

% Change > 
MDC95% 

Isotonic resistance	
Mansell et al. (2005) Flex (Male) 10 24 NO 
 Ext (Male) -10 23 NO 
 Flex (Females) 31 24 YES 
 Ext (Females) 28 34 NO 
Lisman et al. (2012) Flex 3 23 NO 
 RSFlex 7 31 NO 
 Ext 7 20 NO 
 LSFlex 10 28 NO 
Burnett et al. (2005) Flex 64 68 NO 
 RSFlex 49 53 NO 
 Ext 63 57 YES 
 LSFlex 53 58 NO 
Pollock et al. (1993) Ext (DYN x1)  9 22 NO 
 Ext (DYN+ISO 

x1) 
11 39 NO 

 Ext (DYN x 2) 17 36 NO 
 Ext (DYN+ISO 

x2) 
14 56 NO 

Taylor et al. (2006) Flex 46 53 NO 
 RSFlex 83 31 YES 
 Ext 72 52 YES 
 LSFlex 72 38 YES 
Alricsson et al. 
(2004) 

Flex 10 14 NO 

 Ext 9 17 NO 
Conley et al. (1997) Ext 34 9 YES 
Elastic resistance 
Burnett et al. (2005) Flex 41 63 NO 
 RSFlex 24 49 NO 
 Ext 30 54 NO 
 LSFlex 26 48 NO 
Kramer et al. (2013) Flex 6 43 NO 
 Ext 0 15 NO 
 Rrot 5 21 NO 
 Lrot 16 21 NO 
Isometric resistance 
Portero et al. (2001) Lateral Flex 35 25 YES 
Isokinetic resistance 
Kramer et al. (2013) Flex 23 38 NO 
 Ext 6 25 NO 
 Rrot 11 20 NO 
 Lrot 13 28 NO 
Flex – flexion; Ext – extension; RSFlex – right side flexion; LSFlex – left side flexion; Rrot – right axial rotation; Lrot 
– left axial rotation; DYN x 1 – dynamic strengthening, one session per week; DYN +ISO x 1 – dynamic strengthening 
with isometric strengthening, one session per week; DYN x 2 – dynamic strengthening, two sessions per week; DYN 
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+ISO x 2 – dynamic strengthening with isometric strengthening, two sessions per week; MDC – minimal detectable 
change 
 
 

 
Figure 3-1: Effect size (Cohen’s d), with corresponding 95% confidence intervals (CI95%), is shown for the twelve 
resistance training programs, stratified by training stimulus: isotonic, elastic, isometric and isokinetic. The boundaries 
of effect size are identified: α – “small” effect (d = 0.20); δ – “medium” effect (d = 0.50); φ – “large” effect (d = 0.8). 
The data for male cohort extension strength in the study by Mansell et al. [11] has been excluded from the analysis due 
to a large decrease in extensor strength following the training program for which the authors do not provide an 
explanation. 

 

In general, resistance training programs, stratified by training stimulus, produced medium 

to large effect sizes of change in pre- and post-training measures of peak isometric strength, with 

Cohen’s d value of 0.65 (CI95%, 0.37 to 0.93) for isotonic, 2.10 (CI95%, 0.74 to 3.41) for isometric, 

0.48 (CI95%, 0.11 to 0.86) for isokinetic and 0.47 (CI95%, 0.16 to 0.77) for elastic programs. The 

widths of the CI95% indicate that the effect size of training varied among specific programs, with 
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some programs producing small effects on strength and others large effects. Of the twelve 

strength programs appraised in our review, only three produced gains in peak isometric strength 

exceeding the MDC95% threshold for clinical significance in at least 75% of the direction-specific 

measurements [39-41]. 

The specific effects of neck strength training on the kinematics of the HN segment were 

evaluated in two studies [11,31]. The program designed by Mansell et al. [11] produced a 

medium training effect size on neck flexor strength in males (Cohen’s d, 0.54) and large effect 

sizes on neck flexors and extensors strength in females (Cohen’s d, 1.16 to 1.83). In contrast, the 

program designed by Lisman et al. [31] produced small training effects on neck strength in 

flexion, extension and bilateral side flexion (Cohen’s d, 0.13 to 0.34). Based on within-subject 

comparisons of the kinematics of the HN segment pre- and post- strength training, neither small 

nor large strength gains were effective in increasing the resistive capacity of the HN segment to 

externally applied forces. The data from Mansell et al. [11] shows their program did yield a 14% 

to 48% lowering of the ratio of peak angular acceleration of the head along the flexion-extension 

plane between ‘anticipated’ and ‘unanticipated’ conditions of external force application. 

Therefore, a component of their program did positively influence the short-latency anticipatory 

resistive capacity of the HN segment. 

3.5.5 Quality of the research evidence 

The quality of the research evidence relating isometric neck strength to concussion 

incidence and risk needs to be evaluated to determine its application to clinical practice. The 

methodological quality rating (MQR) scores from the PEDro scale and NOS are reported in 

Tables 3-3, 3-5 and 3-6. The MQR scores could be calculated for the strength training studies and 

ranged between 6/10 and 8/10. 
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The main methodological limitations of these studies were non-randomization of 

participants, with pre-defined allocation to control and experimental groups due to the low 

number of participants, inability to conceal allocation to the experimental group from participants 

and assessors, and use of within-subject pre-post assessment rather than between-subject 

randomisation. NOS scores for cohort and case studies ranged between 6/9 and 9/9. Common 

limitations across studies were a low representation of the cohort population, lack of non-exposed 

control and failure to control for potential confounding variables in statistical models. 

3.6 Discussion 

3.6.1 Interpretation of current evidence 

The evidence relating neck strength to concussion incidence in contact sports is very 

limited, with only one prospective study reporting a small positive effect (Cohen’s d, 0.29) of 

total isometric neck strength in lowering the incidence of concussion in high school athletes [14]. 

Based on current evidence, the inclusion of neck strength training in the risk management for 

concussion in contact sports cannot be judiciously recommended.  

Research evaluating the effects of neck strength training for concussion risk management 

is limited in both amount and generalizability of findings. Current evidence from prospective 

studies is limited by the specific sex and age characteristics of the study groups, with all three 

studies conducted with adolescent and high-school athletes in whom neuromuscular coordination, 

physiological cross-sectional muscle area, and the anthropometric ratio of head-to-neck 

circumference may be markedly different than in adults [14, 27, 28]. Similarly, the generalization 

of evidence relating neck strength to the kinematics of the HN segment under controlled lab-

based conditions is inherently limited by reliance on comparative analysis of neck strength 
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between adult females and males [11, 29] or adults and youth athletes [13]. As an example, 

Mansell et al. [11] reported a 29% lowering of the resistive capacity of the HN segment in adult 

females compared to males and used this between-group difference to infer attenuating effects of 

higher neck strength on the peak magnitudes of the kinematic response of head to an externally 

applied force. These differences, however, reflect the contribution of factors other than strength, 

including sex-specific differences in neuromuscular coordination and natural mechanics of the 

HN segment, such as a higher head-to-neck ratio in females [11, 13, 29, 33, 42]. Within-subject 

designs, using resistance training to manipulate neck strength, should be adopted as a standard to 

investigate the effects of neck strength on concussion risk. The outcomes of the study by Mansell 

et al. [11] underline the importance of within-subject designs. In this study, while between-

subject differences in strength were related to differences in post-impact HN segments, a 

relationship between higher neck strength, resulting from resistance training, and peak 

magnitudes of post-impact HN kinematics could not be defined using within-subject analysis. 

Therefore, there is a need for multi-centred trials to evaluate the association between neck 

strength and concussion risk and incidence using within-subject designs in athletic populations of 

males and females, both youth and adults, and across different contact sports. 

Standards for measurement and analysis of neck strength should be adopted to allow for 

systematic comparison of outcomes across studies. In the eight studies appraised in our review, in 

which peak isometric neck strength was included as an independent variable in the analysis of 

concussion incidence and kinematics of the HN segment, strength measures were obtained using 

a variety of methods. These methods include hand-held dynamometry [11, 27, 29, 30], tensile 

scale [14], and custom or commercial fixed-frame dynamometry [13, 28, 31]. The absence of 

information regarding the sensitivity and reproducibility of strength measures can lead to errors in 
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interpretation of the outcomes. As an example, from the strength data reported by Collins et al. 

[14], the mean difference in total strength between the concussed and non-concussed athletes was 

calculated to be 1.7 lbs. The researchers used a custom-designed tensile scale to quantify peak 

isometric neck strength. The tension scale measurements were reported to correlate well with a 

hand-held dynamometer (Pearson’s r=0.83−0.94, P<0.05) and demonstrated high inter-tester 

reliability between five different assessors. However, without providing information on the 

sensitivity of their measurement method, it is not possible to determine if the mean difference of 

1.7 lbs lies outside the 95% confidence interval of the instrument’s measurement error and, 

therefore, if it is a clinically meaningful difference in strength. As a minimum, researchers need 

to systematically include MDC95% cutoffs to allow their research findings to be meaningfully 

evaluated for practice. The positioning of participants for strength measures also varied across 

assessment protocols, with participants seated and fully restrained below the neck [11, 13, 29], 

restrained at the pelvis [31], unrestrained in sitting [14], and restrained and or unrestrained in 

prone and supine [27, 28]. Differences in test position would influence the contribution of other 

muscles to measured force variables of the neck, again possibly leading to errors in interpretation 

of outcomes.  

Adopting standards for identifying concussion incidence and risk is also recommended. If 

concussion incidence is used as a primary outcome to evaluate effects of neck strength in contact 

sports, as in Collins et al.’s study, researchers should adhere to current guidelines and provide a 

clear statement of assessment tools used [43]. Similarly, a standard set of kinematic variables 

should be used to calculate concussion risk which is commonly used as a primary outcome. In 

reviewed studies, kinematic variables used for the calculation of concussion risk have included 

peak magnitudes of linear and angular velocity and acceleration of the head, location and duration 
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of impact. Combinations of these variables are also used to calculate composite indices of head 

impact severity including the HITsp, HIC, and the HIP [12, 27, 28, 34, 35]. The calculation of 

concussion risk across these studies appears to be driven by the availability of sensor technology 

rather than by the validity of measures. Only one study was identified in which measured 

variables of the post-impact kinematics of the head were evaluated in relation to concussion 

incidence [44]. Broglio et al. [44] used the HIT system to monitor head impacts for seventy-eight 

high school football players over one season. In total, 54,247 head impacts were analysed, 

thirteen of which resulted in a concussion. The set of kinematic variables with the highest 

predictive value was identified to be the combination of peak angular acceleration of the head 

along the plane of axial rotation, peak linear acceleration of the head, and location of impact to 

the front, top, or back of the head identified through mixed design regression modelling. Research 

is needed to confirm the most appropriate set of kinematic variables predictive of concussions and 

consistent use of composite scores that incorporate this set of variables, allowing for comparison 

across studies. Most concussions in contact sports result from forces transmitted to the HN 

segment by a hit to the body. Novel systems may need to be developed to capture HN position 

and motion without contact information reliably, as well as to lower the price to improve 

accessibility to systems to support increased use of monitoring systems necessary to develop a 

large database for multicenter research. 

Of the twelve resistance strength training programs critically appraised for their 

effectiveness in promoting increases in peak isometric strength, only three applied the guidelines 

of the American College of Sports Medicine (ACSM) for frequency, intensity, time and type (i.e., 

the F.I.T.T. parameters) [45]. Effective parameters of these programs included: training three to 

four times per week at a loading intensity of 75% one repetition-maximum (1 RM) or 80% of 
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maximal isometric strength; and increasing the intensity when participants could complete one or 

more dynamic repetitions beyond the target number [39, 40] or when there was an increase in 

maximal isometric strength [41]. The training intensities used by Mansell et al. [11] and Lisman 

et al. [31] were conservative by ACSM guidelines, with training intensities of 41% to 53% 1 RM 

and 45% to 60% 1 RM, respectively. In addition, these two training programs included two 

training sessions per week and were four weeks shorter than the programs of Taylor et al. [39] 

and Conley et al. [40]. The conservative intensity of these protocols may not have maximized 

strength gains which could explain, in part, the absence of an effect of strength training on the 

resistive capacity of the HN segment. As a standard, MDC95% values should be calculated to 

ascertain that reported increases in strength with resistance training exceed the probability of 

error in measurement. It may be that specific MDC95% cutoffs should be established that would 

allow only meaningful gains in neck muscle strength to be evaluated in terms of their potential 

benefits in lowering the odds for concussion in contact sports.  

The ecological validity of using peak isometric strength as the strength variable of 

interest in studies of concussion risk management must be considered. Korhonen et al. [46] 

reported that it takes ≥ 400 ms to reach peak isometric force in skeletal muscles of the lower 

extremities. Even with the shorter latencies predicted for neck muscles [47], it is unlikely that 

athletes would have sufficient time to develop their maximum isometric strength in the short-

latency required to attenuate post-impact kinematics of the HN segment. However, Almosnino et 

al. [47] reported  that male athletes could develop 50% of their maximal isometric neck strength 

in 135 to 148 ms. Therefore, facilitating the development of short-latency neck strength should be 

a primary outcome of neck strength training programs for the risk management of concussion. 

This recommendation is supported by level 1b, 2b, 3b, and 4 evidence of small to large effects of 
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short-latency anticipatory neck strength in attenuating magnitudes of post-impact HN kinematics 

and lowering the severity of head impacts [11, 13, 28, 29, 34-37]. 

Facilitation of the short-latency rate of isometric force development (RFD) was not 

specifically addressed in any of the strength training programs appraised. However, several 

studies have reported significant gains in RFD with resistance training for skeletal muscles of the 

limbs [15, 48-51]. RFD is a velocity-dependent variable of muscle strength that reflects the 

central activation drive and the mechanics of muscle contraction [15, 48]. Therefore, training 

programs that emphasize high-velocity muscle contractions (i.e., explosive contractions for 

plyometric movements) have been shown to be effective in facilitating short-latency 

neuromuscular adaptations to enhance RFD [52, 53]. These high-velocity contractions are 

characterized by high motor neuron firing rates, high muscle force production, and brief 

contraction times [15, 49, 54] which increase the absolute magnitude of muscle tension developed 

in the early phases of a muscle contraction [15, 55, 56]. Of importance with regards to neck 

strengthening is that actual mechanical shortening of the muscle is not necessary to elicit short-

latency neuromuscular adaptations of RFD; rather, it is the ‘intention’ to produce a high-velocity 

(or ballistic) contraction that is the effective stimulus [54, 55]. Therefore, isometric contractions 

performed with ballistic intent would be a safe and appropriate strategy to rapidly increase 

anticipatory early-phase isometric neck muscle strength along all planes of motion, including 

axial rotation to increase short-latency anticipatory HN stiffness. The direct effects of training 

with ballistic intent contractions on short-latency strength and muscle activation was evaluated 

through a 14-week, high-intensity training strength program of the knee extensor muscle group. 

The training stimulus used was 4 to 5 sets of heavy-to-moderate training loads that ranged from 3 

to 10 repetitions-maximum [15]. This training program yielded a 17% increase in peak isometric 
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knee extension torque (P<0.001) and a 26%, 22% and 17% increase in RFD at time intervals of 0 

to 30 ms, 0 to 50 ms, and 0 to 100 ms, respectively (P<0.05). There was also an increase in the 

mean level of activation of the quadriceps muscle group by 22% to 143% (P<0.05) from 0 to 100 

ms of force onset, and an increase of 41% and 106% from 0 to 75 ms (P<0.01). 

The effects of strength training programs on RFD have yet to be systematically 

investigated within the context of concussion incidence and risk. In our scoping review, only two 

studies used measures of RFD in their analysis of post-impact kinematics of the HN segment 

[13,28]. In these studies, RFD was expressed as the maximum slope of the force-time curve to 

peak muscle force and was reported to be positively associated to an increased resistive capacity 

of the HN segment to controlled applications of external forces to the head [13]. Increased RFD 

was also associated with a lowering of the odds of sustaining head impacts of moderate severity 

during contact events in games [28]. A standard should be adapted to report RFD measures for 

discrete time intervals of short-latency force development (e.g., 0 to 25 ms, 0 to 50 ms, and 0 to 

100 ms). Almosnino et al. [47, 57] demonstrated that short-latency variables of static neck muscle 

strength could be reliably quantified using standardized methods. With reliable measurement, the 

theorized protective effects of RFD for concussion could be systematically evaluated. 

3.6.2 Recommendations for practice 

Current evidence does not support a benefit of resistance training to increase peak 

isometric strength as a component of risk management for concussion in contact sports. There is 

evidence of sufficient level and quality to support further research to evaluate the effects of RFD. 

At a minimum, RFD should be considered in the evaluation of readiness for return-to-play. If 

resistance training of the neck is used as a component of athlete preparation, programs should 

integrate ballistic intent contractions within a motor-learning program that will facilitate 
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recruitment of those muscles that are optimally aligned to resist impact. This resistance training 

approach could be integrated into existing isometric resistance programs with demonstrated 

effectiveness in producing clinically meaningful changes in peak muscle strength, for example, 

the program by Portero et al. [41], to optimize outcomes. This eight-week isometric strength 

training program in lateral side flexion produced a 35% increase in peak static strength in seven 

adult males, 24 to 30 years old, representing a large effect size of (Cohen’s d value, 2.10, CI95%, 

0.74 to 3.41). Any program of resistance training used should adhere to ACSM guidelines. 

Outcomes of the modelling study by Shewchenko et al. [33] should be considered as a 

precaution in the design of resistance training programs. Of specific importance are the predicted 

effects of increasing the level of muscle activation on the anterior-posterior shear and axial 

compression forces exerted on C0-C1. There is value and a need for continued research using 

computational modeling methods to systematically evaluate effects of modifying peak strength, 

RFD, HN stiffness, and neuromuscular control on the forces and stability of the cervical spine as 

per Shewchenko et al.’s [33] approach. 

The importance of adopting standardized methods for the assessment and reporting of 

variables of neck strength cannot be overlooked. As well, affordable methods need to be 

developed to enhance our general capacity to instrument helmets to monitor head impacts in 

contact sports. Combining standardized assessment with monitoring into accessible databases 

would facilitate experimental and computational research on this important topic in concussion 

risk management. 

Most important, any program should emphasize ‘sport-readiness.’ Sports intelligence and 

skill are principal factors that directly influence an athlete’s ability to avoid vulnerable positions 

or high-risk plays, and to anticipate and prepare for an upcoming impact [35]. Education is also 



 

 

 

77 

important as athletes need to know the specific risks associated with sports participation. The 

importance of education was underscored by the findings of Schmidt et al. [28] that linesmen in 

high school football were at highest risk for sustaining moderate to severe head impacts, even 

though they had the strongest necks when compared to other player positions. Lastly, player 

attitude cannot be overlooked. Even the highest level of preparation cannot lower the risk and 

incidence of concussion for blindside hits to unsuspecting athletes [1]. This issue of fair play and 

safe participation must be widely promoted in contact sports. Players must be educated on their 

responsibilities in assuming roles as both an ‘aggressor’, the player delivering the hit, as well as a 

recipient of hits. Players should be required to develop skill to safely assume both of these roles, 

including understanding the purpose of body contact as part of the game being played, skill in 

delivering hits that are both effective and safe, skill in maintaining awareness of risk for body 

contact and how to safely receive a hit, and education on the importance of reporting injuries 

immediately, including concussions.  

3.6.3 Summary of key findings 

Based on current evidence, strength training of the neck musculature cannot be 

recommended as an effective strategy to lower the incidence of concussion in contact sports. 

However, one prospective study (level 1b evidence) has provided evidence that higher absolute 

total isometric neck strength is a significant predictor of concussion incidence in contact sports in 

high-school athletes. Higher short-latency isometric neck muscle tension developed before an 

impact can lower magnitudes of the post-impact kinematics of the head (level 1b, 2b, and 4 

evidence). Therefore, strength-training programs that facilitate increased gains in short-latency 

rate of isometric force development may be an important component of neck strength training 

programs to lower the risk of concussion. Isometric contractions performed with ballistic intent 
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would be an appropriate strategy to increase the short-latency isometric response of the neck. 
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Chapter 4 

Effects of head flexion posture on the multidirectional static force 

capacity of the neck 

Gilchrist I, Moglo K, Storr M, Pelland L 
Clinical Biomechanics; 2016 37(7): 44-52 

http://dx.doi.org/10.1016/j.clinbiomech.2016.05.016 

4.1 Preamble 

The previous chapter did not identify a strong link between increased peak neck muscle 

strength and a decreased risk or incidence of concussion in sport; and as such identified the need 

to characterize neck strength in the early phases of a contraction immediately prior to sustaining 

an impact. This chapter focuses on the characterizing the modulating effects of multidirectional 

efforts and head flexion posture on neck strength capacity, focusing on early-phase force 

variables. 

4.2 Abstract 

Background: Neck muscle force protects vertebral alignment and resists potentially injurious 

loading of osteoligamentous structures during head impacts. As the majority of neck muscles 

generate moments about all three planes of motion, it is not clear how the force capacity of the 

neck might be modulated by direction of force application and head posture. The aim of our study 

was to measure the multidirectional moment-generating capacity of the neck and to evaluate 

effects of 20° of head flexion, a common head position in contact sports, on the measured 

capacity. 

Methods: We conducted a cross-sectional study, with 25 males, 20–30 years old, performing 

maximum voluntary contractions, with ballistic intent, along eight directions, set at 45° intervals 
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in the horizontal plane of the head. Three-dimensional moments at C3 and T1 were calculated 

using equations of static equilibrium. The variable of interest was the impulse of force generated 

from 0–50 ms. Effects of direction of force application and head posture, neutral and 20° flexion, 

were evaluated by two-way analysis of variance and linear regression. 

Findings: Impulse of force was lower along diagonal planes, at 45° from the mid-sagittal plane, 

compared to orthogonal planes (P < 0.001). Compared to neutral posture, head flexion produced a 

55.2% decrease in impulse capacity at C3 and 45.9% at T1. 

Interpretation: The risk of injury with head impact would intrinsically be higher along diagonal 

planes and with a 20° head down position due to a lower moment generating capacity of the neck 

in the first 50 ms of force application. 

 

Keywords: Neck strength, cervical spine, dynamometry, neck injury, concussion 

4.3 Introduction 

The cervical spine has low intrinsic stability and requires the neck muscles to act as 

stabilizers, protecting vertebral alignment [1] and resisting potentially injurious loading of 

osteoligamentous structures [2] with applied external forces. For these reasons, neck 

strengthening has been promoted in contact sports as a means of possibly lowering the incidence 

of injury to the head and neck [3]. Experimental [4], observational [3, 5, 6] and computational [7, 

8] studies have demonstrated that the magnitude of neck force which is organized in anticipation 

of impact and available within the first 50 ms after an impact exerts the strongest effect in 

lowering the severity of impact to the head. Although research regarding the role of neck strength 

in contact sports has largely been evaluated within the context of concussions [8, 9], the 

impulsive fashion in which forces are applied to the head during an impact can disrupt the 
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integrity of the ligamentous structures of the upper cervical spine [10], resulting in whiplash-

associated disorders that can manifest as concussion symptoms [11]. 

Most muscles of the neck exert moment-generating capacity about all three axes of 

rotation across multiple cervical segments [1, 12], with variation in their moment arm along the 

length of the cervical spine [13]. Therefore, the vulnerability of the neck to injury during an 

impact will not only be influenced by absolute neck force, but also by the direction of force 

application and the posture of the head-and-neck segment. Ackland et al. [1] performed in vitro 

measurements of the moment arms of major muscles of the neck about all three axes of rotation at 

each level of the cervical spine. Based on their data, we calculated the ratio of the mechanical 

advantage of selected extensor and flexor muscles to lateral flexion and axial rotation (Table 4-1), 

indicative of the direction-dependent complexity of the neck musculature. Moreover, Vasavada et 

al. [12] reported a 108% increase in the moment-generating capacity of the neck flexors with a 

30° flexion posture of the head, with a concomitant 12–41% decrease for extensors. Based on this 

information, we undertook a study to address two specific aims. The first was to evaluate the 

effects of the direction of force application, measured under static conditions, on the magnitude of 

moments generated over the first 50 ms of force production at the upper (C3) and lower (T1) 

cervical segments. The second was to evaluate the effects of 20° of head flexion on the measured 

moment-generating capacity, knowing that this ‘head down’ position is commonly adopted in 

contact sports, such as to maintain visual contact with the puck in ice hockey. A systematic 

evaluation of the moment-generating capacity of the neck by the direction of force exertion and 

by different head postures provides a starting point for understanding the intrinsic vulnerability of 

the head and neck to injury in contact sports. 
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Table 4-1: Ratio of the mechanical advantage along non-principal planes of motion for selected 
extensor and flexor muscles of the neck 

 Lateral Flexion Axial Rotation 
Muscles C2-C3 C5-C6 C6-C7 C2-C3 C5-C6 C6-C7 
                                                      Extensors 
Superior Trapezius 0.5 0.6 0.7 0.4 0.4 0.8 
Middle Trapezius --- 0.5 0.6 --- 0.3 0.6 
Levator Scapulae (C1 component) 2.9 2.5 --- 0.9 0.3 0.3 
Splenius Capitis (C6 component) --- --- --- 0.9 0.3 --- 
Splenius Cervicis (C2 component) 3.0 0.1 0.1 0.5 0.3 0.2 
Semispinalic Cervicis (C2 component) --- --- --- 0.2 0.3 --- 
Semispinalis Capitis (C7 component) 0.8 2.9 1.0 0.2 2.1 --- 
                                                      Flexors 
Sternocleidomastoid 6.7 1.3 0.9 2.8 2.8 0.4 
Anterior Scalene --- 39.9 7.6 --- --- --- 
Middle Scalene 1.0 112.3 --- 1.6 1.6 --- 
Note: The ratio was calculated by dividing the length of the moment arm along the principal plane of action, extension 
or flexion, by the length of the moment arm along the plane of lateral flexion and axial rotation; —, no moment arm 
component along that plane; data were calculated from Ackland et al. [1]. 
 

4.4 Methods 

4.4.1 Statement of ethics 

Ethics clearance was provided by the Queen's University Health Sciences and Affiliated 

Teaching Hospitals Research Ethics Board. Participants provided written informed consent and 

did not receive compensation. 

4.4.2 Participants 

Physically active males (n = 25) were recruited from the university community through 

direct contact. Prospective participants were screened to exclude a history of injury to the head 

and neck, the incidence of neck stiffness or pain in the previous six months and participation in 

specific strength conditioning of the neck muscles. The mean (range) of relevant demographic 

characteristics of our study group was as follows: age, 25.6 (20.1–30.1) years; height, 1.76 (1.64–

1.85) m; weight, 79.0 (49.0–100.0) kg; neck length, 8.7 (7.0–10.9) cm; neck circumference, 38.4 
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(34.9–42.7) cm; neck-to-head circumference ratio, 0.7 (0.6–0.7), and self-report right/left 

dominance (right, n = 24).  

4.4.3 Experimental set-up  

Static neck force was measured using the Multi-Cervical Unit™ (MCU, BTE; Hanover, 

MD). The MCU was retrofitted with a custom head frame developed by Pelland and Gilchrist for 

measurement of static force along eight directions covering 360°, at increments of 45° in the 

horizontal plane of the head, and to position the neck in different degrees of sagittal plane 

flexion–extension and axial rotation (Fig. 4-1A) 
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Figure 4-1: (A). The custom designed and fabricated head frame assembly for measurement of maximum voluntary 
static force (MVE) produced along eight directions set 45˚ intervals around the head and positioning of the head along 
the sagittal plane in up to 20˚ of extension and 30˚ of flexion. Standardized positioning in the MCU is shown for neutral 
(B) and head flexion (C) postures. Participants are restrained below the neck and across the pelvis; arms are folded 
across chest and soles of the feet together placed on a stool in front. Flex – flexion; R45Flex – right 45˚ flexion; 
RLFlex – right lateral flexion; R45Ext – right 45˚ extension; Ext – extension; L45Ext – left 45˚ extension; LLFlex – 
left lateral flexion; L45Flex – left 45˚ flexion.  



 

 

 

90 

For this study, forces were measured along the eight directions of force application and in 

two head and neck positions along the sagittal plane, self-selected neutral and 20° head flexion. 

Standardized positioning within the MCU was used, with straps over the shoulders and across the 

chest and pelvis to stabilize the position (Fig. 4-1B–C). Participants were provided with an 

opportunity to learn the task. 

Clusters of three collinear infrared markers, secured between T2 and T4 and on top of the 

head, were used to transform the local coordinate systems (LCS) of the head and neck into a 

global coordinate system for alignment with the force transducer. The following set of anatomical 

landmarks were identified by palpation and digitized (1 s, 30 Hz sampling rate, Optotrak, 

Northern Digital Inc., Waterloo, ON) to be used as inputs to calculate the position of the head and 

neck segment and the moments of static neck force (MRes): tragus of the ear, infraorbital sulcus, 

mastoid process and the angles of the mandibles, bilaterally, as well as the spinous process of C7 

and the suprasternal notch [13-16]. 
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Figure 4-2: (A) Location and alignment of the local coordinate systems (LCS) at the head center of mass (HCM), base of the upper cervical spine (C3) and base of the lower 
cervical spine (T1). At the HCM and C3, the LCS was aligned in the sagittal plane along the Frankfort plane, while the LCS at T1 was aligned along the angle of inclination of the 
lower cervical spine. LCSs were aligned with the lab-based coordinate system, with all systems defined by the ‘right-hand’ rule and the x-axis directed anteriorly, positive y-axis 
directed laterally to the left, and positive z-axis directed superiorly. (B) A representative profile of the three-dimensional components of the normalized moment for force at each 
direction of MVE, calculated at C3, with flexion-extension along the y-axis, with positive y forward flexion, lateral flexion along the x-axis, with positive x right lateral flexion, and 
axial rotation along the z-axis, with positive z left axial rotation. 



 

 

 

92 

4.4.4 Experimental task and calculation of moments 

Maximal voluntary contractions (MVCs) were produced with ballistic intent under static 

conditions; on a ‘go’ signal, participants were asked to push against the force transducer ‘as fast 

and as hard as possible’ and to hold their maximum force until the end of the 3 s trial. Visual 

feedback of force was provided on a computer screen placed directly in front of participants to 

encourage consistent maximum effort. Three trials were completed along the eight directions of 

force application; the order of directions was block randomized across participants, with a 60 s 

rest between trials and a 3 min rest between directions to reduce the likelihood of fatigue [17]. 

For all directions of force application, the head was maintained along the midsagittal plane of the 

body (i.e., no lateral flexion or axial rotation of the head relative to the body). After each block of 

trials, maximal force measures were reviewed to ensure a between-trial variability ≤10% within 

each block [13]. If the variability was >10%, trials were repeated after a sufficient rest period. 

The shape of the recorded force curves was also monitored to identify discontinuities, indicative 

of movement of the head against the force transducer during the trial, or of an unsustained force 

output. Trials with movement artifacts or unsustained force were also repeated until three 

acceptable trials were obtained within each block. 

The position of the landmarks, the force transducer and a reference point on the head 

frame was registered prior to each block of trials. The three-dimensional components of MRes 

were resolved at C3 and T1 by applying equations of static equilibrium [13]. The moment arms of 

the force at C3 and T1 were calculated in reference to the center of mass of the head (HCM), 

localized 28 mm superior to the midpoint of a line connecting the midpoint of the right and left 

tragi [18]. The cervical spine was modeled as a two-segment system, with C3 serving as the base 

connecting the head and upper cervical spine to the remaining cervical column, and T1 serving as 
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the base of the lower cervical spine (Fig. 4-2A) [19-21]. The reference point at C3 was localized 

approximately at the axis of rotation of C2 on C3 [22], situated 18.4 mm posterior to the midpoint 

of a line connecting the right and left tragi [15, 23] and translated inferiorly to the level of the line 

joining the angles of the mandibles [14], with the x-axis of the LCS oriented along the Frankfort 

plane [24]. The reference point at T1 was localized approximately on the superior-anterior surface 

of the vertebral body of T1 [25], situated at the midpoint of a line joining the spinous process of 

C7 and the suprasternal notch [13, 16], with the x-axis of the LCS oriented along the line joining 

the spinous process of C7 and the suprasternal notch [24].  

Force signals (mV) were amplified (gain, 2000; 9243-IP65 Strain Gauge–Potentiometric 

Inline Amplifier, Advanced Mechanical Technology, Inc., Watertown, MA), digitized (2048 Hz; 

16-bit AD converter; model PCI-6036E; NI Corporation, Austin, TX) and converted to force 

units (N). The DC bias, which contained the resting weight of the head against the load cell, was 

subtracted and the resultant signal low-pass filtered (19 Hz, 4th order, dual-pass, digital 

Butterworth filter), with the cut-off frequency determined by residual analysis [26]. Signal 

acquisition and processing were performed using Labview (NI Corporation, Austin, TX) and 

Matlab (Mathworks Inc., Nantick, MA). 

The onset of MRes was defined as a rise of the moment–time curve above 15 SD of 

baseline, calculated over 2500 points prior to the ‘go’ signal. Three outcome variables were 

calculated from the moment–time curve. Peak MRes (Nm) was defined as the highest magnitude 

attained during the trial. The area under the moment–time curve, from 0 to 50 ms, was calculated 

to yield the impulse of static force (ISF, Nm·s), a surrogate measure of the neck force that would 

be available to resist a change in the angular velocity of the head and neck segment under 

conditions of unconstrained external force application [27]. The rate of moment generation 
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(RMG, Nm·s−1) was calculated as the rise of the slope of MRes from 0 to 50 ms, with 

normalization to the magnitude of ISF (%ISF) for between-subject comparison. The ratio of ISF 

between the flexor and extensor muscles (F:E ratio) was calculated at C3 and T1 by geometrically 

resolving ISF exerted along the sagittal and 45° planes of flexion (i.e., 0°, 45° and 315°) and 

extension (i.e., 180°, 135° and 225°) into a single combined vector of flexion and extension 

oriented along the sagittal plane. 

4.4.5 Statistical analysis 

Consistency in head–neck position between trial blocks was confirmed by the absolute 

between-subject difference in the Frankfort plane from self-selected neutral to 20° flexion 

posture, in combination with the within-subject coefficient of variation (CV) of the angle of 

inclination of the neck [24] [Kietrys et al., 1998] and the Frankfort plane. Effect of direction of 

MVC on consistency in position was evaluated by one-way analysis of variance (ANOVA). 

Consistency of MVCs was evaluated from the within-subject CV of absolute peak external force 

(PFExt, N) within each trial block. The following limits of the CV were used to define consistency 

in measured variables [28]: CV <10%, high; CV between 10% and 20%, mean; CV between 20% 

and 30%, low; and CV >30%, very low.  

Normality and homogeneity of variance were confirmed by the Shapiro–Wilk and 

Levene's tests, with appropriate data transformation performed as necessary. A mixed-design 

ANOVA was performed to evaluate effects of MVC direction, reference level and head posture 

on outcome variables, with Bonferroni post-hoc analysis used to evaluate significant main effects 

and interactions for multiple comparisons. The level of significance was set at P < 0.05. The 

within-subject minimal detectable change (MDC95%) was calculated, providing an estimate of the 

smallest change in calculated moment variables that would be of practical significance [29]. 
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Cohen's method for paired samples was used to calculate the size of identified main effects and 

interactions on calculated outcome variables [30]. Standard effect size cutoffs were used for 

interpretation: ≤0.20, small; between 0.21 and 0.50, small-to-medium; 0.51 to 0.70, medium-to-

large; and ≥0.80, large. All statistical analyses were performed with SPSS (version 21, IBM 

Corporation, Chicago, IL). 

4.5 Results 

4.5.1 Reliability of input variables 

Positioning within the MCU was consistent, with a mean between-subject change in the 

Frankfort plane, from head-neutral to head flexion posture, of 25°, a standard error (SE) in end-

position of <1° and a mean within-subject CV of the Frankfort plane and angle of inclination of 

the neck of 0.82% (range, 0–11.9%), with no effects of direction of MVC on position (P ≥ 0.57). 

Consistency of effort was high, with a mean within-subject CV in PFExt of 2.9% (range, 0.1–

10.2%), with no influence of direction of MVC (P = 0.07). 

The moment arm of the applied force increased by a mean 48.4 mm (range, 37.7–61.3 

mm) from C3 to T1. On linear regression analysis (Table 4-2) [13], this increase in moment arm 

length explained 99% of the variance in peak MRes from C3 to T1 along orthogonal planes of 

MVC (i.e., flexion–extension along the sagittal plane and right–left lateral flexion along the 

coronal plane). Regression slopes were comparable for all directions, with no effect of posture (P 

= 0.33). 
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Table 4-2: Regression parameters for variation of peak resultant 
moment (M!"#) as a function of the moment arm of the force 

Regression  
Parameter 

Flexion Extension Right Lateral  
Flexion 

Left Lateral  
Flexion 

 Neutral Posture 
ß1 (slope) 0.51 0.49 0.51 0.51 
95% CI 0.49-0.52 0.48-0.51 0.49-0.52 0.50-0.52 
r2 0.91 0.99 0.99 0.99 
SE of prediction 0.02 0.006 0.005 0.005 
MA, mean % 48.1 48.4 48.5 48.3 
MA, range % 39.2-58.6 37.7-60.5 38.7-61.3 38.7-61.3 
 Flexion Posture 
ß1 (slope) 0.51 0.51 0.52 0.52 
95% CI 0.49-0.52 0.50-0.52 0.51-0.53 0.52-0.53 
r2 0.99 0.99 0.99 0.99 
SE of prediction 0.004 0.004 0.004 0.003 
MA, mean % 47.6 47.3 47.6 47.4 
MA, range % 43.9-56.2 42.9-54.9 43.3-59.0 44.1-55.3 
Regression parameters for equation M!"#(C3) / M!"#(T1) = ß1 + ß0 y, where M!"#(C3) is 
the resultant moment at C3 and M!"#(T1) the resultant moment at T1, and y is the 
vertical distance along the C-spine (y = 0 at C3); 95% CI, 95% confidence interval. All 
regression parameters are significant, P < 0.001. 
 

4.5.2 Effects of direction of MVC on the three-dimensional components of !Res 

The three-dimensional components of MRes for the eight directions of MVCs are reported 

in Table 4-3, with a representative profile shown in Fig. 4-2B. For orthogonal planes of force 

application, the magnitude of the moment component along non-principal axes of MVC was 

<28% of the peak magnitude along the principal component for right/left lateral flexion and <3% 

for flexion/extension. By contrast, along diagonal planes, magnitudes of moment components 

along non-principal axes ranged between 51% and 99% along the x- and y-planes (flexion–

extension and lateral flexion, respectively) and 23% and 25% along the z-plane (axial rotation).
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Table 4-3: Ratio of the three-dimensional components of the peak resultant moment (M!"!) in 
neutral and flexion posture. 

   Neutral Posture Flexion Posture 
   x-comp y-comp z-comp x-comp y-comp z-comp 

C3 

Flexion 
Midline, 0o 0.03 1 0.003 0.03 1 0.01 
Right, 45o 1 0.94 0.25 1 0.96 0.23 
Left, 315o 0.90 1 0.24 0.98 1 0.23 

Extension 
Midline, 180o 0.04 1 0.01 0.005 1 0.003 
Right, 135o 0.90 1 0.22 0.51 1 0.34 
Left, 225o 0.91 1 0.25 0.98 1 0.22 

Lateral 
Flexion 

Right, 90o 1 0.06 0.25 1 0.06 0.22 
Left, 270o 1 0.03 0.26 1 0.02 0.21 

         

T1 

Flexion 
Midline, 0o 0.02 1 0.004 0.001 1 0.003 
Right, 45o 1 0.98 0.26 0.98 1 0.06 
Left, 315o 0.91 1 0.25 0.98 1 0.09 

Extension 
Midline, 180o 0.03 1 0.001 0.007 1 0.009 
Right, 135o 0.90 1 0.24 0.98 1 0.06 
Left, 225o 1 0.94 0.27 0.99 1 0.08 

Lateral 
Flexion 

Right, 90o 1 0.06 0.27 1 0.02 0.08 
Left, 270o 1 0.03 0.25 1 0.02 0.003 

Ratio of the three-dimensional components are calculated relative to the highest component 
for each direction; x-component, lateral flexion; y-component, flexion and extension, and z-
component, axial rotation; the value of ‘1’ indicates the principal plane of MVE. 
 

4.5.3 Effects of direction of force application and head flexion on the impulse of static force  

ISF magnitudes are reported in Table 4-4. The within-subject CV ranged between 16.9% 

and 18.0%, with no effects of posture or reference level (P > 0.05). Compared to neutral head 

posture, 20° of head flexion produced an average decrease in ISF of 55.2% at C3 and 45.9% at T1 

(P = 0.05). Moreover, ISF was lower along diagonal planes of force application, compared to 

orthogonal planes (P < 0.001), with no effects of posture or reference level (P ≥ 0.06). The F:E 

ratio of the ISF was comparable at C3 and T1 (P = 0.59) and characterized by an extensor bias 

(~15%; P < 0.001), with a mean (SD) ratio of 0.85 (0.44) in head neutral and 0.89 (0.33) in head-

flexion at C3 (P = 0.67), and ratio of 0.86 (0.45) and 0.89 (0.53), respectively, at T1. The flexion 

component along diagonal planes was influenced by an effect of laterality (P = 0.02), with a 
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15.8% higher ISF magnitude to the right (45°), compared to left (315°), in neutral head position 

(Cohen's d, 0.25) and 8.95% with the head in flexion (Cohen's d, 0.15), with no difference 

between reference levels (P = 0.48). There were no effects of laterality on the extensor 

component (P = 0.59). 

MDC95% values of the ISF are reported in Table 4-4. Based on the within- and between-

subject variability, an increase in ISF of 36.2% to 57.6% would be necessary for a clinically 

meaningful change. Neck strength may be one factor contributing to high MDC95% values, with a 

negative association of the within-subject CV of the ISF and total static moment capacity of the 

neck identified by linear regression (r2 = 0.37; P ≤ 0.001). 
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Table 4-4: Magnitudes of the impulse of static force (ISF, Nmm�s) and the associated minimal 
detectable change (MDC95%) 

   ISF (0-50 ms) MDC95% 
 Direction Neutral Flexion   Neutral Flexion 
  Mean (SD) Mean (SD) P-val ES % mean % mean 

C3 

Flexion 
Midline, 0o 97.9 (52.9) 98.7 (46.1) 0.92 <0.01 49.6 44.5 
Right, 45o 85.9 (50.6) 81.3 (41.9) 0.54 0.10 43.8 53.1 
Left, 315o 73.4 (37.9) 73.9 (32.4) 0.90 <0.01 48.1 50.4 

Extension 
Midline, 180o 136.8 (74.5) 131.6 (73.4) 0.67 0.07 49.7 43.2 
Right, 135o 96.7 (53.1) 91.5 (45.6) 0.53 0.12 50.7 56.4 
Left , 225o 94.5 (50.9) 89.6 (41.3) 0.52 0.11 46.7 36.3 

Lateral Flexion 
Right, 90o 83.8 (44.4) 74.9 (39.0) 0.50 0.11 48.9 57.6 
Left , 270o 77.4 (39.4) 64.7 (27.7) 0.03 1.00 54.7 43.1 

         

T1 

Flexion 
Midline, 0o 187.8 (99.3) 190.8 (86.9) 0.85 <0.01 49.9 44.6 
Right, 45o 165.4 (93.7) 153.5 (78.2) 0.40 0.14 43.7 53.1 
Left, 315o 141.3 (71.4) 140.7 (61.1) 0.96 <0.01 48.1 50.3 

Extension 
Midline, 180o 267.5 (143.7) 252.9 (135.9) 0.53 0.10 49.9 41.2 
Right, 135o 188.0 (102.5) 175.2 (86.3) 0.31 0.13 50.7 56.6 
Left , 225o 182.3 (95.9) 170.1 (76.4) 0.39 0.14 46.8 36.2 

Lateral Flexion 
Right, 90o 162.9 (85.5) 150.8 (72.4) 0.35 0.06 48.9 57.5 
Left , 270o 148.9 (74.5) 123.4 (53.9) 0.02 0.39 54.7 42.9 

Mean (SD) ISF; P-value; between-posture effects, one-way ANOVA; ES, Cohen’s d-value; MDC95%, upper limit of the 
95% confidence interval of the minimum detectable change expressed as percent of the mean ISF between-posture 
effects are shown in ‘bold’ type. Using the sample size calculation described by Hopkins [30] (8*TE2/0.2 SD, where 
TE is the typical error), 286 participants would be needed to obtain a representative profile of ISF, for both neutral and 
flexed head-neck postures, in physically active male adults. 
 

4.5.4 Interaction between peak moment, impulse and rate of moment generation 

Linear regression plots were constructed, relating peak MRes, ISF and RMG at C3 (Fig. 4-

3A–D) and T1 (Fig. 4-3E–H). Although magnitudes of all three variables were higher at T1 

compared to C3, the structure of the regression manifolds was comparable at both levels. For 

MVCs generated along orthogonal planes, RMG and ISF increased contemporaneously, with 

largest magnitudes associated with highest peak MRes, with no effect of MVC direction on RMG 

(P ≥ 0.12). Head flexion produced discrete effects on RMG, namely an increase for right lateral 

flexion at C3 (90°; P = 0.03; Cohen's d, 0.36) and a decrease along midline flexion (0°; P = 0.04; 
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Cohen's d, 0.13) at T1. By comparison, the manifolds for MVCs along diagonal planes clearly 

showed an overall lowering of the RMG, and a contraction of the upper range of peak MRes which 

was most notable in head flexion. Again, head flexion produced only discrete effects on RMG, 

with lower RMG for right extension (135°; P = 0.03; Cohen's d, 0.13) at C3 and right extension 

(135°; P = 0.05; Cohen's d, 0.32) at T1. 
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Figure 4-3: Regression plot relating the peak resultant moment (Nm), the impulse of static force (Nm·s) and the rate 
of moment generation (Nm·s-1) calculated at C3 (A–D) and T1 (E–H) along orthogonal planes and diagonal planes in 
both neutral and head flexion postures. The color scale is calibrated to the magnitude of rate of moment generation 
(Nm·s-1).  
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4.6 Discussion 

In this study, we evaluated the influence of eight directions of MVC on the moment-

generating capacity of the neck in two head–neck postures, self-selected neutral and 20° head 

flexion. We specifically evaluated the moment-generated over the first 50ms of the contraction as 

a surrogate measure of the impulse of force which would be available to resist an externally 

applied force. Neck strengthening has been recommended as a strategy to lower magnitudes of 

head impacts experienced during contact sports [8, 9]. Our results add to this body of knowledge, 

providing evidence of a decreased moment generating capacity of the neck when the head is 

flexed to 20° and along diagonal directions of force application that include a significant moment 

component along non-principal axes of moment generation. 

Quantifying ISF rather than peak static neck force is a distinction from previous studies 

having evaluated the role of neck strength in contact sports [5, 9, 31]. Our selection of ISF was 

motivated by our published scoping review on the role of neck muscle strengthening in the risk 

management of concussion in contact sports [32]. Although there is no consistent evidence of a 

positive relationship between peak isometric strength and post-impact head kinematics [5, 6], 

there is evidence that higher static neck muscle tension developed within 50 ms of impact 

attenuates the post-impact kinematics of the head–neck segment [3, 6, 33-35]. Moreover, we 

measured ISF for MVCs produced with ballistic intent [36, 37], compared to previous studies 

which have reported neck force measurements using voluntary ramped contractions developed at 

a self-selected speed, either to maximal force [13, 17, 38] or to fatigue [37]. Ballistic and ramped 

contractions differ in terms of their neurophysiological control [39]. As ramped contractions are 

controlled via positive force feedback, their role in offering a protective effect against external 

forces is prohibited by delay in sensory-motor and electromechanical coupling, which is typically 
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in the range of 105 ms [40]. In ballistic contractions, motor units are recruited at the maximal 

discharge rate of motor neurons [41], favoring the development of high magnitude impulse of 

neck force. Although ballistic contractions are not modulated by force feedback, the rate of 

moment generation will be modulated by muscle morphometry and geometry [42]. 

We indirectly evaluated the global effects of the geometry of the neck musculature on the 

moment generating capacity of the neck through a systematic quantification of ISF across eight 

directions of force application and two head postures. The finding that the force generating 

capacity of the upper segments of the cervical spine is lower than that of lower segments due to 

the cephalo-caudal increase in the length of muscle moment arms, as shown in Table 4-2, has 

been well established [13]. However, our finding of an absolute lowering of the impulse capacity 

of the neck with head flexion posture is novel. A head down position, commonly used by novice 

athletes (anecdotally, in hockey and soccer where visual contact with the puck or ball while 

skating or running is a strategy selected by novice players to maintain possession and control), 

increases the intrinsic vulnerability of the neck to injury, as well as decreasing an athlete's 

awareness of an upcoming impact. Moreover, the linear regression manifolds for MVCs produced 

along diagonal planes clearly showed an overall lowering of RMG, with a resultant contraction of 

the upper range of peak MRes, most notable in head flexion. As shown in Table 4-3, MVCs 

generated along diagonal planes induce relatively large moments about all three axes of motion, 

reducing the absolute force along the ‘principal’ axis. As an example, in head neutral posture, for 

right 45° and left 225° at T1, a higher moment component is generated in lateral flexion than in 

the desired plane of flexion and extension, respectively. Additional forces would be required to 

provide restraint to ‘non-principal’ components of the generated moments, complicating the 

underlying neuromuscular control. The selective right–left asymmetry on the flexor component of 
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the F:E ratio would require further restraint to prevent motion away from the desired static 

position of the head and neck, again increasing demands on the neuromuscular system. Therefore, 

this asymmetry in the F:E ratio would further increase the vulnerability of the neck to injury with 

forces applied along diagonal planes of motion.  

We propose that the F:E ratio is an important variable to consider within the context of 

injury prevention to the head and neck. The F:E reflects the resultant effects of neural drive to the 

neck musculature and muscle geometry. Previous studies have described a common central drive 

to the flexor and extensor muscles of the neck, independent of the direction of force application, 

with the resultant coactivation increasing as a function of the magnitude of the applied force to 

enhance the stability of the cervical spine by increasing the compressive force across 

intervertebral joints [43, 44]. Computational studies would be informative to clarify the effects of 

the selective asymmetry on flexor muscles on the distribution and magnitudes of forces across the 

osteoligamentous structures of the neck. As this asymmetry is influenced by RMG to some 

extent, we propose that training, using ballistic intent contractions, could be an effective 

intervention to reduce the extent of asymmetry. 

4.6.1 Limitations 

The limitations of our study should be noted in evaluating the application of our 

outcomes to practice. Foremost, our study group included only young, physically active, male 

adults. As our aim was to investigate direction- and posture-specific effects on the static moment-

generating capacity of the neck, this selection bias was planned a priori to limit the effects of 

known sex-specific [3, 4, 45, 46] and age-specific [3] differences in neck strength. We also 

assumed the cervical spine to behave as a two-segment (upper and lower) articulated system, and 

therefore determined the orientations of the local coordinate systems based on separate sets of 
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anatomical reference markers for C3 and T1. It has been suggested that the cervical spine may 

realistically behave as either a single segment or a two-segment system depending on the 

direction motion [47, 48]. Future research should consider the context-specific control of the 

cervical spine. The nature of right–left differences in flexor component of the ISF, whether 

habitual or an effect of hand dominance, or both, could not be investigated within the context of 

our study as our study group only included one left-handed participant. Lastly, considering the 

low within-subject CV in our measurements, the higher between-subject CV is indicative of the 

natural variability in short-latency ISF. Based on sample size calculation (Table 4-4) [29], 286 

participants would be needed to obtain a representative profile of ISF, for both neutral and flexed 

head–neck postures, in physically active male adults. A multicenter study, using our standardized 

measurement protocol is recommended to provide a robust dataset for clinical practice and 

research. 

4.6.2 Application to sport medicine practice 

Our research provides novel applications to sport medicine practice. Foremost, we 

provide a standardized method for the assessment of neck strength that has high reproducibility. 

To date, neck strength has been measured using various techniques (hand-held dynamometry [4, 

5, 46, 49], tensile scale [9] and fixed-frame dynamometry [3, 6, 50]) with no information 

provided on the sensitivity and reproducibility of measurements. The lack of standardization and 

determination of reliability makes it impossible to determine if measured differences truly lie 

outside the 95% confidence interval of measurement error [29], to compare outcomes across 

studies and different athletic populations, to determine the effectiveness of strengthening 

programs, and to evaluate the relationship between neck strength and injury mechanism. Our 

kinesiological platform could provide a solution, including high consistency in positioning (SE 
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<1°; within-subject CV ≤0.82%) to minimize effects of differences in position and stabilization 

on neck strength measurements [47]. The low within-subject variation in PFExt (mean CV, 3%) 

confirms the reliability of our ‘ballistic intent’ protocol in yielding consistent strength variables, 

independent of head–neck posture, indicating a high probability that a difference in measurement 

obtained at two different time points would be due to real change [29]. We also provide evidence 

of the vulnerability of a head-down position in lowering the absolute capacity of the neck in 

resisting applied forces, as well as reducing the capacity of a player to anticipate an upcoming 

impact. Position-related effects would be further complicated by right–left differences. At a 

minimum, we recommend taking time to identify between-side differences in strength and to 

remediate. Moreover, our linear regression plots could provide a ‘quick’ visual assessment to 

compare and contrasts neuromuscular responses across individuals and in response to training 

interventions. Prospective studies combining calculated magnitudes of ISF to sensor technology 

would allow us to measure composite indices of head impact severity in real-time during games 

[5, 6, 34] and identify sensitive cut-off values of ISF for sport participation, based on an athlete's 

characteristics, such as sex and age. The effect of higher ISF variability in athletes with lower 

PFExt on injury incidence could also be evaluated. 
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Chapter 5 

Anticipatory neck muscle coordination during multidirectional ballistic-
intent static moment-generation at the neck in neutral and head flexed 

postures 

Gilchrist I, Pelland L 

5.1 Preamble 

Neck muscles are being increasingly included in computational models of the head and 

neck to improve biofidelity in predicting kinematic response and potential injury mechanisms. 

While computational models use experimental EMG data as inputs, no published data have 

characterized predictive feedforward muscle activity and coordination. Multidirectional 

feedforward EMG input data in computer models would help to improve their biofidelity and 

simulate the effects of advanced muscle activation on the resultant head kinematics, advancing 

the field of head impact biomechanics. Therefore, this study sought to characterize the predictive 

neck muscle coordination of resistive strength capacity in two sagittal plane head postures. 

Characterization of patterns of neuromuscular activity will help to identify individuals who may 

benefit from resistive conditioning to enhance predictive neuromuscular coordination and the 

capacity to resist applied forces. 

5.2 Abstract 

Purpose: First, characterize and evaluate the anticipatory neuromuscular activity of the superficial 

neck muscles during multidirectional, ballistic-intent static neck muscle contractions in neutral 

and head flexed postures. Second, compare and contrast features of anticipatory neuromuscular 

activation strategies between groups of high- and low short-latency neck strength. 
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Methods: Twenty-five participants performed maximum voluntary contractions, with ballistic 

intent, along eight directions, set at 45° intervals in the horizontal plane of the head, in neutral 

and flexion head postures. Electromyographic (EMG) activity was evaluated 50 ms before force 

onset, from the sternocleidomastoid, splenius capitis and upper fibres of trapezius, bilaterally. 

Participants were dichotomized into high and low groups based on neck strength measures. 

Impulse of static force (ISF, Nm·s), from 0-50 ms, was calculated at C3. Neuromuscular 

activation strategies were evaluated through intermuscular coherence, principal component 

analyses (PCA), EMG tuning curves and linear regression modelling.  

Results: The low group exhibited asymmetrical posterior intermuscular coherence pairs, with an 

overall 47% and 5% lower magnitude of coherence for 10-20 Hz, and 30-60 Hz bandwidths 

respectively. PCA identified two-component solutions that demonstrate the posterior (comp 1) 

and anterior (comp 2) muscles groups are modulated separately. All muscles demonstrated 

preferential tuning that did not correspond to the anatomical moment arms. Head flexion posture 

modulated the tuning orientation of the left splenius capitis (P<0.01) and right upper fibres 

trapezius (P=0.01) for the high group only. PCA components were predictive of ISF for both 

high- and low groups, but with the tuning of splenius capitus closer to its moment arm, 

significantly contributing to ISF in both neutral and head flexion postures. 

Interpretation: The central nervous system utilizes common neuromuscular activation strategies, 

primarily between posterior and anterior muscle groups, when generating multidirectional 

ballistic-intent efforts. The feedforward activities of posterior muscles are most influenced by 

peripheral sensory inputs induced by head flexion posture, but also most frequently predict high 

magnitudes of static impulse generation at the upper cervical spine. 
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5.3 Introduction 

As the cervical spine has little intrinsic stability [1], the neck musculature provides the 

necessary structural stability. The neck muscles provide active restraint against imposed external 

forces to maintain alignment of the cervical spine and limit the kinematic effects on the head-

neck (HN) system. In the context of HN injury risk management, the greater capacity of an 

individual to rapidly increase stiffness of the HN system in anticipation of an impact, the greater 

the capacity to resist the kinematic effects of external impacts on the HN system [2, 3]. Ideally, 

that anticipatory neuromuscular response would be of sufficient magnitude to resist the effects of 

external forces on HN kinematics. However, coordination and dispatch of an effective response 

are complicated by the anatomical redundancy of neck muscles. This redundancy is attributed to 

the more than 20 pairs of muscles controlling the direction and magnitude of the static strength 

response of the neck [4]. Moreover, many of the neck muscles have moment-generating 

capacities around all three axes of rotation [5, 6]. 

Past studies have characterized organising features that appear to simplify the 

neuromuscular coordination of the neck muscles during maximal- and submaximal 

multidirectional static contractions [7-10]. These features include: preferred orientations of 

muscle activity that do not correspond to a muscle’s anatomical moment arm; a spread of muscle 

activation (spatial focus) that is invariant of the moment magnitude and direction of neck forces; 

symmetrical activation of bilateral extensor muscles; and intermuscular coherence, indicative of 

common neural drive between muscles. However, the organization and coordination of the 

muscles to rapidly contract with ballistic intent are strongly influenced by central drive [11, 12], 

and are different from ramped maximal voluntary contraction. Ballistic contractions are organized 

through internal models in the central nervous system (CNS) and are dispatched in an anticipatory 
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manner, without online sensory feedback, to best predict the outcome of the movement [13, 14]. 

Upon execution, ballistic motor commands dispatch bursts of high frequency (60-120 Hz) firing 

of motor units that occur 50 – 100 ms before the onset of force [15, 16]. As anticipatory neck 

stiffening responses must be organized in the absence of sensory feedback, it is not clear if 

similar simplifying strategies would be available. 

While the previous studies have enhanced our understanding of how the neck muscles are 

organized and activated during multidirectional neck muscle efforts [7-10], they are limited in 

that they only measured static efforts in head neutral postures. Many sport settings demand or 

elicit the assumption of head flexed postures that may have effects on the patterns of 

neuromuscular activity. Similar to the joints of the extremities, proprioceptive information on 

head and neck posture is controlled via muscle spindles and articular mechanoreceptors that are 

tightly integrated with the vestibular system. In a review by Armstrong et al., the authors extend 

the findings of previous work based on the arm (see [17]), to propose that neck muscle spindles 

discharge in specific patterns and frequencies that encode specific head postures and movements 

[14]. However, unfamiliar, non-neutral head postures, combined with ballistic-intent contractions 

of the neck muscles, may affect the accuracy of the internal model of the motor command. This in 

turn may influence the pattern of neck muscle activation, and ultimately the rate of force output. 

Previous work has demonstrated that the assumption of head flexion posture decreases the 

theoretical moment generating capacity [6], but also short-latency static impulse generation (i.e. 

0-50 ms) [18]. 

The first aim of our study was to characterize and evaluate the neuromuscular activity of 

the superficial neck muscles during multidirectional static neck muscle contractions, to determine 

if the similar organizing features are utilized in the early phases (i.e. before the onset of force) of 
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a ballistic-intent neck muscle contractions in neutral- and non-neutral head postures. 

Previous work in dynamic head stabilization identified gender differences in neck muscle 

activation and absolute strength that were associated with greater post-impact head kinematics in 

females [19]. This led us to the question of whether individuals who exhibit high vs. low ballistic-

intent neck muscle strength would also differ in the coordination of neuromuscular activity of 

neck muscles. Hence, we separated our participants into two groups based on their short-latency 

neck strength. Therefore, the second aim of this study was to compare and contrast features of 

neuromuscular activation strategies between those with high short-latency neck strength and 

those with low short-latency neck strength, and to identify key neuromuscular activation variables 

that predict high short latency static neck strength. 

To achieve these aims, a battery of analyses was used to characterize and differentiate 

these neuromuscular patterns that include intermuscular coherence, principal components, 

directional tuning and linear regression modelling. 

5.4 Methods 

5.4.1 Statement of ethics 

All methods and procedures were approved by the Queen's University Health Sciences 

and Affiliated Teaching Hospitals Research Ethics Board, and participants provided written 

informed consent. 

5.4.2 Participants 

Twenty-five physically active males were recruited from the university community. All 

participants were screened to exclude: a history of neck injury (fractures, instability and/or 

neurological signs); head injury (including concussion); neck stiffness or pain in the six-months 
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prior to testing session; and regular resistance training of the neck muscles. The mean (range) of 

relevant characteristics of our study group were as follows: age, 25.6 (20.1-30.1) years; height, 

1.76 (1.64-1.85) m; weight, 79.0 (49.0-100.0) kg; and head-to-neck circumference ratio, 0.7 (0.6-

0.7). Of our 25 participants, 24 were right handed and one left-handed. 

5.4.3 Data acquisition 

A detailed description of our methods to quantify the impulse of static force (ISF) using 

the Multi-Cervical Unit™ (MCU; BTE, Hanover, MD, USA) is provided in Gilchrist et al. [18]. 

Maximal voluntary efforts (MVEs) were produced with ballistic intent from a ‘go’ signal, in eight 

directions of force application set at 45˚ intervals along the horizontal plane of the head. 

Participants performed the MVEs in two head postures, self-selected neutral and 20˚ head flexion 

(Figure 5-1A-B), that were completed over two sessions separated by 3 – 10 days. The order of 

MVE direction and head postures were blocked randomized across participants. Three trials were 

recorded along each direction for analysis, with a one-minute rest between trials and a three-

minute rest between directions. Real-time feedback of applied force was provided to enhance 

effort and to evaluate variability in peak force within each trial block.  

Surface electromyography (EMG) signals were acquired, bilaterally, from the 

sternocleidomastoid (SCM), splenius capitis (SPL) and upper fibers of trapezius (UFT). EMG 

signals were recorded using a Bortec AMT-8 system (Bortec Biomedical Ltd; Calgary, AB;). 

EMG was recorded using pre-gelled Ag-AgCl electrodes with a 1 cm diameter and an inter-

electrode distance of 2 cm (Multi Bio Sensors, El Paso, TX). Electrode placement was 

standardized using a set of anatomical landmarks, identified by palpation (Figure 5-1C-D). 

5.4.4 Data processing and definition of measured variables 

Amplified analogue force and EMG signals were sampled synchronously (2048 Hz) and 
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converted to digital format (16-bit AD converter; model PCI-6036E; NI Corporation, Austin, TX) 

using custom-designed programs (Labview, Version 2010; NI Corporation, Austin, TX). Force 

signals were processed to remove the DC-bias (baseline noise of the force transducer ≤ 0.2 N), 

which contains the resting weight of the head against the force transducer, and low-pass filtered 

(4th order, dual-pass, digital Butterworth filter; 19 Hz), with the filtered signals used as inputs for 

computation of the moments of force resolved at the third cervical vertebra (C3), considered to be 

the root of the upper cervical spine [23]. The superior aspect of the C3 vertebra was defined as 

origin of the local coordinate system, and was located 18.4 mm posterior to the midpoint of the 

tragi [24], and translated inferior to the level of the line joining the angles of the mandible [25]. 

The location of the C3 vertebra was approximately 30% the distance from C0 – T1, with the x-

axis of the local coordinate system oriented along the Frankfort plane [26]. Baseline force signals 

were visually inspected real-time, as well as immediately following the trial for evidence of 

baseline signal instability or countermovement. Trials identified by the examiner as contaminated 

with a countermovement just before the ‘go’ signal were discarded and repeated until three trials 

with <10% variation in peak force were obtained. 
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Figure 5-1: Standardized positioning of participants in the Multi-Cervical Unit™ (MCU) is shown for (A) 
head-neutral and (B) 20˚ head flexion posture. Restraint is provided over the shoulders and across pelvis; 
arms are folded across chest and soles of feet are placed together on a stool in front. Maximum voluntary 
contractions (MVC) are measured along eight directions set at 45˚ intervals around the head: flexion (0˚); 
right 45˚ flexion (45˚); right side flexion (90˚); right 45˚ extension (135˚); extension (180˚); left 45˚ 
extension (225˚); left side flexion (270˚); and left 45˚ flexion (315˚). Electrode placement was standardized 
using the following anatomical landmarks: (C), lateral view for (a) the sternocleidomastoid, one-third of the 
distance from the sternal notch to the mastoid process [20]; and (b) splenius capitis, lateral to the spinous 
process of C2, between the lateral edge of the upper fibers of trapezius and the insertion of the 
sternocleidomastoid on the mastoid process [21]; and (D) posterior view, (c) splenius capitis, and (d) upper 
fibers of trapezius, over the muscle belly lateral to the spinous process of C6 [22].   
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The ISF at C3 (Nm·s) was calculated as the area under the moment-time curve, from 0-50 

ms, with the moment onset (i.e., time ‘0’) determined manually through visual inspection [27]. 

The ISF represents a surrogate measure of the instantaneous neck force that would be available to 

resist change in the angular velocity of the head-neck segment [28]. Processing of EMG signals 

included removal of baseline bias, band-pass filtering (4th order, dual-pass, digital Butterworth 

filter, 20-450 Hz) and full-wave rectification. The amount of anticipatory muscle activity was 

quantified by calculating the area under the EMG-time curve (iEMGPRE, mV·s) over the 50 ms 

preceding time ‘0’. iEMGPRE data were normalized to the maximal value across all trials and 

directions for each participants and each head posture.  

EMG-EMG coherence analyses were employed to estimate the level of common neural 

synchronization between two muscles by calculating the linear correlation between two EMG 

signals in the frequency domain [29, 30]. The stationary bandpass filtered EMG signals were 

segmented into 2048 samples (1 s) prior to the moment onset (Figure 5-2A), and concatenated 

across all trials, directions for each head posture. The concatenated EMG signal segments were 

zero-padded with an additional 2048 zero points at the end of the array to avoid aliasing with the 

subsequent filtering. The processed data strings were filtered using a non-overlapping Hanning 

window of 512 samples; resulting in a frequency resolution of 4 Hz. Coherence was calculated 

according to the following equation: 

 

|RAB(λ)|2 = |!!"!|!
!!!(!)!!!(!)

 

 

where the absolute square of the cross spectrum (fAB(λ)) is normalized by the autospectra fAA(λ) 

and fBB(λ) of A and B signals, and λ denotes the frequency [31]. Absolute coherence between 
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muscle pairs represents an index value on a unitless scale between 0 to 1, where 0 indicates linear 

independence and 1 indicates a perfect linear correlation [29], calculated at each discrete 

frequency to create a coherence-frequency curve. The coherence spectra of each muscle pair were 

then calculated by the area under the coherence frequency curve (AUC, Coherence Unit·Hz) 

exceeding the 95% confidence limit of the respective concatenated EMG array [31], for two 

frequency bandwidths representing central nervous origins, 10 – 20 Hz (reticulospinal) [8] and 30 

– 60 Hz (corticospinal) [32, 33] (Figure 5-2B). 

Principal component analyses (PCA), with varimax rotation, were used to identify 

coordination patterns, using iEMGPRE as inputs, with a cutoff loading factor ≥0.7 used as the 

criterion for inclusion in the solution [34]. The robustness of muscle clusters forming identified 

components was evaluated by comparing the eigenvalues between the component solutions 

between head postures using a Kruskal-Wallis H test (P ≤ 0.05). 

The preferred directional orientation (resultant vector) of anticipatory muscle activity in 

the transverse plane was calculated from the vector summation of the normalized magnitude of 

iEMGPRE in each direction of effort (Figure 5-3A-B). To evaluate the extent to which the 

preferred orientation was tuned to function, we calculated the absolute difference between the 

preferred orientation of activation and the transverse plane orientation of the anatomical moment 

arm of each muscle (obtained from [7]). The spread, or spatial focus, of anticipatory muscle 

activity, was calculated to evaluate the dispersion of iEMGPRE data about the mean direction. 

Spatial focus is an index value between 0 – 1, where 0 represents uniform activity in all 

directions, and 1 represents focused activity in a single direction. Spatial focus was calculated for 

each muscle using previously described methods [7, 8]. 

5.4.5 Statistical analysis 
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To evaluate differences in the patterns of neuromuscular activity between individuals 

with high- vs. low ISF, the sample cohort was separated into two groups post-hoc. Using the 

median group ISF, 13 participants were classified into the High ISF group and 12 in the Low ISF 

group.  

The normality of the distributions of the iEMGPRE was evaluated using a Kolmogorov-

Smirnov test, and due to significant non-normal distributions (P < 0.05), non-parametric statistics 

were used to evaluate the effects of head posture on measured variables of the tuning curves. 

The contribution of principal component solutions and of functional tuning of muscle 

activation to the magnitude of ISF was evaluated by cross multiplying the normalized iEMGPRE 

with the PCA loading factor for each trial and computing the partial linear regression of this 

product and of the preferred orientation to the magnitude of ISF. The fit of factors (principal 

component(s) and functional tuning of SCM, SPL and UFT, bilaterally) in each model was 

evaluated using the coefficient of determination (R2) and standardized partial regression 

coefficient (ß) coefficient.  

Where appropriate, the mean, standard deviation (SD), standard error of the mean (SE), 

and within-subject coefficient of variation (CVWS%) were calculated. All data processing was 

completed using custom programs written in Matlab (Mathworks Inc., Nantick, MA) and all 

statistical analyses were performed with SPSS (version 22, IBM Corporation, Chicago, IL). 

5.5 Results 

5.5.1 Consistency of Measurements  

Positioning in the MCU was consistent, with a mean (SEM) between-subject change in 

Frankfort angle, from neutral to 20˚ flexion posture, of 25.3˚ (0.3), and a mean within-subject CV 

of the head and neck angle of <11.9%, with no influence of direction of effort (P = 



 

 

 

123 

0.25).  Therefore, identified differences in functional tuning and coherence between groups and 

head postures were not attributable to differences in positioning in the MCU.  The consistency of 

EMG values were calculated, with the mean within-subject coefficient of variation CVWS% 

ranging between 22 – 49% in neutral posture, and 20 – 59% in flexion posture (see 

supplementary data tables F-1 – F-4 in APPENDIX F, as well as supplementary polar plot figures 

representing raw and normalized iEMGPRE magnitudes (Figures G-1 – G8) in APPENDIX G). 

ISF magnitudes were significantly different between high and low groups (P = 0.001), with non-

overlapping 95% confidence intervals (CI) between the groups: 0.101 to 0.123 Nm·s (CVBS% 

45%, high group) and 0.059 to 0.073 Nm·s (CVBS% 64%, low group). Magnitudes of ISF were not 

linearly related to peak external force, regardless of head posture (R2 = 0.04). Demographic data 

between high and low ISF groups are presented in Table 5-1. 

Table 5-1: Anthropometric data for high- and low ISF groups 

 High ISF Group Low ISF Group 
Age (years) 25.7 (2.8) 25.5 (2.6) 
Weight (kg) 80.3 (11.2) 77.7 (11.3) 
Height (cm) 175.3 (6.8) 176.2 (6.7) 
Head Circumference (cm) 58.2 (1.6) 57.3 (1.3) 
Neck Circumference (cm) 39.0 (1.9) 37.8 (1.6) 
Neck Length (cm) 8.8 (1.0) 8.6 (1.2) 
Body Mass Index (kg/m2) 26.1 (3.0) 24.9 (2.6) 
Neck-Head Ratio 0.7 (0.0) 0.7 (0.0) 
Hand Dominance R = 13; L = 0 R = 11; L = 2 

 

5.5.2 Coherence 

The 95% confidence limit (CL) threshold of coherence was calculated to be 0.005 units. 

Absolute magnitudes of peak coherence were typically found to be approximately 0.1, well above 

the 95% CL. EMG-EMG coherence (AUC) was then normalized to the highest density value in 

the High-ISF group for each frequency bandwidths in each posture (Figure 5-2C-D) EMG-EMG 
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pairs whose normalized AUC exceeded the 95% CL are presented in Table 5-2. Across discrete 

bandwidths, the Low-ISF exhibited consistently lower normalized AUC compared to the High 

group 47% for 10-20 Hz (0.07 (0.11) vs. 0.13 (0.25), Low- vs. High-ISF respectively, and 5% for 

30-60 Hz (0.14 (0.26) vs. 0.15 (0.27), Low- vs. High-ISF respectively). 

 

Figure 5-2: (A) Representative EMG tracing 100 ms before the onset of moment of force; (B) representative areas 
under the coherence-frequency curve, the blue vertical lines represent the 10-20 Hz bandwidth, the red vertical lines 
represent the 30-60 Hz bandwidth, and the horizontal line represents the 95% confidence limits; inter-muscular 
coherence density plots are shown for the High and Low ISF groups in neutral (C) and 20˚ head flexion (D) postures. 
The area under the coherence curve (AUC) was calculated for the discrete bandwidths where it exceeded the 95% 
confidence limit, and was normalized to the highest value in the High-ISF group for each frequency bandwidth and 
posture. SCML, left sternocleidomastoid; SCMR, right sternocleidomastoid; SPLL, left splenius capitis; SPLR, right 
splenius capitis; UFTL, left upper fibers trapezius; UFTR, right upper fibers trapezius. 
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Table 5-2: Relevant EMG-EMG coherence pairs between 
high and low impulse of static force (ISF) groups 

10-20 Hz 30-60 Hz 
Neutral Posture 

High Low High Low 
SCML-SCMR; 
SPLL-SPLR 

UFTL-UFTR; 
SPLL-UFTR; 
SPLR-UFTR 

SCML-SCMR 
SCMR-SPLR 

SPLR-UFTR 

 
Flexion Posture 

High Low High Low 
SPLL-SPLR; 
SPLR-UFTR 

 SCML-SCMR; 
SPLL-SPLR; 
SPLR-UFTR;  
SPLR-UFTL 

SPLL-SPLR; 
SPLL-UFTL; 
SPLL-UFTR; 
SPLR-UFTR 

The muscle pairs presented in the table represents the area under the 
coherence curve values that exceeded the 95% confidence interval of 
AUC values calculated across high- and low- groups for each 
frequency bandwidth. Left sternocleidomastoid, SCML; right 
sternocleidomastoid, SCMR; left splenius capitus, SPLL; right 
splenius capitus, SPLR; left upper fibers trapezius, UFTL; right 
upper fibers trapezius, UFTR. 

5.5.3 Principal Components Analysis 

PCA identified specific clusters of muscles for which the magnitude of activation is 

modulated together that accounted for a high proportion of variance (52 – 89%, Figure 5-3, Table 

5-3). For the High-ISF, SPL and UFT were modulated together, bilaterally, in component 1 (P ≤ 

0.01), with bilateral SCMs forming component 2 (P ≤ 0.04), with components being consistent 

for the two head postures (P ≤ 0.04). By comparison, with the exception of the right SPL, all 

muscles were modulated together to form component 1 for the Low-ISF group (P = 0.01), with 

the functional division between extensors (SPL and UFT forming component 1) and flexors 

(SCM forming component 2) present with head flexion posture. This between-posture difference 

in components was significant for the Low-ISF group (P < 0.01). 
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Figure 5-3: The principal component solutions are shown for the High- and Low-ISF groups in neutral and 20˚ head flexion postures; black arrows indicate the 
direction of maximal voluntary contraction; blue arrows, cluster of muscles forming the first component; red arrows, cluster of muscles forming the second; 
green arrows, cluster of muscles forming the third component. The variability in iEMGPRE accounted for by the component solution (VAF, %) is indicated. 
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Table 5-3: Non-parametric analyses of muscle clusters forming the principal components across 
all directions  

Group Posture Component 1 χ2 (P-value) Component 2 χ2 (P-value) 

High ISF Neutral SPLL, SPLR, UFTR 23.5 (<0.01) SCML, SCMR 21.1 (<0.01) 
Flexion SPLL, SPLR, UFTL, UFTR 13.6 (0.02) SCML, SCMR 11.8 (0.04) 

Low ISF Neutral SCML, SCMR, SPLL, UFTL, UFTR 15.8 (0.01) - 2.55 (0.77) 
Flexion SPLL, SPLR, UFTL, UFTR 25.2 (<0.01) SCML, SCMR 28.4 (<0.01) 

χ2, chi-squared statistic calculated from Kruskal-Wallis test; ISF, impulse of static force; SPLL, left 
splenius capitis; SPLR, right splenius capitis; UFTL, left upper fibres trapezius; UFTR, right upper fibres 
trapezius; SCML, left sternocleidomastoid; SCMR, right sternocleidomastoid.  
 

5.5.4 Preferential Tuning and Spatial Focus 

Tuning curves of iEMGPRE for the High- and Low-ISF groups are shown in Figure 5-4. 

General parameters of the tuning curves were comparable between groups (P ≥ 0.07). The focus 

of iEMGPRE was bilaterally symmetrical (P = 0.68), regardless of posture (P = 0.60), with the 

highest focus exhibited by the SCM (P = 0.011), with a relative increase in the spread of activity 

of 5.0% for SPL and 19.4% for UFT. Although head flexion produced discrete effect on the 

distribution of the SPL (P=0.02) and UFT (P=0.01). However, there were between-group 

differences in terms of the tuning of the preferred orientation of activation (Table 5-4). Although 

functional tuning of the preferred orientation of activation was comparable between group in 

neutral posture (P = 0.51), head flexion modulated absolute difference for the High-ISF group 

only, with a decrease in absolute difference for the left SPL (P < 0.01) and increased this 

difference for the right UFT (P = 0.01). 
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Figure 5-4: Tuning curves are shown for each muscle for the High- and Low-ISF groups in neutral and 20˚ head flexion postures. Each tuning curve indicates: 
the normalized mean distribution of the iEMGPRE along the eight direction of maximal voluntary contractions (solid line), with the between-subject standard 
deviation (SD) shown by the shaded area; the preferred orientation of activity (solid arrow) relative to the moment arm of the muscle (dotted arrow; [9], and the 
focus of activity (solid arc), with SD of the focus calculated separately for orientations above and below the preferred orientation. SCM, sternocleidomastoid; 
SPL, splenius capitis; UFT, upper fibers trapezius; Flex, flexion; RLF, right lateral flexion; EXT, extension; LLF, left lateral flexion. 
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Between-group (across both postures) effects in spatial focus were identified (0.39 (0.14) 

vs. 0.42 (0.13), High vs. Low-ISF respectively, P < 0.001), where the Low-ISF group exhibited 

greater focus. The spatial focus of iEMGPRE varied across muscles in both groups (χ2 = 21.2 and 

33.7, High- and Low-ISF respectively; P < 0.01) with the SCM exhibiting the highest spatial 

focus (0.45 (0.14)), with a relative increase in the spread of activity of 11.9% for SPL and 21.7% 

for UFT (0.39 (0.13) and 0.35 (0.10), SPL and UFT respectfully). Differences in spatial focus of 

specific muscles were identified between groups, specifically for SPLR (0.36 (0.13) vs. 0.44 

(0.14), High- vs. Low-ISF respectfully, P = 0.027). 

Table 5-4: Comparison of preferred orientation of muscle activity (o, SE) relative to 
the anatomical moment arm 

   MA (˚) Preferred Orientation (˚) Absolute Difference (˚) P-value 
   Neutral Flexion Neutral Flexion  

High 
ISF 

SCM Left 278˚ 345.2 (3.7) 351.9 (3.1) 67.1 (3.7) 73.8 (3.2) 0.18 
Right 82˚ 17.1 (3.5) 14.0 (4.0) 64.9 (3.6) 67.9 (4.2) 0.58 

SPL Left 216˚ 241.6 (5.8) 218.7 (3.7) 36.5 (4.1) 17.9 (2.4) < 0.01 
Right 144˚ 110.5 (3.9) 120.3 (3.5) 35.5 (3.5) 26.9 (2.9) 0.06 

UFT Left 255˚ 201.0 (3.3) 205.8 (2.5) 54.0 (3.4) 49.2 (2.6) 0.27 
Right 105˚ 132.1 (4.1) 146.5 (2.9) 31.1 (3.3) 42.0 (2.8) 0.01 

         

Low 
ISF 

SCM Left 278˚ 343.4 (4.7) 346.7 (3.9) 65.4 (5.0) 68.7 (3.9) 0.61 
Right 82˚ 19.3 (3.7) 18.8 (3.0) 62.7 (3.8) 63.9 (3.2) 0.81 

SPL Left 216˚ 221.4 (3.8) 232.4 (3.6) 17.6 (2.5) 22.1 (2.6) 0.22 
Right 144˚ 130.0 (4.5) 127.1 (4.3) 27.0 (2.3) 25.8 (2.8) 0.74 

UFT Left 255˚ 195.5 (3.0) 203.0 (2.5) 59.5 (3.0) 52.0 (2.5) 0.07 
Right 105˚ 146.9 (3.7) 151.2 (3.0) 42.6 (3.5) 46.2 (3.0) 0.45 

Orientations for the anatomical moment arm (MA) and preferred orientation of normalized 
iEMGPRE are expressed relative to the origin of the reference coordinate system for maximum 
voluntary efforts: forward flexion along the midsagittal plane (0o). Orientations of MA are from 
Vasavada et al. [7]. The preferred orientation represents the mean of all trials across all eight 
directions of maximal voluntary effort. The absolute difference was then calculated as the 
difference in the orientation of the MA and the preferred orientation. The reference angles for the 
eight directions of maximum voluntary efforts are as follows: forward flexion along the 
midsagittal plane (0o); right 45 o flexion (45o); right lateral flexion (90o); right 45o extension 
(135o); extension along the midsagittal plane (180o); left 45o extension (225o); left lateral flexion 
(270o); and left 45o flexion (315o). ISF, moment impulse of static force; SCM, 
sternocleidomastoid; SPL, splenius capitis; UFT, upper fibers trapezius. 
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Between-posture (across both groups) effects in spatial focus were identified (0.39 (0.13) 

vs. 0.41 (0.13), neutral vs. flexion posture respectively, P = 0.013), where the flexion posture 

exhibited greater focus.  Similar differences in spatial focus of specific muscles were identified 

between groups in head flexion posture for UFTL (0.36 0.13) vs. 0.42 (0.09), High- vs. Low-ISF 

respectively, P = 0.028) where the Low-ISF group exhibited greater spatial focus. 

5.5.5 Predictive Contribution of Muscle Activity and Functional Tuning to ISF 

The predictive contribution of principal component solutions and functional tuning of the 

iEMGPRE to ISF is summarized in Table 5-5. Absence of a consistent predictive contribution of 

functional tuning of the iEMGPRE to ISF in the Low-ISF group was the principal differentiating 

factor between groups. Overall coordination of iEMGPRE, defined by principal components, was 

predictive of the magnitude ISF for both High- and Low-ISF groups. Of note is the significant 

predictive contribution of functional tuning of the SPL to the ISF in the High-ISF group in both 

head postures. Moreover, the preferred orientation of activity of the SPL was aligned closer to its 

mechanical moment arm for MVEs in flexion (0o, 45o and 315o; P ≤ 0.05). In head flexion 

posture, the High ISF group exhibited predictive functional tuning of muscles opposite to their 

action, specifically, SCM for extension (180o and 225o; P < 0.01) and SPL for flexion (0o and 

315o, P < 0.01), and left extension (225˚, P = 0.03). 
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Table 5-5: Predictive contribution of component solutions and absolute difference (functional tuning) of iEMGPRE to 
magnitudes of impulse of static force (ISF), (A) neutral head posture and (B) 20˚ flexion head posture. 

A. Direction Linear Fit 
(R2; P-value) 

Predictor Variables 
Standardized β coefficient (P-value) 

PC1 PC2  SCM SPL UFT 

High ISF 

Flexion (0o) 0.51; <0.01 1.0 (<0.01) --- Left --- -0.56 (0.01) --- 
Right --- 0.37 (0.05) --- 

Right Flexion (45o) 0.63; <0.01 0.79 (<0.01) 0.40 (0.01) Left --- -0.43 (0.05) --- 
Right -0.31 (0.03) --- --- 

Left Flexion (315o) 0.48; <0.01 0.43 (<0.01) --- Left --- --- --- 
Right --- --- --- 

Right Lateral Flexion (90o) 0.35; 0.08 0.42 (0.03) --- Left --- --- --- 
Right --- 0.55 (0.02) --- 

Left Lateral Flexion (270o) 0.35; 0.07 0.40 (0.03) --- Left -0.43 (0.055) --- --- 
Right --- --- --- 

Extension (180o) 0.39; 0.04 0.68 (0.01) 0.77 (<0.01) Left --- --- --- 
Right --- 0.56 (0.04) --- 

Right extension (135o) 0.50; <0.01 --- 0.85 (<0.01) Left --- --- -0.41 (0.03) 
Right --- --- --- 

Left extension (225o) 0.32; 0.12 0.39 (0.03) 0.51 (0.01) Left --- --- --- 
Right --- 0.46 (0.04) --- 

Low ISF 

Flexion (0o) 0.41; 0.05 0.45 (0.01) --- Left --- --- -0.39 (0.03) 
Right --- --- --- 

Right Flexion (45o) 0.44; 0.03 --- 0.49 (0.03) Left --- --- --- 
Right --- 0.44 (0.02) --- 

Left Flexion (315o) 0.32; 0.18 --- --- Left --- --- --- 
Right --- --- --- 

Right Lateral Flexion (90o) 0.57; <0.01 0.33 (0.05) 0.66 (<0.01) Left --- --- --- 
Right --- --- --- 

Left Lateral Flexion (270o) 0.74; <0.01 --- 0.57 (<0.01) Left -0.43 (<0.01) --- -0.33 (<0.01) 
Right --- --- --- 

Extension (180o) 0.57; <0.01 0.84 (<0.01) NA Left -0.34 (0.03) -0.28 (0.04) --- 
Right ---  --- 

Right extension (135o) 0.34; 0.14 --- --- Left --- --- --- 
Right --- --- --- 

Left extension (225o) 0.62; <0.01 0.60 (<0.01) --- 
Left -0.35 (0.03) --- --- 

Right --- --- --- 
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B. Direction Linear Fit 
(R2; P-value) 

Predictor Variables 
Standardized β coefficient (P-value) 

PC1 PC2  SCM SPL UFT 

High ISF 

Flexion (0o) 0.59; <0.01 0.65 (<0.01) NA Left --- -0.42 (<0.01) --- 
Right --- --- --- 

Right Flexion (45o) 0.55; <0.01 --- 0.63 (<0.01) Left --- --- --- 
Right --- --- --- 

Left Flexion (315o) 0.72; <0.01 0.64 (<0.01) NA Left --- --- --- 
Right --- -0.44 (<0.01) --- 

Right Lateral Flexion (90o) 0.18; 0.59 --- --- Left --- --- --- 
Right --- --- --- 

Left Lateral Flexion (270o) 0.46; 0.01 --- 0.49 (0.02) Left --- --- --- 
Right --- --- --- 

Extension (180o) 0.50; <0.01 --- --- Left --- --- --- 
Right -0.45 (<0.01) --- --- 

Right extension (135o) 0.46; <0.01 0.41 (0.05) --- Left --- --- --- 
Right --- --- --- 

Left extension (225o) 0.57; <0.01 --- 0.32 (0.03) Left --- 0.34 (0.04) --- 
Right --- -0.39 (0.03) --- 

Low ISF 

Flexion (0o) 0.14; 0.79 --- --- Left --- --- --- 
Right --- --- --- 

Right Flexion (45o) 0.44; 0.01 0.60 (<0.01) NA Left --- --- --- 
Right --- --- --- 

Left Flexion (315o) 0.19; 0.63 --- --- Left --- --- --- 
Right --- --- --- 

Right Lateral Flexion (90o) 0.29; 0.25 --- --- Left --- --- --- 
Right --- --- --- 

Left Lateral Flexion (270o) 0.19; 0.58 --- --- Left --- --- --- 
Right --- --- --- 

Extension (180o) 0.65; <0.01 0.77 (<0.01) --- Left --- --- --- 
Right --- --- --- 

Right extension (135o) 0.43; 0.03 0.49 (0.03) --- Left --- --- --- 
Right --- --- --- 

Left extension (225o) 0.34; 0.13 --- --- 
Left --- --- --- 

Right --- --- --- 

Notes: NA, no principal component; PC1, principal component 1; PC2, principal component 2; ISF, moment impulse of static force; 
SCM, sternocleidomastoid; SPL, splenius capitis; UFT, upper fibers of trapezius. 
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5.6 Discussion 

 Our first aim was to evaluate the organizing features of neuromuscular activation of the 

superficial neck muscles in the early phases of a ballistic-intent contraction in neutral and flexed 

head postures. The results of this study provide evidence that multidirectional force generation, 

executed without sensory feedback, utilizes similar simplifying strategies to manage the 

complexity and redundancy of the neck musculature as efforts controlled through sensory 

feedback [7-10, 22]. 

 These strategies include centrally driven muscle activation synergies as demonstrated 

by the presence of intermuscular coherence, and the coactive modulation of posterior and anterior 

muscle groups identified through PCA. Directional tuning demonstrated that all muscles also 

exhibited preferred orientations that do not correspond to the muscles’ moment arm, and a 

decrease in spatial focus (increased spread of activity) of the posterior- vs. the anterior muscles. 

We also found that the neuromuscular activation and tuning of specific posterior muscles was 

influenced by peripheral sensory inputs as a result of the assumption of head flexion posture.  

 The second aim was to evaluate features of neuromuscular activation strategies, and 

identify key neuromuscular activation variables that differentiate individuals who generate high 

vs. low short latency static neck strength. We identified that patterns of neuromuscular 

coordination between the posterior and anterior muscle groups, and tuning of SPL were predictive 

of greater static short-latency impulse generation at the neck. While each of these findings is 

discussed in more detail in the following paragraphs, the overall finding of this study highlights 

the importance of extensor muscle activity to provide enhanced static restraint capacity at the 

upper cervical spine. 

5.6.1 Centrally-driven muscle synergies 
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Our results identified the presence of centrally-driven, intermuscular coordination 

synergies during the anticipatory phase of a ballistic intent muscle contraction. These findinsgs 

support the notion that centrally coordinated muscle synergies exist as a possible strategy to 

manage issues of complexity and redundancy of the neck musculature [8, 35]. 

The presence of discrete intermuscular coherence in both low- (10 – 20 Hz) and high 

frequency (30 – 60 Hz) bandwidths is interesting, as these two bandwidths are associated with 

different efferent motor tracts [32, 33]. The low frequency coherence has been shown to arise 

from the reticulospinal tract [8], which receives projections for the pontomedullary reticular 

formation and have been associated with among other functions, postural control through eliciting 

patterns of muscle activation in anticipation of an upcoming motor task [36]. These data support 

previous findings where low frequency coherence (10-15 Hz) between adjacent layers of deep 

and superficial neck muscles has been identified during low magnitude continuous isometric 

sweeping efforts of the head and neck [8]. Conversely, high frequency coherence in the 30 - 60 

Hz bandwidth has been associated with primary motor cortex activity (primary, supplementary, 

and premotor corticies) projected directly to the effector muscles via corticospinal tract [32, 37]. 

High frequency electroencephalography (EEG)-EMG are associated with activity in anticipation 

of a perturbation and dynamic postural adjustment [38, 39]. Moreover, our finding of the 

presence of high frequency intermuscular coherence was not unexpected due to the ballistic 

intent, maximal effort nature of the task, which has been previously identified during voluntary 

maximal contractions [32]. 

The presence of low- and high frequency intermuscular coherence may reflect separate 

functional goals of the CNS. In the time leading up to the “go” signal, participants were required 

to maintain a quiet, upright and static posture, which has been reported to elicit lower frequency 
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coherence in the 10 - 20 Hz bandwidth in healthy individuals [35]. At the same time, participants 

were preparing for- and executed ballistic-intent MVEs, which has been demonstrated to elicit 

high-frequency (35 - 60 Hz) corticospinal activity due to greater attention and cortical processing 

required to execute the task [32]. This postulation is plausible given the constraints of the manner 

in which the MVEs were performed. Participants in our protocol were not secured to the force 

transducer, and were required to maintain the head in the midsagittal plane while generating the 

directional moment of force.  

We identified high coherence >95% CI between bilateral SCM and SPL in the 10 - 20 

Hz, and SCM only in the 30 - 60 Hz bandwidths in the high ISF group. These findings were not 

unexpected, as 75% of efforts induced an axial rotational moment [18]. And since the task was 

executed in static fashion with the head unrestrained, it would seem reasonable that the bilateral 

SCM and SPL are organized together to resist and control the rotational moments. These same 

patterns of bilateral intermuscular coherence between SCM and SPL were not identified in the 

low ISF group, rather, they exhibited bilateral coherence of UFT in 10 – 20 Hz, as well as non-

bilateral extensor muscles pairs (Table 5-2). 

We also identified a change in the patterns of intermuscular coherence when the head is 

flexed, most notably in the 30 – 60 Hz bandwidth. The assumption of head flexion posture 

appears to enhance coherence between different pairs extensor muscles in both groups (Table 5-

2). The change in head posture may elicit proprioceptive feedback of joint angles and muscle 

lengths prior to the initiation of ballistic intent effort that may influence the central coordination 

strategies of muscle activity that would be executed in a neutral posture. These findings are in 

contrast to previous work on the intermuscular coherence of the intrinsic hand muscles, which 

demonstrated that intermuscular coherence varies with changes in wrist posture [40]. The authors 
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found that compared to a neutral posture, wrist flexion increased pooled coherence of intrinsic 

and extrinsic hand muscles during a thumb-index finger pinch-grip task (P < 0.001). It is 

important to note that flexion posture would bias the extrinsic muscles under investigation (flexor 

pollicis longus and index finger components of flexor digitorum profundus), as wrist flexion 

increases the flexor muscles’ moment generating capacity [41]. Conversely, in extension posture, 

Jesunathadas et al., found a decrease in pooled intermuscular coherence compared to both flexion 

and neutral wrist postures (P = 0.031 compared to flexion only). In our dataset, the presence of 

high frequency coherence between the bilateral SCM and various extensor groups in a head 

flexion posture, may be a manifestation of changes in vestibular, mechanical, and proprioceptive 

inputs from the target muscles and a greater degree of attention and cortical processing required 

to execute the task [32]. 

To further characterize the coordination patterns of anticipatory feedforward muscle 

activity, we conducted PCAs (Figure 5-3). The organization of synergistic muscle groups is 

demonstrated by the consistent classification of posterior and anterior muscle clusters as primary 

and secondary components (respectively) across all directions (Table 5-3).  

5.6.2 Muscle tuning and spatial focus 

 Superficial neck muscles have been previously reported to exhibit preferred directions of 

activation [7-10, 22]. Our dataset confirms these previous findings, where the superficial anterior 

and posterior neck muscles exhibit a preferred direction of activation similar to maximal and 

submaximal isometric efforts post-force onset. It has been proposed that due to the high number 

of neck muscles available to contribute to moment generation and redundancies in the degrees of 

freedom along the cervical spine, the CNS utilizes well-defined patterns of activation between 

muscles [7, 8]. As well, similar to the findings of Vasavada et al. [7], the preferred directional 
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tuning in our dataset did not correspond to the orientation of the transverse plane moment arm. 

The preferential tuning of muscle activity away from the muscles’ moment arms, especially the 

SCM, may reflect an adaptive strategy to compensate for the lack of flexor moment generating 

muscles [7] to maintain a optimal F:E moment ratio that minimizes shear forces at the 

intervertebral joints [42]. 

 In a neutral posture, the greatest difference between high and low groups was in the SPL, 

where the low group demonstrates a preferred orientation closer to its moment arm. This 

orientation of SPL may represent a subtle difference in the organisational strategy of individuals 

with low intrinsic neck strength that puts a greater emphasis on utilizing the muscle’s mechanical 

advantage when generating moments of force. Previous studies have reported variable behaviour 

of the SPL that does not follow a consistent pattern or direction of activation [8, 10]. 

The assumption of head flexion posture also resulted in changes in the preferred 

directions relative to the moment arms, however, were only significant for right-sided SPL and 

UFT. In our previous work, we identified a change in the flexor-extensor (F:E) ratio from neutral 

to 20˚ head flexed posture at C3, where the ratio shifted from 0.85 (0.44) to 0.89 (0.33), largely 

due to a decrease in extensor moment generation [18]. Only the high group exhibited discrete 

significant tuning response to changes in head posture, whereby the right side SPL (left SPL, P = 

0.06) and UFT were tuned closer to the midline extension. This difference in tuning may be an 

adaptive response, based on the CNS’s existing knowledge or representation of neck muscle 

mechanics, to preferentially activate and directionally tune the neck muscles in a manner that 

enables them to more effectively resist against external forces to maintain vertebral alignment and 

the neutral posture F:E ratio. Optimal activation of SPL is a key muscle in maintaining vertebral 
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alignment as evidence in porcine models has demonstrated that SPL plays a role in restraining 

against anterior shear forces between adjacent vertebral bodies during head flexion moments [42]. 

Another key differentiating factor between groups is that the focus of SPL activity is 

decreased in the high compared to the low group, indicating that it is more active in directions 

outside of its preferential orientation. The decreased spatial focus of SPL during high-magnitude 

force exertions may be a manifest of the CNS to increase cervical spine stability and control 

specific components of three-dimensional movement, namely, axial rotation. This postulation is 

supported by EMG data of SPL during low-level static and dynamic neck muscle contractions 

(around multiple rotational axes) [43], whereby SPL was found to be primarily an axial rotator of 

the head. While the functional role of SPL in head and neck stability requires further clarification, 

the notion that SPL is recruited to stabilize against axial rotation moments is also supported by 

moment arm data, where it exhibits large moment arms in extension and ipsilateral axial rotation 

[5]. Conversely, our finding of greater spatial focus in the low group may reflect an 

organisational strategy by activating muscles that contribute to the direction of force that is 

closest to their preferred direction. The finding of greater spatial focus in the low group may also 

come at the expense of failing to provide an opposing anticipatory stabilising activation by the 

posterior muscles in directions outside the range of their preferred direction. 

5.6.3 Predictive Coordination of ISF 

The PCA results and regression modeling suggest that it is the coordinated anticipatory 

activity of the posterior muscles (primary component) that frequently predict the high magnitude 

of ISF generated in the majority of directions. 

We identified principal components of the coordination of multidirectional ISF by well-

defined muscle activation patterns, with high and Low groups differentiated by the unique 
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contribution of the SPL (Figure 5-4). Compared to the high group in neutral head posture, there is 

an inconsistent and asymmetrical pattern of contribution provided by the SPL that is present in 

head flexion postures across both groups, but especially in the low group. Variation in the 

preferred direction of SPL has been reported in the literature [7, 8, 10, 22]. Specifically, a tuning 

analysis of the cervical muscles did not find an increase in the focus of SPL with increasing load, 

suggesting that it functions to provide stabilizing restraint forces to the cervical spine, as opposed 

to directionally focused [8].  

There is a considerable range of tuning around the muscle’s moment arms, especially for 

SPL (Figure 5-3), which is reflected in the linear regression models of the high group. In this 

group, significant predictor muscles are antagonistic and tuned more or less away from the 

moment arm opposite to the direction of effort. This may reflect a preparatory organizational 

strategy to resist against rotational moments about the cervical spine, or to increase compressive 

force along the cervical spine [8]. 

We recently reported that while compared to neutral, head flexion posture produces a 

small decrease in ISF, primarily due to the consistency in the flexion-extension ratio along the 

sagittal plane [18]. While it is currently unknown, this may be a manifestation of changes in 

vestibular, and proprioceptive inputs associated with head flexion posture that alters the 

organizational capacity of predictive neck muscle coordination and results in an overall lower 

static restraint capacity. This may be a plausible explanation to account for the decrease in the 

number of predictive variables in the regression models for low group in head flexion. 

5.6.4 Limitations 

We performed a comprehensive analysis of multidirectional neck muscle activation, 

however, there were limitations associated with this study that warrant discussion. First, we 
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recorded the surface EMG from three superficial muscle pairs. These muscles represent three of 

the largest at the neck with respect to physiological cross-sectional area and moment arms [4-6], 

and as such, they represent the greatest capacity to influence post-impact kinematics of the head. 

Second, to limit known data variability associated with sex- [19, 44] or age [45], we recruited 

only healthy, physically active males. Future studies are needed to characterize predictive 

coordination strategies in diverse pools of healthy and clinical cohorts, between sexes and across 

the age spectrum. Third, while the effect of head flexion postures on the length of the moment 

arm of the specific neck muscles has been evaluated, these data did not indicate changes in the 

orientations of the anatomical moment arms [6, 46]. Therefore, it was assumed that the 

orientations of the moment arms were unchanged between head postures.  

In regards to the coherence analysis, the determination of the 95% CI is dependent on the 

number of data points being analysed, with the greater the number of data points, the lower the 

95% CI threshold. In our data set, the 95% CI threshold was set at 0.005 units, well below the 

typical peaks around 0.1. Due to the manner in which we quantified intermuscular coherence 

densities (e.g. calculate the area under the coherence-frequency curve (AUC) that exceeds the 

95% CI), it is therefore likely that the AUC values contain coherent signals that lack real 

meaning. Future studies with a similar length of data arrays should exercise an extremely 

conservation significance threshold (e.g. ≥ 99.99% CI) to ensure that coherence reported is 

meaningful. A standardized 1-s length of pre-moment EMG signal was used (i.e. 2048 samples 

before the moment onset) to calculate intermuscular coherence. We did not identify EMG onset, 

however, during ballistic contractions of the finger, it has been reported to occur up to 100ms 

before moment onset [16]. Assuming this holds true for the neck muscles, then 90% of the signal 

analysed for coherence is comprised of baseline EMG. Future studies should only include pre-
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moment EMG samples of 512 (250 ms) to minimize baseline the inclusion of baseline noise, yet 

still, allow a large enough sample for the necessary filtering. 

5.6.5 Clinical Applications and Conclusions 

 Previous studies have reported that pre-activation of the neck muscles before an 

externally applied force reduces the displacement of the head and cervical spine [47-49]. In 

keeping with these findings, our work reflects a paradigm shift in the study of the neck muscles 

for static restraint capacity of the head and upper cervical spine. We have shifted the focus from 

measures of absolute peak amplitudes, to measures of global feedforward organization and 

activity prior to moment onset. Well-organized activity prior to moment onset represents the 

optimal strategy to effectively restrain against external forces on the head. The methodology 

presented also allows for objective evaluation of the effects of neuromuscular training protocols 

on coordinated neck muscle activity. Effective anticipatory feedforward motor activation 

strategies are not inherent, but emerge through reorganization and refinement of the cortical 

representation of the target muscles induced by practice and motor learning [50]. Therefore, 

training regimes specific to the neck musculature for head and neck injury risk management 

should focus on exposure to sensorimotor stimuli through repetitive task-specific execution that 

will facilitate the development and refinement of optimal central patterns of neck muscle activity. 

In conclusion, the results of this study provide evidence that the CNS utilizes common 

simplifying neuromuscular activation strategies, primarily between posterior and anterior muscle 

groups when generating multidirectional ballistic-intent efforts. The feedforward activities of 

posterior muscles are most influenced by peripheral sensory inputs induced by head flexion 

posture, but also most frequently predict high magnitudes of static impulse generation at the 

upper cervical spine.  
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Chapter 6 

Effectiveness of ballistic-intent training on the static force capacity of 
the neck 

Pelland L, Gilchrist I, Storr M, Mesfar W 

6.1 Preamble 

Chapter 3 identified two key findings; first, there was evidence that static muscle tension 

developed in the early phase of a muscle contraction prior to an impact can lower magnitudes of 

the post-impact kinematics of the head. Second, static neck muscle contractions performed with 

ballistic intent would be an appropriate strategy to increase the early-phase static strength and 

impulse response of the neck. Therefore, a training stimulus that can facilitate increases in early-

phase force variables such as rate of static moment generation and impulse may be an important 

component of future neck strength training programs to lower the risk of concussion. This chapter 

is a study to demonstrate the acute efficacy of a repetitive training stimulus to facilitate and 

increase in early-phase force variables. 

6.2 Abstract 

Background: Greater neck stiffness could lower the odds of head and neck injuries in contact 

sports. Therefore, our aim was to evaluate the effectiveness of repetitive maximum voluntary 

efforts (MVEs) of the neck, performed under static conditions and with a ballistic intent, to 

increase the contractile rate of force development (RFD) of the neck.  

Methods: The training consisted of two sets of five MVE repetitions, for both right and left 45˚ 

flexion. The RFD was calculated at C3, over the first 100 ms of force onset, with the associated 

muscle activation evaluated 50 ms before and 100 ms after force onset, from the 
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sternocleidomastoid, splenius capitis and upper fibres of trapezius, bilaterally.  

Findings: Training produced a 1.3- to 1.5-fold increase in RFD. The fold-increase was 

significantly associated to the peak moment of static force at baseline (P < 0.001), with a 2.7-fold 

increase among individuals with lower neck strength (≤10.9 N·m) compared to a 0.29-fold 

increase among individuals with a peak moment >10.9 N·m. The increase in RFD for the low-

strength group was predicted by activity of the ipsilateral sternocleidomastoid in contrast to 

activity of the ipsilateral splenius capitus for the high-strength group. On logistic regression 

analysis, facilitation of the ipsilateral splenius capitus prior to force onset, alone, correctly 

classified 68.1% of trials into the high-strength group.  

Conclusions: Our results demonstrate that impulsive force variables and feedforward muscle 

activity acutely increase following short-term conditioning stimulus. These results will inform the 

development of novel training programs to enhance the early strength response of the neck 

against applied forces.  

 

Keywords: neck muscles; electromyography; ballistic contractions; neck biomechanics; static 

impulse of neck force 

 

6.3 Introduction 

The importance of greater peak isometric neck strength in lowering the risk of concussion 

in contact sports remains an issue of debate and controversy [1, 2]. Although various studies have 

attempted to relate peak isometric neck strength to concussion risk [see Gilchrist et al. [3], for a 

full review], only one prospective study has reported a small positive effect of higher peak 

isometric neck strength in lowering the incidence of concussion among high school athletes [4]. 

As concussions are caused by impulsive loading of the head and neck (HN) segment, Schmidt et 
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al. [5] proposed that neck stiffness may be a more relevant variable than peak isometric strength 

for concussion prevention. In their study of 49 high school and collegiate American football 

players, Schmidt et al. [5] reported that greater neck stiffness reduced the odds of sustaining both 

moderate and severe head impacts. Greater stiffness increases the capacity of the HN segment to 

dampen the effect of the applied force on the kinematics of the HN segment [6,7]. 

Neck stiffness is determined by the architecture, strength and viscoelastic properties of 

the osteoligamentous structures and muscles of the neck [8], and is likely to be proportional to 

both activation and force, as demonstrated for the knee joint [9]. As such, stiffness can be 

increased with training that aims to facilitate muscle activation around the time of impact [10] 

and, hence, the rate of force development (RFD). Intuitively then, the contractile RFD would be a 

training variable of interest within the context of concussion risk management in contact sports, 

with a greater RFD increasing the total contractile impulse that can be generated during the early 

phase of force application [11] to resist the effects of applied forces on the HN segment. 

Previous studies have demonstrated the effectiveness of explosive training in facilitating 

the efferent neural drive necessary to increase the contractile RFD [12-15]. However, the high-

velocity movements associated with ballistic contractions could pose a risk of injury to the 

specialized ligaments of the craniocervical joint [16]. According to Dinn and Behm [17], under 

static conditions, the intent to perform a concentric ballistic contraction can provide a sufficient 

stimulus to increase muscle activation and contractile RFD. Based on this rationale, our aim in 

this study was to evaluate the effectiveness of repetitive maximum voluntary efforts (MVEs) of 

the neck, performed under static conditions with a ballistic intent on the contractile RFD and the 

associated contractile impulse of static force (ISF) developed within the first 100 ms of force 

application. 
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6.4 Methods 

6.4.1 Statement of ethics 

Our methods and procedures were approved by Queen's University Health Sciences and 

Affiliated Teaching Hospitals Research Ethics Board. All participants provided informed consent 

and did not receive compensation. 

6.4.2 Participants 

Twelve physically active males were recruited from our university community and 

screened to exclude a history of injury to the HN segment, neck stiffness or pain in the six months 

prior to the experimental session, and regular resistance training of the neck muscles. The mean 

(range) values of relevant characteristics of our study group were as follows: age, 22.6 (18.6-

24.8) years; height, 177.5 (168.0-188.3) cm; weight, 80.9 (71.0-100.0) kg; body mass index, 25.7 

(22.2-28.2) kg/m2; head circumference, 57.5 (56.2-59.5) cm; neck circumference, 38.2 (36.7-

39.5) cm; and range of neck-to-head ratio, 0.6-0.7. Among our 12 participants, 11 were right-

handed. 

6.4.3 Ballistic intent intervention 

Training and measurement of static neck force were performed using a Multi-Cervical 

Unit™ (MCU, BTE, Hanover, MD). MVEs were generated in flexion along a plane oriented at 

45˚ to the left and right of the midsagittal plane (Figure 6-1, A-B), which combines moments of 

force in flexion, lateral bending and axial rotation [18]. On a ‘go’ signal, participants were 

instructed to push against the force transducer ‘as fast and as hard as possible’. Based on the 

findings of Selvanayagam et al. [19] of a positive effect of sustained force following a ballistic 

concentric contraction in increasing the neural drive to muscle, participants were asked to hold 

their maximum force until the end of the 3-s trial. Real-time visual and auditory feedback of the 
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applied force was provided to enhance effort. The structure of the training program was as 

follows: total of 20 trials of ballistic-intent MVEs, with the peak moment held to the end of the 3 

s trial. Five trials were performed along each direction, with a 3-min rest between directions, with 

the second set of 10 trials repeated after a 5-min rest. The order of training (right or left first) was 

randomized across participants. 

6.4.4 Measured outcome variables of the static force of the neck 

Three variables of the moment of static force were calculated at the level of the third 

cervical vertebra (C3) to evaluate the effects of the training, where C3 serves as the base of the 

upper cervical spine [23]. The peak moment of force (N·m) was defined as the largest magnitude 

of the moment-time curve developed over each 3 s trial. The RFD (N·m·s-1) was calculated as the 

slope of the moment-time curve over the first 100 ms from the onset of force, with the area under 

the moment-time curve, over the same time frame, providing the ISF (N·m·s). A 100 ms window 

was selected to calculate the RFD and ISF based on a previous report of a statistically acceptable 

level of within-subject variability in force measurements during ballistic contractions over this 

period [24]. We have previously reported on the reliability of measurement of RFD and ISF for 

ballistic-intent MVEs [18, 25]. For between-subject comparisons, all force variables were 

normalized to the peak moment of force at baseline for each participant.  
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Figure 6-1: Maximal voluntary efforts (MVEs) exerted in (A) right and (B) left 45º flexion, with the participant in the 
standardized positioning within the Multi-Cervical Unit™, with hips and knees flexed to 90º and restrained by a four-
point harness over the shoulders, chest, and pelvis. Arms were folded across the chest and feet placed on a stool placed 
in front, with the soles together to eliminate the contribution of the lower limbs to MVEs. The standardized positioning 
of the force transducer is shown, oriented along the horizontal plane of the head and placed just above the eyebrows. 
MVEs were produced with the head and neck maintained in a neutral head position along the frontal and transverse 
planes (i.e. no lateral bending or axial rotation of the head relative to the body) against the force transducer. This 
neutral position was used to maintain a consistent three-dimensional moment arms of the applied external force to the 
point of reference at the third cervical vertebra (C3) for the calculation of the moments of force on the upper cervical 
spine. The standardized placement of the surface electromyography electrodes is shown in lateral view (C), for the (a) 
sternocleidomastoid (SCM) and (b) splenius capitis (SPL); and in posterior view (D), for (b) splenius capitis (SPL) and 
(c) upper fibres of trapezius (UFT). For the SCM, electrodes were placed one-third of the distance from the sternal 
notch to the mastoid process [20]. For the SPL, electrodes were placed lateral to the spinous process of C2, between the 
lateral edge of UFT and the insertion of SCM on the mastoid process [21]. For the UFT, electrodes were placed over 
the muscle belly lateral to the spinous process of C6 [22]. Anatomical landmarks used as references were located by 
palpation.  
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Muscle activity was recorded by surface electromyography (EMG) for three pairs of 

muscles (Figure 6-1, C-D; Figure 6-2): sternocleidomastoid (SCM), upper fibres of trapezius 

(UFT) and splenius capitis (SPL). These three superficial muscle pairs each have an effective 

moment arm at C3 (Table 6-1). Anticipatory muscle activation was quantified by integrating the 

EMG signal over 50 ms before the onset of force (iEMGPRE, mV·s), with the post-onset activation 

(iEMGPOST, mV·s) quantified by integrating the EMG signal over 100 ms. For between-subject 

comparison, magnitudes of iEMGPRE and iEMGPOST were normalized to the peak EMG activity 

for each trial, where peak EMG activity was determined by calculating the area under the linear 

envelope of a 100 ms window centred on the peak magnitude of the EMG signal after force onset 

(Figure 6-3).  

(A) (B) 

  
Figure 6-2: Schematic representation of the sternocleidomastoid (SCM), splenius capitis (SPL) and upper 
fibers of trapezius (UFT), illustrating the points of attachment and the direction of the muscle fibres. (A) 
Posterolateral view; (B) anterolateral view. Both copyright images are used with permission of Primal 
Pictures (www.primalpictures.com). 
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Table 6-1: The three-dimensional moment components of recorded superficial muscle pairs at C3  

 Direction of Motion 
 Flexion: Extension Lateral Bending Axial Rotation 

Sternocleidomastoid  0.18 (flexion) 1.0 (ipsilateral) 0.49 (contralateral) 
Upper fibers of trapezius 1.0 (extension) 0.67 (ipsilateral) 0.48 (contralateral) 

Splenius capitis 1.0 (extension) 0.21 (ipsilateral) 0.78 (ipsilateral) 
The moment arm ratio for each muscle at C3 was calculated from the data reported by Ackland et al. [26], with a ratio 
of 1.0 indicating the principal moment arm. The direction of muscle contribution is identified in brackets.  
 

6.4.5 Time points of assessment  

 The effectiveness of training was evaluated as the change in the magnitude of force and 

muscle activation levels, from baseline (PT0), at three time points post-training: 10 min (PT1), 20 

min (PT2) and two days (PT3). Outcome variables were quantified from three ballistic intent 

MVEs for right and left 45˚ flexion, with the direction of measurement blocked randomized 

across participants. For assessment, a 1-min rest period was provided between the three MVEs 

within a direction, with a 5-min rest provided between directions.  

6.4.6 Signal acquisition and processing  

 Prior to testing, the force transducer of the Multi-Cervical Unit™ was calibrated using 

standard weights for normalisation between subjects, with a baseline noise level of force <0.2 N. 

Force signals were visually inspected in real-time for evidence of non-stationarity, premature 

force application on the force transducer or countermovement prior to the ‘go’ signal. Trials 

identified as being contaminated were discarded and repeated after the standardized rest period 

between trials. Analogue force signals were amplified, converted to digital format (sampling 

frequency, 2048 Hz; 16-bit AD converter; model PCI-6036E; via custom-designed Labview 

programs; NI Corp., Austin, TX) and stored for offline processing: removal of the DC bias and 

low-pass filtering (4th order, dual-pass, digital Butterworth filter at 19 Hz).  
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The processed force signals were used as inputs to solve for the three-dimensional 

components of the moment of force at C3 using standard equations of static equilibrium [27]. 

Anatomical landmarks used to localize the reference coordinate system were identified by 

palpation and digitized (Optotrak, Northern Digital Inc., Waterloo, ON). The reference point at 

C3 was localized at the midpoint of a line connecting the angle of the mandibles [28], with the 

spinous process of C2 and C3 used as a reference for verification of the predicted location. The x-

axis of the local coordinate system at C3 was aligned along the Frankfort plane [29]. The onset of 

the moment of static force (i.e., time ‘0’) was determined using visual inspection [15]. The force 

variables (peak moment, RFD and ISF) were calculated from the moment-time curve at C3.  

EMG signals for the SCM, SPL and UFT muscle pairs were acquired using a Bortec AMT-8 

system (Bortec Biomedical Ltd; Calgary, AB). Signals were recorded using pre-gelled Ag-AgCl 

electrodes, with a 1 cm diameter and an inter-electrode distance of 2 cm (Multi Bio Sensors, El 

Paso, TX), placed parallel to the line of action of each muscle. The standardized positioning of 

the electrodes is shown in Figure 6-1 (C-D). Recorded signals were differentially pre-amplified 

and subsequently amplified for a total gain of 1K. Offline processing of the EMG signals 

included removal of the DC bias, bandpass filtering (4th order, dual-pass, digital Butterworth 

filter, 20-450 Hz), full-wave rectification, and low-pass filtering (4th order, dual-pass, digital 

Butterworth filter, 10 Hz). The method to identify the onset of EMG relative to time ‘0’ of the 

moment-time curve is shown in Figure 6-3. 
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Figure 6-3: Representative moment of force- and electromyogram-time curves, with a magnification around the onset 
of the moment of force (thick black line) and muscle activity (thick grey line) shown in the inset. The moment onset is 
identified by the solid thin vertical line, with the vertical dashed line to the left indicating the 50 ms time point before 
moment onset and the vertical dashed line to the right indicating the 100 ms time-point after moment onset. The 
variables of force and muscle activation used for analysis are indicated on the graphs: (a) pre-moment muscle activity 
(iEMGPRE), calculated as the area under the linear envelope of the electromyography signal over 50 ms before the onset 
of the moment of force; (b) post-moment muscle activity (iEMGPOST), calculated as the area under the linear envelope 
over 100 ms after the onset of the moment of force; (c) impulse of static force (ISF), calculated as the area under the 
moment-time curve over 100 ms after the onset of the moment of force; (d) the rate of force generation (RFD), 
calculated as the average slope of the moment-time curve over 100 ms after the onset of the moment of force; (e) peak 
absolute moment (MRes), defined as the largest magnitude of the moment-time curve developed during the 3-s trial; and 
(f) peak muscle activity, calculated from the area under the linear envelope over 100 ms centred around the absolute 
peak magnitude of the linear envelope, where the solid vertical line indicates the peak magnitude of the linear envelope 
and the dashed vertical lines 50 ms on either side of the peak magnitude. AU, arbitrary units. 
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6.4.7 Statistical analysis 

The fold-change in RFD, ISF and peak moment, from PT0, was calculated at the time 

points of assessment post-training. The effect size (ES) of training was evaluated using Cohen’s 

d-value, with standard cutoffs of the d-value used for interpretation [30]: small ES, d-value ≤0.20; 

small-to-medium ES, d-value between 0.21 and 0.50; medium-to-large ES, d-value between 0.51 

and 0.79; and large ES, d-value ≥ 0.80. The 95% confidence limit of the minimum detectable 

change (MDC95%) and the within-subject coefficient of variation of the typical error (CVWS%) 

were calculated to determine the clinical significance of findings [31]. The between-subject 

CVBS% was calculated to evaluate the consistency of the training effect across participants. The 

contribution of iEMGPRE and iEMGPOST to the fold-change in RFD, at PT1, was evaluated using 

univariate and logistic regression analyses.  

 

6.5 Results 

6.5.1 Force variables at the four time points of measurement	

Magnitudes of the static force variables, and associated CVWS%, at the four time points of 

assessment are shown in Figure 6-4. The mean peak moment of force at PT0 was 11.5 N·m 

(range, 4.8 to 21.3 N·m), with no difference between right and left 45º MVEs (paired t-test, P ≥ 

0.62). The CVWS% for all force variables was ≤18%. 
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Figure 6-4: Mean (± standard deviation) of peak moment of force (A), rate of muscle force development, RFD (B) 
and the impulse of static force, ISF (C) and shown at each time point of measurement, baseline (PT0), 10-min post-
training (PT1), 20-min post-training (PT2), and at two-days post-training (PT3). The average within-subject variation 
(CVWS%), overall time points of measurement post-training (PT1, PT2 and PT3) is shown for each force variable (D). * 
indicates P < 0.001 relative to PT0. 
 

The fold-change in peak moment, RFD and ISF at the three time points of measurement 

post-training, is shown in Figure 6-5. Training produced a 1.3- to 1.5-fold increase in RFD 

(Cohen’s d, 0.54-0.75, medium-to-large ES), with a 1.5- to 1.9-fold increase in ISF (Cohen’s d, 

0.51-0.66, medium-to-large ES). The ES exceeded the MDC95% limit for both RFD and ISF at all 

three time points (P ≤ 0.001). The change in RFD and ISF was linearly related at the time points 

of measurement post-training (adjusted R2, 0.77-0.83; P ≤ 0.001). Of note, the ES of training on 

the peak moment of force was small (Cohen’s d, 0.20-0.24), with a 0.11- to 0.13-fold increase 

which did not exceed the MDC95% limit (P ≥ 0.07). In fact, the peak moment of force decreased in 

some individuals, with a minimum fold value of -0.33. The magnitude of ISF was not related to 
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the peak moment of force at any time point of measurement (adjusted R2, -0.02 to 0.09; P ≥ 0.08).  

6.5.2 Optimal cut-off for a training effect	

The whiskers on the box plots for RFD and ISF in Figure 6-5 show the large between-

subject variation in training effect, with the CVBS% ranging between 51-61%. To explore the 

source of this between-subject variability, the fold-change in RFD was plotted as a function of the 

peak moment of force at PT0 (Figure 6-6). An inverse relationship was identified between 

baseline peak moment and the fold-increase in RFD at the three time points of measurement post-

training. A receiver operating characteristic (ROC) curve was constructed to identify the cutoff in 

peak moment of force below which ballistic intent training would have the largest positive effect 

in increasing the RFD at PT1. Due to our limited sample size, we considered only three cutoff 

values of the peak moment of force at PT0 to classify participants into a high- and low-strength 

groups: the first quartile, median and third quartile. The best-fit ROC curve was obtained using 

the median of the peak force in our study group (10.9 N·m; area under the curve, 0.80; P < 0.001). 

Therefore, to evaluate differences in the patterns of neuromuscular activity between individuals 

with high- vs. low baseline peak moment-generating capacity, the sample cohort was separated 

into two groups, post-hoc. Using the median group PT0 peak moment, six participants were 

classified into the high group and six in the low group. Anthropometric characteristics of the high 

and low groups are reported in Table 6-2. The fitting parameters of the ROC curves for the 

different cutoffs are reported in Table 6-3. At a sensitivity level of 0.8, the rate of false positive 

classification of trials into the high strength group was 29%, with a mean fold-increase in RFD of 

2.7 for the low and 0.29 for the high (P < 0.001) strength groups.  
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Table 6-2: Anthropometric data for high- and low 
baseline peak moment groups 

 High Group Low Group 
Age (years) 22.5 (2.5) 22.8 (2.0) 
Weight (kg) 82.6 (6.3) 79.3 (10.8) 
Height (cm) 177.2 (6.3) 177.8 (7.8) 
Head Circumference (cm) 57.9 (1.1) 57.1 (0.9) 
Neck Circumference (cm) 38.5 (0.9) 37.8 (1.0) 
Neck Length (cm) 8.5 (0.5) 8.3 (1.0) 
Body Mass Index (kg/m2) 26.3 (1.1) 25.1 (2.7) 
Neck-Head Ratio 0.7 (0.0) 0.7 (0.0) 
Hand Dominance R = 6; L = 0 R = 5; L = 1 
 
 
 
 

Table 6-3: Fitting parameters of the Receiver Operating Characteristic (ROC) curves  

Peak moment of force 
at baseline 

   Asymptotic 95% Confidence 
Interval 

Quartile cut-off Area Standard Error P-value Lower Bound Upper Bound 
Q1 (9.1 N·m) 0.77 0.08 0.001 0.62 0.92 

Q2 (10.9 N·m) 0.80 0.07 ≤0.001 0.66 0.93 
Q3 (13.8 N·m) 0.68 0.07 0.018 0.55 0.81 

Fitting parameters of the ROC curve were calculated under non-parametric assumptions due to the limited number of 
trials in the third quartile peak moment of force at PT0.  
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Figure 6-5: Box and whiskers plots of the fold-change in the peak moment of force (A), rate of force 
development, RFD (B) and the impulse of force, ISF (C) at the three time points of measurement post-
training (PT1, PT2 and PT3). The effect size of the fold-increase in RFD and ISF exceeded the MDC95% 
limit (*P ≤ 0.001) at the three time points, but not for peak moment of force (P ≥ 0.07). 
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Figure 6-6: (A) The fold change in the normalized rate of force development (RFD) at the three time 
points post-training is plotted as a function of the peak moment of force measured at baseline (PT0): PT1 
(blue), PT2 (red) and PT3 (grey), with a larger fold-increase in RFD identified for individuals with a lower 
peak moment of force at PT0.  

6.5.2 Muscle activation patterns underlying changes in RFD 

The effect of training on iEMGPRE and iEMGPOST is reported in Table 6-4 (A and B, 

respectively). Overall, training produced a 0.3 to 2.4 fold-increase in muscle activation levels. 

The fold-increase was comparable at the three time-points of post-training measurement for both 

iEMGPRE (P ≥ 0.56) and iEMGPOST (P ≥ 0.53), with the exception of a significantly higher fold-

increase at PT3 for the ipsilateral UFT (P = 0.05). For both iEMGPRE and iEMGPOST, the ES of 

training was medium-to-large on the ipsilateral and contralateral SCM (Cohen’s d, 0.50 to 0.88), 

with a small-to-medium ES on the ipsilateral and contralateral SPL (Cohen’s d, 0.21 to 0.57). The 

ES of training was small on activation levels of the UFT (ipsilateral and contralateral) at PT1 and 

PT2 (Cohen’s d, ≤0.25), with a medium effect at PT3 (Cohen’s d, 0.30-0.43).  
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Table 6-4: Effects of training on the (A) iEMGPRE and (B) iEMGPOST  

A. iEMGPRE Fold-increase 
Side Muscle Cohen’s d-value PT1 PT2 PT3 

Ipsilateral 
SCM 0.5-0.6 1.9 (3.9) 1.8 (4.4) 1.8 (3.9) 
SPL 0.2-0.4 1.3 (2.4) 1.5 (3.9) 1.7 (3.5) 
UFT 0.3 0.3 (1.2) 0.4 (1.3) 0.8 (1.4) 

Contralateral 
SCM 0.6 1.9 (3.7) 1.9 (4.1) 1.5 (2.6) 
SPL 0.4-0.6 1.5 (3.7) 1.8 (3.9) 1.8 (4.1) 
UFT 0.1-0.4 0.5 (1.5) 0.5 (1.5) 0.8 (1.9) 

 
B. iEMGPOST Fold-increase 

Side Muscle Cohen’s d-value PT1 PT2 PT3 

Ipsilateral 
SCM 0.8-0.9 2.4 (6.1) 1.8 (3.7) 1.6 (3.1) 
SPL 0.5-0.6 1.9 (3.9) 1.6 (4.1) 1.3 (2.5) 
UFT 0.1-0.4 0.7 (1.9) 0.6 (1.9) 0.5 (2.4) 

Contralateral 
SCM 0.5-0.7 1.9 (4.9) 1.6 (4.1) 1.3 (2.5) 
SPL 0.4-0.6 1.3 (3.1) 1.1 (2.7) 1.2 (2.4) 
UFT 0.1-0.3 0.7 (1.7) 0.5 (1.8) 0.6 (1.3) 

SCM – sternocleidomastoid; SPL – splenius capitus; UFT – upper fibres trapezius; PT1 – 10 min post-training; PT2 – 
20 min post-training; PT3 – two days post-training. All values of fold-increase are represented as mean (SD). 

 

We explored the predictive contribution of increases in activation levels to measured 

changes in RFD at PT1 for the high and low strength groups, using multivariate regression 

analyses with a forward stepwise entry criterion of P < 0.05 (Table 6-5). The increase in RFD at 

PT1 in the high strength group was predicted by an increase in activation of the ipsilateral SPL, 

both before (iEMGPRE, adjusted regression coefficient (RC), 0.37, P = 0.04) and after (iEMGPOST, 

adjusted RC, 0.79, P < 0.001) force onset. By contrast, for the low strength group, the increase in 

RFD at PT1 was predicted by an increase in iEMGPRE of the ipsilateral SCM (RC, 0.53, P = 

0.003) and UFT (RC, -0.35, P = 0.04), and by an increase in iEMGPOST of the ipsilateral SCM 

(RC, 0.49, P = 0.003) and SPL (RC, 0.41, P = 0.01). Post-training increases in activation levels of 

the ipsilateral SCM, SPL and UFT, which contributed to the measured increase in RFD, were not 

associated with a change in the mean frequency of the iEMGPRE or iEMGPOST (P > 0.05). On 

logistic regression analysis, the increase in iEMGPRE of the ipsilateral SPL at PT1, from baseline, 

alone correctly classified 68.1% of trials into the high strength group. 
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Table 6-5: Predictive contribution of increased muscle activation to the fold-increase in RFD at PT1 

     Significant Standardized Beta Regression Coefficient (P-value)   
   

R2 
Model 
P-value 

SCM 
Ipsilateral 

SCM 
Contralateral 

SPL 
Ipsilateral 

SPL 
Contralateral 

UFT 
Ipsilateral 

UFT 
Contralateral 

iEMGPRE PT1 Low 0.26 0.04 0.53 (0.003) --- --- --- -0.35 (0.04) --- 
 High 0.14 0.04 --- --- 0.37 (0.04) --- --- --- 

iEMGPOST PT1 Low 0.73 <0.01 0.49 (0.003) --- 0.41 (0.01) --- --- --- 
 High 0.63 <0.001 --- --- 0.79 (<0.001) --- --- --- 

R2, coefficient of determination; PT1, 10 min post-training; SCM, sternocleidomastoid; SPL, splenius capitis; and UFT, upper fibers of trapezius 
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6.6 Discussion 

In this study, we demonstrate that a single bout of 10 repetitive MVEs of static neck 

force, produced with a ballistic intent along a 45º flexion plane, was sufficient to yield a 

meaningful short-term increase in the RFD of the neck, and the associated ISF at 100 ms. The 

training effect on RFD and ISF exceeded the MDC95% threshold for clinical applicability, with the 

fold-increase in RFD and ISF, from PT0, across the three time points of measurement post-

training, being significant at a power (two-sided) of 0.97 and 0.91, respectively.  

6.6.1 Central mechanisms of RFD gains with ballistic training 

Significant gains in RFD following a single bout of a repetitive ballistic task have 

previously been reported [12, 19, 32, 33], with gains attributed to a marked increase in the EMG 

during MVEs in muscles targeted by the ballistic training [11]. Similarly, we observed a 0.3- to 

2.4-fold-increase in muscle activation levels, overall, post-training. Previous studies have 

reported this training-induced increase in muscle activation to result from a facilitation of 

descending input and an increase in motor neuron recruitment, firing frequency and motor unit 

synchronisation [11, 34]. In our dataset, there was no evidence of an increase in the firing 

frequency (with no change in the mean frequency of activation, pre- to post-training, P > 0.05), 

with the significant increase in the EMG signals of the SCM and SPL likely to reflect an increase 

in motor unit synchronisation, as reported by Yao et al [35]. In addition to the effects of ballistic 

training on the spinal mechanisms of muscle recruitment and activation, using a repetitive 

transcranial stimulation paradigm, Muellbacher et al. [33, 36] demonstrated an increase in the 

excitability of the primary motor cortex (M1) after a single 60-min bout of ballistic training of a 

pinch task. This facilitation of M1 persisted for up to 6-h post-training, with the increase in M1 

excitability correlating positively with the measured increase in efferent neural drive and the 

associated increase in pinch grip acceleration and force. This effect of ballistic movement training 

on M1 has been similarly reported by Classen et al. [37] and Lee et al. [32], supporting a role of 
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M1 in the rapid encoding of the kinematic details of a movement practiced under ballistic 

conditions and consolidation of short-term learning. Similarly, the retention of training effects 

that we identified at PT3 likely reflects a short-term consolidation of the learning of the 

performance of ballistic intent MVEs of the neck in 45º of flexion. Unlike Aagaard et al. [11] and 

Muellbacher et al. [33, 36], who identified a positive association between facilitation of the 

agonist muscle and the increase in RFD, we did not identify a straightforward association 

between an increase in activation levels of the SCM ipsilateral to the direction of effort, the main 

neck flexor at 45º, and an increase in RFD post-training. Considering the kinematic complexity of 

the HN segment [22, 26, 38], gains in RFD are likely not to be solely determined by a central 

facilitation of the agonist muscle.  

6.6.2 Peripheral mechanical effects 

In our study, we identified a significant association between the peak moment of force of 

the neck at PT0 and the effectiveness of the ballistic intent training in increasing RFD at PT1. 

Specifically, participants with a baseline peak moment of neck force below the group median 

(PT0 ≤10.9 N·m) exhibited, on average, a 2.7 fold-increase in RFD compared to a 0.29 fold-

increase among participants with a peak moment >10.9 N·m (P < 0.001). Moreover, the increase 

in iEMGPRE of the SCM accounted for 53% of the increase in RFD at PT1 among participants in 

the low strength group (P = 0.003). This primary effect of ballistic training on the targeted muscle 

(SCM) aligns with the findings reported by Muellbacher et al. [33, 36] for the pinch grasp and 

Aagaard et al. [11] for the quadriceps muscle. Ballistic-intent training may have an enhanced 

effect among individuals with lower moment generating capacity of the neck, indicative of a 

possible benefit of targeting RFD training for untrained athletes (as in our study) and those with 

weaker necks, including female and pediatric athletes as reported in previous studies [1, 4, 6, 29]. 

However, the scaling of SCM activity to the gain in RFD was not a ubiquitous strategy, with a 

different pattern of muscle activation identified among individuals in the high strength group, 
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with an increase in the iEMGPRE of the ipsilateral SPL accounting for 37% of the gains in RFD at 

PT1 (P = 0.04) and the increase in iEMGPOST of the ipsilateral SPL accounting for 79% of the 

gains (P < 0.001).  

 The SPL is a broad, strap-like muscle that arises from the spinous processes of the C7 

vertebra and first four thoracic vertebrae, with its fibres extending upward and laterally to insert 

on the mastoid process in the same area as the SCM. The SPL is an important muscle of the neck 

because of its location and dimensions, forming the second layer of the posterior muscles of the 

neck, between the trapezius and the semispinalis, and having a significant moment arm in 

extension and ipsilateral rotation [26]. As the extensor moment arm of the SPL is 82% greater 

than the flexor moment arm of the SCM (Table 6-1), the SPL could effectively counterbalance 

the effect of the explosive force in flexion and, thus, maintain the alignment of the HN. The 

additional moment in ipsilateral axial rotation could further enhance cervical stability by 

increasing contact forces across the ipsilateral facet joints [40]. The fact that the increase in 

activation of the SPL alone correctly classified 68.1% of trials into the high strength group, 

despite the redundancy in the muscular control of the HN segment [22], may be indicative of a 

trade-off between stability and explosive force. A prioritisation of neck stability could explain the 

significantly lower fold-increase in RFD at PT1 for the high than low strength group (0.29 versus 

2.7, respectively; P < 0.001). In fact, compared to the low strength group, the RFD for the high 

strength group was lower at the three time points of measurement post-training (P = 0.006). 

Therefore, activation of the SPL is likely to enhance the overall stability of the upper cervical 

spine during the performance of explosive MVEs. The relationship between muscle coordination 

and neck stiffness has not previously been specifically evaluated. In our review of the literature, 

we only identified the study by Tierney et al. [7] who investigated between-sex differences in the 

coordination of the neck musculature as a means of exploring the lower neck stiffness in females 

than males, without considering within-group differences in coordination and neck stiffness. 

Future studies are needed to confirm our findings in a large population representative of athletes 
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(male, female and youths) with a focus on fully characterising the possible association between 

muscle coordination and the effect of RFD training and HN stiffness. Moreover, a better 

understanding of the possible trade-off between stability for peak moment of force and RFD will 

require considering the role of all muscles of the neck, using methods such as described by 

Blouin et al. [41]. 

6.6.3 Training parameters 

 We selected the number of trials performed for convenience in a research setting, and to 

minimize effects of fatigue and delayed onset of muscle soreness, with no a priori intent to 

identify an optimal number of repetitions to maximize acute adaptations to training. Our 

conservative number of repetitions was sufficient to produce a medium-to-large training effect on 

RFD (Cohen’s d, 0.54-0.75) and ISF (Cohen’s d, 0.51-0.66) across the three time points of post-

training measurement (P ≤ 0.001). Other single-session training studies have employed a 

significantly greater number of training repetitions, ranging from 40 to 600 trials of wrist, finger 

and elbow flexion tasks [12, 19, 32, 33]. Therefore, future studies are needed to identify optimal 

training parameters (intensity, volume, and duration), and to evaluate whether positive 

adaptations to training can be sustained over a longer period and have a positive influence in 

lowering the risk for concussion and upper cervical spine injuries in contact sports.  

6.6.4 Perspectives 

In this study, we demonstrated the feasibility of implementing an explosive training 

protocol for the neck musculature, using static MVEs performed with a ballistic intent, to achieve 

meaningful short-term increases in the RFD and ISF of the neck. Increasing the contractile RFD 

of the neck could contribute to higher neck stiffness, with greater stiffness reducing the odds of 

sustaining both moderate and severe head impacts in contact sports [5]. Therefore, our results 

might have important implications for the development of training programs for neck strength 

that are specifically designed for the context of impulsive loading of the HN complex in contact 
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sports. Moreover, we demonstrate that measures of RFD and ISF, obtained using the MCU, are 

sufficiently reliable (CVws ≤18%) to evaluate effects of training interventions. Of importance, we 

demonstrated the possibility of a trade-off between stability and RFD, with lower RFD and ISF 

being associated with higher peak moment of static neck force. This trade-off could explain to 

some extent the absence of a protective effect of greater neck strength against concussions in 

contact sports [2]. Therefore, we propose that the neuromuscular coordination of RFD is a 

variable that should be considered when evaluating the effectiveness of strength training 

interventions for the neck.  
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Chapter 7 

General Discussion 

7.1 Introduction 

Injuries to the musculoskeletal structures of the head and the upper cervical spine (C0-

C3) occur as a result of unrestrained displacement of the head on the neck, induced by external 

forces acting either directly on the head, or indirectly via the transmission of inertial force along 

the neck [1-4]. It is the neck muscles that provide the majority of restraint force required to 

maintain alignment of the cervical spine and stabilize the head against externally applied forces 

[5]. As such, increasing neck muscle strength has been postulated to be an individual-specific 

modifiable factor in reducing the risk of head and neck injuries by simply enhancing the 

mechanical coupling between the head and neck and the torso [3, 6-10]. In practice, however, the 

ability to effectively resist external forces is dependent on, first, the capacity of the individual to 

identify and anticipate an imminent collision; and second, the organization of a coordinated 

neuromuscular activation response that generates relatively large magnitudes of static force in the 

early phases of a muscle contraction. Early-phase muscle tension that is available immediately 

post-impact (e.g. 0-100 ms) can provide a restraint against external forces to dampen any 

resultant kinematic effects on the head and neck, and maintain alignment of the cervical spine 

[8,11].  

Collectively, the results of the three studies presented demonstrate that the 

characterization of early-phase, multidirectional static neck strength capacity and anticipatory 

muscle coordination enhanced our knowledge of head postures, directions of force application, 

and patterns of muscle coordination that place individuals at increased risk of head and neck 

injury due to lower resistive static strength capacity. It also demonstrated the feasibility of simple 

repetitive ballistic-intent efforts to facilitate an increase in resistive neck strength capacity. 
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7.2 Effects of Anticipatory Neuromuscular Activity on Post-Impact Head 

Kinematics 

To date, research on the kinematic effects predictive feedforward neuromuscular activity 

of the neck muscles in advance of an external perturbation has been studied in in vivo 

environments [12], in experimental settings [9, 11, 13-15] and through the use of computational 

modelling [8, 16].  Post-impact head kinematics are assessed through the application of a low-

magnitude (e.g. 1% of body mass) external force directly to the head, or by isometric pre-loading 

the head and neck (i.e. statically resisting a percentage of maximum voluntary capacity) then 

quickly releasing it. In both scenarios, the resultant three-dimensional head motion and muscle 

activity profiles are measured. Variations of external perturbation techniques have been described 

in the literature to identify significant age-, sex- and anthropometric differences in dynamic head 

stability [9, 11, 14, 15]. The effects of anticipatory neck muscle activation on post-impact head 

kinematics are not trivial and have been demonstrated using a variety of statistical measures. 

When measuring head kinematics in vivo, Mihalik et al. [12] reported a 17% (P<0.01) decrease in 

the peak angular acceleration of the head in athletes who were able to anticipate an impact, 

compared to athletes who were either completely- or partially aware. Similarly, anticipatory neck 

muscle activation was found to decrease the odds of sustaining moderate and severe head impacts 

(OR = 0.77, CI95%, 0.61–0.96; OR = 0.64, CI95%, 0.46 – 0.89, respectively). Other laboratory 

experiments reported a 7% to 24% (P ≤ 0.001) attenuation of peak magnitudes of post-impact 

angular acceleration of the head [14, 15]. Eckner et al. [9] also confirmed a positive attenuating 

effect of anticipatory pre-tensing of the neck muscles on post-impact head kinematics along all 

three planes of motion (Pearson’s r = 0.42 to 0.66, P < 0.001). It is worthy to note that only the 

study by Eckner et al. [9] measured the effects of anticipatory neck muscle activity in all three 

planes of motion (sagittal, frontal and transverse) [9]. While Eckner’s study was unique in that it 

measured the effects of anticipatory neck muscle activity on post-impact head kinematics in all 

three planes of motion, however, seldom in practice are sport-related impacts applied purely 
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along orthogonal planes. Rather, impacts are more likely to be applied in directions that induce 

head displacement in a combination of all three planes of motion. Moreover, the aforementioned 

studies measured post-impact head kinematics in neutral head postures. It is rare that athletes will 

sustain an impact with an optimally aligned head posture. For example, in hockey, young and 

inexperienced players often flex their head and cervical spine to maintain visual contact with the 

puck to enhance their control over it. This head flexed posture decreases their awareness of their 

immediate surroundings and affects their ability to generate short-latency restraint moments.  

7.3 Summary and Discussion of Findings 

The evaluation of the short-latency moment-generating capacity of the neck by the 

direction of force exertion and by different head postures provides a starting point for 

understanding the intrinsic vulnerability of the head and neck to injury in contact sports. Our 

study of multidirectional neck strength (Chapter 4) demonstrated that static efforts along diagonal 

planes, which elicited moment components around the x-, y- and z-axis, were significantly lower 

than orthogonal planes (one axis, x or y), independent of head posture or levels of moment 

resolution. The assumption of a 20º head flexed posture decreased ISF at both the upper and 

lower cervical spine. The decrease in resistive capacity along diagonal planes and head flexion 

posture may be a manifestation of an increased level of complexity that the CNS must manage to 

coordinate static moments about multiple axes, especially non-principal axes. While previous 

studies have examined multidirectional strength capacity at the neck, however, most report 

external forces exerted by the neck muscles in N, only one has expressed moment-generate 

specific to the upper cervical spine at C0-C1 [17]. Our methods were novel in that we digitized 

anatomical landmarks (e.g. spinous process of C2 and the midpoint of the angle of the mandibles) 

to estimate the location and resolve moments of force at the base of the upper cervical spine.  

The magnitude of short-latency muscle force produced is dependent on the underlying 

neuromuscular coordination. Chapter 5 provided evidence that the CNS utilizes common 
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simplifying neuromuscular activation strategies, primarily between posterior and anterior muscle 

groups when generating multidirectional ballistic-intent efforts. The feedforward activities of 

posterior muscles are most influenced by peripheral sensory inputs induced by head flexion 

posture, but also most frequently predict high magnitudes of static impulse generation at the 

upper cervical spine. 

We used intermuscular coherence analyses to explore the presence of common neural 

drive between specific neck muscle pairs and the location of their central nervous origins. As our 

input signal contained both resting posture and ballistic-intent maximal efforts, we identified two 

discrete frequency bandwidths that contained intermuscular coherence that represent different 

central nervous system origins, reticulospinal (10-20 Hz) and corticospinal (30-60 Hz) tracts. 

Interestingly, when dividing our participant group into high vs low strength groups, we identified 

between-group differences in the neuromuscular coordination. Specifically, the high strength 

group demonstrated greater magnitudes of intermuscular coherence compared to the low group 

across both low and high-frequency bandwidths. We interpreted this finding as to the CNS 

utilizing two separate cortical origins to control two separate neuromuscular activities during the 

early-phase of a muscle contraction - static postural stability (10–20 Hz), and maximal muscle 

activation (30 – 60 Hz). We also identified between-posture differences in coherence, whereby 

head flexion posture increased the intermuscular coherence between the specific pairs of posterior 

muscles. We postulated that the change in head posture altered the proprioceptive information 

from and altered the internal feedforward model of the ballistic task. 

We also explored the utility of applying principal component analyses to identify general 

patterns of feedforward neuromuscular coordination through the identification of groups of 

muscles that are modulated together. Overall, we identified that neuromuscular activity was 

delineated between flexor and extensor muscles. Similar, applications of principal components 

analyses have been used to differentiate military helicopter aircrew with and without neck pain. 
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The works of Vasavada et al. [18] and Blouin et al. [19] provided a reference for the 

methodology and analyses for our study, and as such, these studies offer the closest comparison 

of our data set. Similar to our results, both Vasavada and Blouin reported consistent preferred 

functional tuning and spatial focus of the muscles studied, despite using submaximal neck muscle 

efforts in discrete directions [17, 19] and continuous sweeping motions [19]. However, Blouin et 

al. [19] utilized coherence during submaximal sweeping motions and identified that deep and 

superficial posterior neck muscles receive common neural drive. 

While there are significant limitations associated with the coherence analysis presented in 

this dissertation, the use of analyses such as intermuscular coherence and principal components 

may represent a new approach to evaluate neuromuscular coordination of the neck muscles 

pertaining to performance and injury risk management moving forward. This work represents a 

novel approach in the study of the neck muscles for static restraint capacity of the head and upper 

cervical spine by shifting the focus from measures of absolute peak amplitudes of EMG, to 

measures of global feedforward organization and activity prior to moment onset. This approach is 

highly relevant as well-organized neuromuscular activity prior to moment onset represents the 

optimal strategy to effectively generate relatively high magnitudes of short-latency moments of 

force to restrain against external forces on the head. The methodology presented also allows for 

objective evaluation of the effects of neuromuscular training protocols on coordinated neck 

muscle activity. Future studies are required to examine the optimal window of EMG signal to 

include in the coherence analysis (i.e. 0-50, 0-75, or 0-100 ms, from EMG signal onset) to limit 

the amount of confounding baseline signal included in the analysis. A well-developed battery of 

offline data analyses such as intermuscular coherence and principal components may also provide 

the relevant information on neuromuscular coordination, without the need to perform as many 

maximal exertions.  

The presence of differences in the effectiveness and coordination of anticipatory 

feedforward motor activation between individuals implies that highly effective neuromuscular 
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coordination patterns of the neck muscles are not inherent. However, cortical plasticity allows for 

the development and emergence of effective patterns through reorganization and refinement of 

the cortical representation of the target muscles induced by practice and motor learning [20]. 

Therefore, training regimes specific to the neck musculature for head and neck injury risk 

management should focus on exposure to sensorimotor stimuli through repetitive task-specific 

execution that will facilitate the development and refinement of optimal central patterns of neck 

muscle activity to facilitate the generation of short-latency moment-generation. Chapter 6 

demonstrated the feasibility of implementing an explosive training protocol for the neck 

musculature, using static MVEs performed with a ballistic intent, to achieve meaningful short-

term increases in the RFD and ISF of the neck. Specifically, training produced a 1.3- to 1.9-fold 

increase in RFD and ISF with medium to large effect sizes, where the effect size exceeded the 

MDC95% limit for both RFD and ISF at all three time points (P ≤ 0.001). The training stimulus 

also produced a 0.3 to 2.4 fold-increase in muscle activation levels. Individuals who exhibited 

high baseline values of ISF exhibited an increase in RFD at PT1 that was predicted by increases 

in the iEMGPRE and iEMGPOST of the ipsilateral SPL. 

These results might have important implications for the development of training 

programs for neck strength that are specifically designed for the context of impulsive loading of 

the head and neck complex in contact sports. However, future studies are needed to address a 

number of questions and that include, first, what are the optimal training parameters (intensity, 

volume, and duration); second, can any positive adaptations related to the training be sustained 

over a longer period; and third, how generalizable are the adaptations identified in the lab, to on-

field performance that would have a positive influence in lowering the risk for concussion and 

upper cervical spine injuries in contact sports. 
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7.4 Biomechanical Platform Applications, Barriers and Solutions to Translating into 

Practice 

To this end, the biomechanical platform developed and presented has the potential to 

transform preventative sports and occupational medicine, by enabling the collection of force, 

EMG, and motion capture data and provide comprehensive, reliable and valid participant-specific 

measures of early-phase strength capacity and neuromuscular coordination. In clinical practice, 

implementation of the platform and our standardized protocols would not only allow for the 

comprehensive assessment of multidirectional short-latency strength capacity and anticipatory 

feedforward neuromuscular coordination, but it also would allow for on-going clinical evaluation 

as well as ballistic-intent resistance training for motor performance or rehabilitation purposes.  

Compared to ultra low-profile force dynamometry systems, such as handheld 

compressive or tensile systems [10, 21], our platform offers distinct advantages with respect to 

the validity, accuracy, reliability, and quantity of data captured. The integration of three-

dimensional motion capture data into the platform allows for the resolution of moment-generating 

capacity at specific levels of the cervical spine (upper vs lower segments), taking into account the 

individual differences in anatomy.  

Our platform offers high consistency in positioning (SE <1°; within-subject CV ≤0.82%) 

to minimize effects of differences in position and stabilization on neck strength measurements 

[22]. The low within-subject variation in peak force (CV 3%), RFD and ISF (CV <18%) confirms 

the reliability of our ‘ballistic intent’ protocol in yielding consistent strength variables, 

independent of head–neck posture, indicating a high probability that a difference in measurement 

obtained at two different time points would be due to real change [23]. Furthermore, the 

reliability of short-latency strength variables will allow for the evaluation of the effects of training 

interventions. 

The platform is, however, not without its drawbacks. In its current form, the platform is 

limited to purely research purposes and is not yet suitable for integration into practice outside of 
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academia. The platform requires a considerable amount of costly research-quality equipment (≥ 

$75,000, approximate total), space, and the employ of high-quality personnel with expertise in 

data acquisition, and fluent in numerical and graphical programming languages to operate and 

manage. However, with further research and funding, it is possible to improve upon its current 

design, to render it more accessible to a broader population that would facilitate its transfer into 

practice. For example, despite extensive custom modifications completed on the existing MCU 

platform, there are opportunities to simplify the design of the participant-load cell interface of the 

dynamometer. Specifically, it would be advantageous to upgrade the load cell from a single axis 

thin-beam strain gauge, to a six-axis load cell that would allow for direct measurement of static 

forces and moments about all three-axes (x, y, and z) of motion. It would then be beneficial to 

fully integrate the force, EMG and motion capture data through a single data acquisition system. 

A fully integrated data acquisition system would allow for the creation a more user-friendly 

graphical interface that can generate force-time, EMG-time plots and the calculation of specified 

variables immediately upon completion of the trial. By simplifying the user-interface, it would 

allow for widespread use by registered healthcare professionals (e.g. physiotherapists, sports 

medicine physicians, kinesiologists, etc.) and other qualified personnel (e.g. exercise 

physiologists, engineers, strength and conditioning coaches, etc.). 

Another aspect of the platform to improve upon is the time commitment associated with 

completion of our standardized protocols. We rely on recruiting research participants to volunteer 

their time to visit the lab to complete the specific protocols. As the protocols presented in this 

series of studies were comprehensive and exploratory, participants were required to commit to 

two, 2-3 hours sessions. However, with the results from these studies, and future research, there 

are likely opportunities to streamline the protocols, by identifying key independent variables. 

These variables may include the measurement of specific muscles (e.g. cervical extensors), head 

postures and directions of force application that provide the best overall representation of static 

restraint capacity and neuromuscular coordination of the neck muscles. Similarly, utilization of 
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key offline analyses such as intermuscular coherence or PCA may require a smaller number of 

efforts to sufficiently capture short-latency strength capacity and anticipatory neuromuscular 

coordination. Any manner in which the data collection protocol can be streamlined will reduce 

the time commitment for the volunteers, which would potentially increase participant enrollment. 

7.5 Limitations 

Although we have increased the overall knowledge base of the potential stabilizing role 

of neck muscle in contact sports by characterizing the early-phase multidirectional neck strength 

capacity and anticipatory muscle coordination, the limitations of these studies warrant discussion.  

The objective of the first study (Chapter 4) was to measure multidirectional strength 

capacity in neutral and 20º head flexion postures. Capturing multidirectional strength required 

participants to exert a high number of maximal efforts (minimum of three trials across eight 

directions, 24 total). Therefore, to minimize the effect of excessive fatigue and delayed onset 

muscle soreness, only one head posture was measured per session. By measuring one head 

posture per session, it allowed for the general comparison of multidirectional strength data in 

neutral head posture with previously published data [17, 19, 24-26]. Intra-sessional comparison of 

the effect of head posture in a given direction of effort would decrease the variability in assessing 

the effect of head posture, especially when examining EMG activity. However, the issue of high 

numbers of trials would remain, and would, therefore, need to limit the number of directions of 

effort to four per session (e.g. three trials x four directions x two head postures = 24 total). As we 

identified significant differences between orthogonal and diagonal planes of effort, future studies 

could separate testing sessions based on the planes of effort. 

While the results of Chapter 4 described how 20º head flexion posture modulates 

multidirectional strength, it is representative at that specific angle only. It would be reasonable to 

hypothesize that increasing head flexion toward end range, would produce a more pronounced 

effect on strength capacity. Increasing head flexion would cause an imbalance in the strength 
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ratio between the flexors and extensors as a result of altered muscle force-length relationships, 

and moment arm magnitude [27]. However, this hypothesis needs to be confirmed empirically. 

Future studies measuring neck strength capacity, using the same experimental procedures, but 

across a range of head postures along the sagittal plane [28, 29], and in pre-rotated postures [21, 

30, 31], would yield a more robust data set. 

Moments of force of the upper cervical spine were resolved at the superior aspect of the 

C3 vertebral body. We assumed the head and neck complex to behave as a two-segment system, 

and as such, we assumed that the upper cervical spine behaved as one unit. Thus, we assigned the 

orientation of the C3 LCS to that of the HCM, which was oriented along the sagittal plane parallel 

to the Frankfort plane of the head. However, radiographic evidence of cervical alignment in the 

sagittal plane notes that the plane of C0 is angled 9.3˚ in extension, and the sagittal plane of the 

base of C2 is angled anteriorly 22.4˚ relative to the C0 plane [32]. Therefore, the true sagittal 

plane orientation of the superior aspect of the C3 vertebra may be angled anteriorly 

approximately 13˚ from the horizontal reference plane.  

The custom design of the head frame assembly did not allow for the measurement of 

moments generated about the z-axis (i.e. axial rotation). Small z-axis components contributed to 

the resultant moment generation and ISF, more so in diagonal plane efforts due to the orientation 

of the force vector passing at a tangential distance relative to the head’s centre of mass [33]. 

Investigations to characterize feedforward neck muscle coordination in axial rotation are relevant 

to the field of concussion biomechanics, for two main reasons. First, 62% of axial rotation occurs 

at C1-C2 (77˚ bilaterally, [34]), and of the total ROM at C1-C2, 76% is considered to be in the 

“neutral zone” [35]. With little resistance provided by the ligaments at C1-C2, there is an 

increased demand on the neck musculature to resist axial rotational moments at the upper cervical 

spine. 

The cohorts of participants recruited in each of the studies were homogeneous, limited to 

young, healthy and active adult males. This selection bias was planned a priori to limit the effects 
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of sex- [9, 14, 15, 36] and age-specific [9, 36] differences in neck strength. Moreover, 96% of the 

participants were right-hand dominant, thus preventing the evaluation of effects of lateral 

dominance on neck muscle strength and activation.  

Based on moment-arm and EMG data, it is acknowledged that muscles not included in 

this study have been observed to contribute to moment-generation at along the cervical spine [27, 

37-39]. These muscles which were not studied in this dissertation, include semispinalis capitis, 

erector spinae and levator scapulae posteriorly; the scalene complex laterally; and longus colli 

and capitis anteriorly. Incorporation of a high-density EMG system will allow for a greater 

number of superficial recording sites, as well, the use of fine-wire intramuscular EMG recording 

would be valuable for capturing deep muscle activity [18, 19, 25, 26, 40], both of which may help 

to account for a greater percentage of variability in PCA and multiple regression modelling. 

The ballistic-intent training trials (Chapter 6) were completed in a neutral head posture and 

limited to only two directions of effort set at 45º from midline flexion. Two important factors in 

managing applied loads are, first, an upright position of the head relative to the torso; and second, 

the ability to anticipate the timing and direction of the load [9, 12, 13]. Therefore, we only 

considered a posture with the cervical spine in neutral alignment and exerted efforts in directions 

within the forward field of vision that one could be reasonably expected to anticipate during a 

game. However, head down postures are common in contact sports, and ideally, training should 

also take place in these functional, non-neutral head postures. Also, since diagonal plane efforts 

resulted in overall lower resistive capacity (Chapter 4), we aimed to evaluate those directions of 

efforts that are considered to be more vulnerable to injury in hopes of affecting the greatest 

change. 
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7.6 Future Directions 

This dissertation was comprised of original work that explored strength capacity, muscle 

coordination and the facilitation of neck muscle strength, and presented novel results that form 

the foundation for future research studies investigating the stabilizing role of the neck muscles. 

7.6.1 Continuation of current research 

With the established protocols presented in this dissertation, we now can expand our 

study population to include a broad range of ages. However, in regards to head and neck stability 

in sports, it stands to reason that future research should focus on the most vulnerable populations, 

namely small females and children. These groups have been identified as being vulnerable to 

injury due to their relatively weaker necks compared to the 50% male [8, 9, 41]. Further to one of 

the challenges discussed in the critical review, there are no robust descriptive databases of neck 

strength capacity that exist in the literature and comparing data across studies is difficult as 

methodology and reporting of outcome measures are variable. Establishing a collaborative 

multicenter approach using standardized methods of assessment and outcome variables would 

allow for the collection of robust pools of normative data by which to compare specific 

individuals. Establishment of normative data and generation of developmental curves of neck 

strength and neuromuscular coordination would greatly enhance the utility of baseline testing to 

first, obtain individual-specific objective measures of performance; and second, allow for a more 

accurate assessment of an individual’s level of physical “sport-readiness.” 

Certain occupations are at greater risk of developing- and suffering from neck pain. A 

specific population we have been involved with who are at high risk of developing occupation-

related neck pain in military helicopter pilots and aircrew [42]. Military helicopter pilots and 

aircrew are required to perform sustained or repetitive movements in and out of ergonomically 

poor head postures with each flight. These unfavourable head postures, coupled with flight 

helmet and safety kit (night-vision goggles and optional counterweight), whole-body vibration, 
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inertial forces, and extended mission sorties, contribute to the high incidences of flight-related 

neck pain among helicopter aircrew [42-46]. The ability to accurately measure neck strength and 

neuromuscular coordination in head postures critical to operational tasks will help to first, 

evaluate ergonomic and engineering solutions for flight-related neck pain. Second, it will allow 

for investigations to proactively identify aircrew that may be at increased risk of developing 

flight-related neck pain. Moreover, our biomechanical platform will allow for the evaluation of 

the effects of preventative strengthening or rehabilitative training protocols on incidence and 

recovery of flight-related neck pain.  

Future research will incorporate a high-density EMG system (BioSemi, Amsterdam, 

Netherlands) into our existing biomechanical platform. The BioSemi system has a 16-channel 

bipolar configuration and will allow for a greater number of individual muscles recorded, but also 

the measurement of subvolumes of specific large muscles (e.g. SCM and UFT). Also, the 

establishment of reference patterns of neuromuscular activation obtained through maximal 

“ramp-up” efforts would allow for a direct and objective comparison of coordination for two 

different types of neuromuscular activation strategies: one based on sensory feedback (ramped 

maximal) and the other based on predictive feedforward activation (ballistic intent). 

7.6.2 Future Research Directions 

Having presented a biomechanical platform that can accurately and reliably measure 

multidirectional neck strength and muscle activation in multiple head postures, future studies will 

investigate factors that may influence neck strength and neuromuscular control. These may 

include the effects of central and peripheral fatigue, whole-body fatigue, whole-body vibration, or 

disruptions in sensory- and proprioceptive feedback through experimentally induced neck pain, 

all of which may provide insight into factors that affect neck strength and may lead to increased 

risk of impact-related head and neck injury. 
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Chapter 6 demonstrated that individuals could acutely increase the early-phase impulse in 

bilateral 45˚ flexion planes following a single-session static training stimulus. The next step in 

this program of research would be to employ a randomized control trial to evaluate if acute 

increases in ISF attenuate head kinematics following a controlled, low-magnitude external force 

application (i.e. “quick-release”). Similar quick-release systems have been described in the 

literature in the study of head impact biomechanics [9, 11, 14, 15]. This experimental lab-based 

RCT would be the precursor to a randomized-control prospective cohort study of head impacts in 

contact-sport athletes (e.g. ice hockey) in live game situations. Relevant post-impact kinematic 

data measured using helmets instrumented with tri-axial accelerometers will include the 

frequency, location, and magnitude of impacts, along with the collection of primary head and 

neck injury surveillance data [11, 12, 21].  

The biomechanical platform and assessment protocol presented in this dissertation can 

also be used to study neck strength and neuromuscular coordination to enhance primary and 

secondary injury prevention strategies. Concerning primary prevention, first, the results of these 

studies demonstrate the feasibility to assess an individual’s neck strength and neuromuscular 

coordination at baseline, as a screening tool to identify athletes who may be at increased risk of 

injury due to low resistive static strength capacity or neck muscle dysfunction. Second, these 

results may serve as the foundation for the design and evaluation of resistance training protocols 

to enhance early-phase strength capacity through neuromuscular facilitation as a preventative 

strategy against sport-related head and neck injuries, especially in vulnerable populations. The 

results from these studies also have applications in secondary injury prevention, by providing 

objective measures that will assist healthcare providers in diagnosing and managing head and 

neck injuries, as well as making more informed decisions regarding return to play. It is currently 

unknown if neck strength and predictive coordination are affected- or if they recover at the same 

rate as clinical symptoms. A prospective cohort study to evaluate neck strength and coordination 

at baseline, then post-injury would be an important series of studies that would address a number 
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of fundamental questions: 1) is neck strength affected by head injury? 2) Does neuromuscular 

coordination of the neck change following injury? 3) Do neck strength and muscle coordination 

recover at the same rate as other symptoms when the athlete returns to play? Current return-to-

play guidelines for head injuries are based on subjective reporting of symptom recovery [47]. 

Changes in neck strength and neuromuscular coordination from pre-injured baseline may not be 

recognized or reported by the athletes; thus, risk returning to play without the same resistive 

capacity to stabilize their head against external forces, and may ultimately be at immediate 

increased risk of re-injury. 

The platform also has applications in the field of rehabilitation science and therapy. Most 

notably, it has applications in the management and rehabilitation of chronic neck muscle pain, 

which is considered to be the second most common musculoskeletal disorder, behind low back 

pain [48]. Specifically, an epidemiological study revealed that two-thirds (66.7%) of the general 

population has experienced neck pain during their lifetime; moreover, just over half (54.2%) of 

the population experienced some form of neck pain within the past six-months [49]. Physical 

exercise, specifically resistance training, has been demonstrated to be effective in reducing pain 

associated with musculoskeletal disorders of the neck [30, 50, 51]. Our platform and analyses 

would not only allow for the objective evaluation of resistance- or muscle coordination training 

programs, but it would allow for research studies to better understand possible mechanisms (i.e. 

neuromuscular control) behind improvements in neck muscle pain and function following 

physical exercise. This area of rehabilitation research could also have a significant role in the 

study of other common cervical spine and neck muscle disorders, such as, whiplash-associated 

disorder, repetitive strain injuries, and post-surgical procedures (e.g. laminectomies, fusions, etc).  

The knowledge gained from the series of studies has laid a foundation upon which 

diagnostic, preventative and rehabilitative programs specific to the neck muscles for head and 

neck injury risk-management may be developed and evaluated. As a whole, this work has 

significantly contributed to the existing body of knowledge of neck biomechanics by increasing 
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our understanding of explosive static strength capacity and neuromuscular control strategies of 

the neck muscles. 
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APPENDIX A: Ethics Approval 

  

 
QUEEN'S UNIVERSITY HEALTH SCIENCES AND AFFILIATED TEACHING HOSPITALS 
RESEARCH ETHICS BOARD ANNUAL RENEWAL 

Queen's University, in accordance with the "Tri-Council Policy Statement 2, 2010" prepared by the 
Interagency Advisory Panel on Research Ethics for the Canadian Institutes of Health Research, Natural 
Sciences and Engineering Research Council of Canada and Social Sciences and Humanities Research Council 
of Canada requires that research projects involving human participants be reviewed annually to determine their 
acceptability on ethical grounds. 

A Research Ethics Board composed of:  
 
Dr. A.F. Clark, Emeritus Professor, Department of Biomedical and Molecular Sciences, Queen's University 
(Chair)  
Dr. H. Abdollah, Professor, Department of Medicine, Queen's University  
Dr. R. Brison, Professor, Department of Emergency Medicine, Queen's University  
Dr. D. Groll, Assistant Professor, Department of Psychiatry, Queen's University 
Ms. J. Hudacin, Community Member 
Mr. D. McNaughton, Community Member 
Ms. S. Rohland, Privacy Officer, ICES-Queen's Health Services Research Facility, Research Associate, 
Division of Cancer Care and Epidemiology, Queen's Cancer Research Institute 
Dr. M. Sawhney, Assistant Professor, School of Nursing, Queen's University 
Ms. J. Sheldrick, Community Member 
Dr. A. Singh, Professor, Department of Psychiatry, Queen's University 
Dr. J. Thorpe, Clinical Research Associate, Department of Anesthesiology and Perioperative Medicine, 
Queen's University  
Ms. K. Weisbaum, LL.B. and Adjunct Instructor, Department of Family Medicine (Bioethics) 
Dr. J. Whiteley, Community Member 

has reviewed the request for renewal of Research Ethics Board approval for the project “Development of 
Standardized Testing and Evaluation of Multi-Directional Neck Strength and Neuromuscular Control” 
as proposed by Dr. I. Gilchrist of the School of Rehabilitation Therapy, at Queen's University. The 
approval is renewed for one year, effective June 17, 2015.  If there are any further amendments or changes to 
the protocol affecting the participants in this study, it is the responsibility of the principal investigator to notify 
the Research Ethics Board. Any unexpected serious adverse event occurring locally must be reported within 2 
working days or earlier if required by the study sponsor. All other adverse events must be reported within 15 
days after becoming aware of the information. 

 
____________________________Date: May 21, 2015  
Chair, Health Sciences Research Ethics Board 
Renewal 1[ ] Renewal 2 [ ] Extension [x] Code# REH-498-11 Romeo file# 6005983 
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APPENDIX B: Letter of Information and Informed Consent 

 

	
	

	

	

 

LETTER OF INFORMATION AND PARTICIPANT CONSENT 

DEVELOPMENT OF STANDARDIZED TESTING AND EVALUATION OF MULTI- 
DIRECTIONAL ISOMETRIC NECK STRENGTH AND NEUROMUSCULAR CONTROL 

INVITATION AND STATEMENT OF RESEARCH OBJECTIVES 

You are being invited to participate in a number of research studies investigating the effects of 
direction of force application, head posture and training on the strength capacity of the neck of 
healthy, physically active males. This study will be undertaken by Ian Gilchrist, a doctoral 
student at the School of Rehabilitation Therapy, Queen’s University, and under the supervision of 
Dr. Lucie Pelland at the School of Rehabilitation Therapy, Queen’s University and Dr. Kodjo 
Moglo from the Department of Mechanical Engineering at the Royal Military College in 
Kingston.  

Our research interests are in understanding factors that influence the coordination of muscle 
activity and force generating capacity of the neck muscles in the biomechanics of head and neck 
injury in sports and in military helicopter flight. We are specifically interested in the coordination 
of strength that can be generated quickly after a ‘go signal’. The ability to rapidly generate neck 
strength is important in protecting the neck and head during sudden head movements produced by 
external forces. We are also interested in determining if individuals can learn to activate their 
neck muscles faster and with more force through very specific practice techniques. Finally, 
measurement of neck muscle size and structure through magnetic resonance imaging would allow 
for individual-specific calibrated inputs in computer models to study injury mechanisms in sport 
and selected occupations (specifically flight-related neck pain in military helicopter pilots) and 
the role of neck muscle strength in injury prevention. 

We thank you for your interest in our research.  

STATEMENT OF RESEARCH ETHICS 

This study has been reviewed to ethical compliance by the Queen's University Health Sciences 
and Affiliated Teaching Hospitals Research Ethics Board  

PERSONAL INFORMATION 

To participate in this study, you will need to meet the following criteria: 

• Male, 18 to 30 years old, who currently participates in a regular physical fitness program; 
• Have no prior history of concussion or head injury;  
• Have never been diagnosed with cervical neck injury or disease, including disc bulge, 

vertebral joint pain or dysfunction, nerve root pinch or irritation; 
• Have no history of migraines, inner ear problem, cardiovascular disease, and 

inflammatory disease (ex: arthritis); 
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EXPERIMENTAL PROCEDURES 

Our neck strength testing suite involves a number of different, but related studies. You may select 
which specific studies you wish to participate in, however you are not obliged to participate in 
all studies and you are free to change your mind or stop your participation at any point. We can 
only test one protocol at a time; therefore if you do wish to participate in more than one study, 
you will be required to return to the lab to complete each subsequent study. 

All testing will be performed at the Human Mobility Research Centre at Queen’s University. 
Prior to testing, the letter of information will be reviewed with you and you will be given the 
opportunity to accept or decline participation.  

You will be asked to complete a self-report medical questionnaire. We will use this information 
to ensure that it is safe for you to complete the testing protocol. At any time during testing, if you 
feel pain, discomfort or unwell, please tell us immediately so that we can stop the testing session.  

To be able to use your data in biomechanical calculations, we need specific demographic 
information from you: date of birth, height, weight, head and neck circumference, and neck 
length will be collected. We will also collect other information that may affect the measured 
forces of your neck: sport you are practicing and physical training routine.  

Before any testing begins, you will complete a 10-minute warm up and we will make sure that 
you have full range of motion of your neck and no associated pain. 

After reading each of the protocols below, please indicate the ones that you wish to participate in. 
We do remind you that you can change your mind at any point. 

[    ] Maximal Neck Strength Testing  

For this test, we will be measuring the isometric strength of your neck muscles, as well as the 
related muscle activity. To measure force, we will use the Multi-Cervical Unit (MCU) from BTE 
Technologies. You will be seated in the MCU and we will adjust the seat height so that you are 
seated comfortably with your head either in a neutral position or 20 degrees of forward tilt. You 
will then be asked to push as ‘quickly’ and as ‘hard’ as possible against a padded load cell. Your 
head will not move, but the load cell will measure how much force you are exerting. You will be 
asked to complete 3 trials in 8 different directions. Our goal is to measure your strength and 
therefore you will be given as much rest time between contractions, as you need to not feel 
muscle fatigue or pain. Following completion of all directions, we will ask you to return to the lab 
within the next seven days to complete all the trials in the 8 directions, but in the opposite head 
posture that was completed during the first session. You may also wish to exert muscle efforts in 
one direction in specific head postures similar to those helicopter pilots encounter when 
performing their pre-flight safety check inside the aircraft. Overall, the total time to complete 
each testing session in this study is typically between one-and-a-half (1.5) and two (2) hours. 

To measure the activity of your muscles during these maximal efforts, we will place small 
microphones (called electrodes) that can record the electrical activity of your muscles as they are 
working. The electrical signals that we are recording are very small and therefore, it is important  
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that we reduce the resistance of your skin as much as possible to be able to record a ‘good’ signal. 
To do this, we will shave the area on your neck if there is hair and we will then rub the area with 
70% isopropyl alcohol. We will be recording the activity from 3 pairs of muscles.  

To measure head and neck angles during the maximal efforts, we secure two fins embedded with 
infra-red light emitting diodes (IRED) on the top of your head and on your back. The IREDs 
provide 3D information about the position of your head relative to your body. This positional 
information is later used to calculate how much torque you generate at your neck during the 
maximal efforts.  

[    ] Central Facilitation Training 

For this test, we will be measuring the isometric neck muscle strength and activity of your neck 
muscles before and after a training stimulus. You will be seated in the MCU and we will adjust 
the seat height so that you are seated comfortably with your head in a neutral position against the 
load cell. You will then be asked to push as ‘quickly’ and as ‘hard’ as possible against a padded 
load cell. Your head will not move, but the load cell will measure how much force you are 
exerting. We will measure your baseline strength, by having you perform three (3) maximal 
efforts in two (2) directions, left and right flexion at 45˚ from centre. You will then be asked to 
complete a total of ten (10) training trials in two (2) directions. After you have completed the 
training trials, you will be given a 10-minute rest and then perform two sets of post-test trials on 
both sides of your neck. The total time to complete the first session of this study is between two 
(2) and two-and-a-half (2.5) hours. 

We also kindly ask that you return to the lab two (2) days following the initial testing session to 
perform one final set of post-test trials. The total time to complete the second session of this study 
is typically 30 minutes. 

Overall, our goal in this study is to measure your strength at different time points after the 
training trials to determine if any changes have taken place. As it is goal to measure absolute 
maximal strength of the neck muscles, you will be given as much rest time between contractions 
to prevent muscle fatigue or pain.  

To measure the activity of your muscles during these maximal efforts, we will place small 
microphones (called electrodes) that can record the electrical activity of your muscles as they are 
working. The electrical signals that we are recording are very small and therefore, it is important 
that we reduce the resistance of your skin as much as possible to be able to record a ‘good’ signal. 
To do this, we will shave the area on your neck if there is hair and we will then rub the area with 
70% isopropyl alcohol. We will be recording the activity from 3 pairs of muscles.  

To measure head and neck angles during the maximal efforts, we secure two fins embedded with 
infra-red light emitting diodes (IRED) on the top of your head and on your back. The IREDs 
provide 3D information about the position of your head relative to your body. This positional 
information is later used to calculate how much torque you generate at your neck during the 
maximal efforts.  
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[    ] Magnetic Resonance Imaging (MRI)  

Structural MRI will be used to measure the size (cross-sectional area) of your neck muscles. 
These areas will be used in our computational model of neck biomechanics to investigate how 
your brain coordinates neck muscle contractions under different scenarios of load applications. 
This combination of lab-based measures of neck muscle force and activation will be used to study 
injury mechanisms in sport and selected occupations (specifically flight-related neck pain in 
military helicopter pilots) and the role of neck muscle strength in injury prevention.  

We will be using standard MRI techniques used by Dr. Patrick Stroman, Director of the Queen's 
MRI Facility. Before imaging, we will use a questionnaire to ensure that it is safe for you to be in 
the magnet. MR-images do not include participant identification and we will be using study codes 
to relate MR-based measures to lab-based measures.  

For the imaging protocol, we will ask you to lie on your back on the well-padded bed of the 
magnet. Pillows will be placed under your legs for comfort and a blanket will be placed over your 
legs if you wish. A small device that uses light to monitor your blood flow will be clipped onto 
your index finger. You will be asked to wear headphones to protect your ears from the noise of 
the magnet. A head coil will be placed over your head. You and the bed will then slide into a long 
tube (the magnet). You will need to keep still while the images are taken. To help you, we will 
make as comfortable as possible and we will pack soft foam around your head if needed. Once 
you are comfortably positioned inside the magnet the researchers will leave the room, but will be 
able to see you via cameras in the room.  

The MR scanner has a two-way intercom system that allows you to be in communication with the 
MR technician at all times during the imaging session. The system allows the technician to let 
you know the time of a specific scan, to answer any questions you may have, and to hear you if 
you should decide to stop the session.  

All MRI studies involve repeated imaging over several minutes. For this study, you will be asked 
to stay awake, but lie quietly and relaxed with your eyes closed as the images are acquired for 6 
minutes. The total time you will spend in the magnet will typically be about 30 minutes. 

RISKS AND SIDE EFFECTS 

Maximal Neck Strength Testing and Central Facilitation Training  

Neck pain during the test. If at any time during the testing you experience pain or discomfort, 
please notify the tester, and the test will be stopped immediately. 

Muscle discomfort occurring days after the test. This can be a common occurrence after 
flexing muscles in a way in which they are not used to performing on a regular basis (e.g. pushing 
as fast and hard against a firm surface without moving the head), but should resolve in 2-4 days. 

Skin irritation. Skin preparation prior to electrodes placement can cause a small risk of skin  
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irritation if you have allergies to adhesive bandages, but irritation, if it occurs, is not expected to 
last more than a few hours. 

MRI 

There are no known risks involved with MRI. However, the MR scanner uses a very strong 
magnet that will attract metal. Therefore, ALL metallic or magnetic objects must be removed 
from your person before you approach the scanner. If you have a cardiac pacemaker or a metallic 
clip in your body (such as a clip for an aneurysm) you should not participate in any MRI study. 
Metals used for dental work are generally safe for MRI. However, we will make sure that it is 
safe for you to participate. 

You will be in voice contact with the researcher at all times while you are in the scanner, and the 
researcher will be able to see you via a camera. You may ask the researcher to stop the 
experiment at any time. You should ask to stop the experiment if you feel tired, claustrophobic, or 
uncomfortable. 

Although this is not a diagnostic scan and any images obtained are for research purposes only, it 
is possible that the MR scan may disclose an unknown abnormality. In this event, a medical 
imaging specialist will be asked to review the images and would send a report to your physician. 
The researchers directly involve with this procedure DO NOT HAVE THE CREDENTIALS to 
diagnose medical conditions. You will be asked to provide us the name and contact information 
of your physician. 

PARTICIPATION BENEFITS 

There are no direct benefits to you for participating in this study. However, the information 
gained in this study will advance our knowledge on the role of neck muscle strength and 
coordination on the biomechanics of neck injury in contact sports and military helicopter flight. 
We are also obtaining knowledge about how the nervous system adapts force to different head 
positions and specific training stimuli. 

PARTICIPATION EXCLUSION 

A set of exclusion criteria were established in order to ensure that we obtain a sample of 
participants that accurately reflects healthy, physically active male ages 18-30 years and will 
produce accurate results. You will NOT be considered for this study if any of the following 
apply:  

• Previous history of concussion or closed head injury within the past two (2) months; 
• Females or participants under the age of 18 years, or over the age of 30 years; 
• Previous history of recent or on-going musculoskeletal injury to the head, neck or chest;  
• Any medical condition that would interfere with the participation in the testing program; 
• Less than 150 minutes of physical activity per week; and 
• Any form of resistance training specific to the neck muscles 
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CONFIDENTIALITY 

All information obtained during the course of this study is strictly confidential and your 
anonymity will be protected at all times to the best of our ability. You will be identified by a 
participant code on all data sheets and computer files. All data collected will be stored on a 
computer server where your data will be identified by a participant code only. The server is 
accessed only by the computers in the Human Mobility Research Centre of the Kingston General 
Hospital building on Queen’s Campus and has controlled access. Any hard copies or hand- 
written data will be kept in a locked file cabinet in the Human Mobility Research Centre. Any 
reports, theses, journal submissions, presentations, or posters that use the data from any of these 
studies will not use the names of any of the research participants. All investigators of this study 
are trained to keep personal information confidential and safe. 

VOLUNTARY NATURE OF THE STUDIES 

Your participation in these studies is completely voluntary. If at any time you feel uncomfortable 
and feel you wish to end the testing protocol, you are free to do so. You may withdraw from any 
of the studies at any time without penalty, coercion or consequence. After participating, your data 
will be removed if you request that they be withdrawn.  

WITHDRAWAL OF THE PARTICIPANT BY THE PRINCIPAL INVESTIGATOR  

If at any point the principal investigator determines that you are not appropriate for the study, you 
may be asked to withdraw.  

LIABILITIES 

By signing the consent form, you do NOT waive your legal rights, nor release the investigators 
from their legal and professional responsibilities. 
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STUDY PARTICIPATION CONSENT FORM 

Participant Statement and Signature:  

As a volunteer participant, I have read and understand the consent form for this study. The 
purposes, procedures and technical language have been explained to me. I have been given 
sufficient time to consider the above information and to seek advice if I choose to do so. I have 
had the opportunity to ask questions which have been answered to my satisfaction. I understand 
that I can withdraw at any time, without any consequences. I understand that my participation is 
in confidence to the researchers only and that my data will be used for scientific purposes only. I 
am voluntarily signing this consent form and will receive a copy of the form for future reference.  

If I am dissatisfied with any aspect of the study, or have questions, concerns, or adverse events, I 
am encouraged to contact the researchers involved in this study:  

Ian Gilchrist, PT, MScPT, Doctoral Student: (613) 533-6000 x 77850 / 
(hockeyathmrc3@gmail.com)  

Dr. Lucie Pelland, PhD, Faculty Supervisor: (613) 533-3237 / (lucie.pelland@queensu.ca)  

Dr. Kodjo Moglo, PhD, Faculty Supervisor: (613) 541-6000 x 6173 / (kodjo.moglo@rmc.ca)  

If I have questions regarding my rights as a research participant I can contact: Dr. Albert Clark, 
Chair, Queen’s University Health Sciences and Affiliated Teaching Hospitals Research Ethics 
Board at (613) 533-6081.  

By signing this consent form, I am indicating that I agree to participate in this study.  

 
  
Signature of Participant Date 
 
 
  
Signature of Individual Conducting Informed 
Consent 

Date 

 
 
Participant ID #: __________________  
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Statement of Investigator:  

By signing this consent form, I confirm that I have carefully explained the nature of the above 
research study to the participant. I certify that, to the best of my knowledge, the participant 
understands clearly the nature of the study and the demands, benefits, and risks involved to 
participants in this study.  

 

  
Signature of Individual Conducting Informed 
Consent 

Date 

 

Consent for Photographs:  

By signing below, I am indicating my willingness to be photographed for presentations or 
publications.  

 

  
Signature of Participant Date 
 

Consent to Receive Summary of the Research Results:  

Do you wish to receive a summary of the research outcome? This might not be available for a 
year or more.  

Yes ___________ No ____________ If “yes”, please provide an e-mail address or postal address 
where we can reach you:  
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APPENDIX C: Medical Screening Questionnaire 

Medical Questionnaire 
 
Participant ID code: _____________  
 
MEDICAL HISTORY 
The information that you provide about your health on this questionnaire will be kept in a secure 
location with all other information gathered during the data recording sessions. This information 
will only be available to the investigators of the study and will not be transmitted to any other 
party under any circumstance. 
 
Have you ever sustained an injury to the head and/or neck?     Yes / No 
If yes, please describe: 
 
 
Have you suffered from or are you currently suffering from 
 head and/or neck and/or shoulder pain?       Yes / No 
If yes, please describe: 
 
 
Have you ever sustained an important injury to the upper extremities?   Yes/ No 
If yes, please describe: 
 
 
Have you had surgery to the head or neck or shoulder regions?    Yes / No 
If yes, please describe: 
 
 
Have you being diagnosed as being at risk for development of any heart disease?  Yes / No 
If yes, please describe: 
 
 
Have you ever been affected by the following disorders? 
 
Joint disorders (including inflammatory diseases)      Yes / No 
If yes, please describe: 
 
 
Visual disorders         Yes / No 
If yes, please describe: 
 
 
Epileptic disorders and/or frequent fainting and/ or dizziness    Yes / No 
If yes, please describe (and include information on current medication): 
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APPENDIX D: Multidirectional Strength and EMG Study Data 
Collection Sheets 

 

NORMATIVE	NECK	STRENGTH	DATA	AS	A	FUNCTION	OF	DIRECTION	AND	HEAD	POSITION	
THROUGHOUT	DEVELOPMENT	

	

SUBJECT	ID:___________________	
	
	

Date	of	Session	#1:_______________________	
	
	

DOB:	_______________________		
	
	

Date	of	Session	#2:	_______________________	
	

Weight	(kg):	_______________________	
	
	

Height	(cm):	_______________________	

Head	Circumference	(cm):	___________________	
	
	

Neck	Circumference	(cm):	___________________	

Neck	Length	(cm):	_______________________	
	
	

Hand	Dominance:	_______________________	
	

	

EMG	Gains	

	 Channel	1	
(L	SCM)	

Channel	2	
(R	SCM)	

Channel	3	
(L	SpL)	

Channel	4	
(R	SpL)	

Channel	5	
(L	TRP)	

Channel	6	
(R	TRP)	

Session#1	
	

	 	 	 	 	 	

Session#2	
	

	 	 	 	 	 	

	 	 	

Skin-Electrode	Impedance	(K	Ohms)	

Session#1:	 Session#2:	
SCM	Left	 	 	 	
SCM	Right	 	 	 	
SpL	Left	 	 	 	
SpL	Right	 	 	 	
TRP	Left	 	 	 	
TRP	Right	 	 	 	
	

Session	#1	 	 	 	 	 	 Session	#2	

	

Slope	(m):		 ___________	 Y-int:	 _________	 Slope	(m):	 ___________	 Y-int:	 _________	
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Date	of	Session	#1:		

	
Date	of	Session	#2:	

File#	 	 	 File#	 	 	
1	 VM	–	MCU	Global	1	 	 1	 VM	–	MCU	Global	1	 	
2	 VM	–	MCU	Global	2	 	 2	 VM	–	MCU	Global	2	 	
3	 VM	–	MCU	Global	3	 	 3	 VM	–	MCU	Global	3	 	
	 Head	Posture:	NEUTRAL	 	 	 Head	Posture:	HEAD	FLEXED	 	
	 Direction	1:		 	 	 Direction	1:		 	
4	 VM	–	Left	Mastoid	 	 4	 VM	–	Left	Mastoid	 	
5	 VM	–	Left	Tragus	 	 5	 VM	–	Left	Tragus	 	
6	 VM	–	Left	Orbital	 	 6	 VM	–	Left	Orbital	 	
7	 VM	–	Right	Mastoid	 	 7	 VM	–	Right	Mastoid	 	
8	 VM	–	Right	Tragus	 	 8	 VM	–	Right	Tragus	 	
9	 VM	–	Right	Orbital	 	 9	 VM	–	Right	Orbital	 	
10	 VM	–	Left	Mandible	 	 10	 VM	–	Left	Mandible	 	
11	 VM	–	Right	Mandible	 	 11	 VM	–	Right	Mandible	 	
12	 VM	–	Between	eyes	 	 12	 VM	–	Between	eyes	 	
13	 VM	–	Tip	of	nose	 	 13	 VM	–	Tip	of	nose	 	
14	 VM	–	Tip	of	chin	 	 14	 VM	–	Tip	of	chin	 	
15	 VM	–	Occipital	protuberance	 	 15	 VM	–	Occipital	protuberance	 	
16	 VM	–	C2	spinous	process	 	 16	 VM	–	C2	spinous	process	 	
17	 VM	–	C7	spinous	process	 	 17	 VM	–	C7	spinous	process	 	
18	 VM	–	Sternal	notch	 	 18	 VM	–	Sternal	notch	 	
19	 VM	–	Load	Cell	1	 	 19	 VM	–	Load	Cell	1	 	
20	 VM	–	Load	Cell	2	 	 20	 VM	–	Load	Cell	2	 	
21	 VM	–	Load	Cell	3	 	 21	 VM	–	Load	Cell	3	 	
22	 Trial	1	 	 22	 Trial	1	 	
23	 Trial	2	 	 23	 Trial	2	 	
24	 Trial	3	 	 24	 Trial	3	 	
	 Direction	2:		 	 	 Direction	2:		 	
25	 VM	–	Left	Mastoid	 	 25	 VM	–	Left	Mastoid	 	
26	 VM	–	Left	Tragus	 	 26	 VM	–	Left	Tragus	 	
27	 VM	–	Left	Orbital	 	 27	 VM	–	Left	Orbital	 	
28	 VM	–	Right	Mastoid	 	 28	 VM	–	Right	Mastoid	 	
29	 VM	–	Right	Tragus	 	 29	 VM	–	Right	Tragus	 	
30	 VM	–	Right	Orbital	 	 30	 VM	–	Right	Orbital	 	
31	 VM	–	Left	Mandible	 	 31	 VM	–	Left	Mandible	 	
32	 VM	–	Right	Mandible	 	 32	 VM	–	Right	Mandible	 	
33	 VM	–	Between	eyes	 	 33	 VM	–	Between	eyes	 	
34	 VM	–	Tip	of	nose	 	 34	 VM	–	Tip	of	nose	 	
35	 VM	–	Tip	of	chin	 	 35	 VM	–	Tip	of	chin	 	
36	 VM	–	Occipital	protuberance	 	 36	 VM	–	Occipital	protuberance	 	
37	 VM	–	C2	spinous	process	 	 37	 VM	–	C2	spinous	process	 	
38	 VM	–	C7	spinous	process	 	 38	 VM	–	C7	spinous	process	 	
39	 VM	–	Sternal	notch	 	 39	 VM	–	Sternal	notch	 	
40	 VM	–	Load	Cell	1	 	 40	 VM	–	Load	Cell	1	 	
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41	 VM	–	Load	Cell	2	 	 41	 VM	–	Load	Cell	2	 	
42	 VM	–	Load	Cell	3	 	 42	 VM	–	Load	Cell	3	 	
43	 Trial	1	 	 43	 Trial	1	 	
44	 Trial	2	 	 44	 Trial	2	 	
45	 Trial	3	 	 45	 Trial	3	 	
	 Direction	3:		 	 	 Direction	3:		 	
46	 VM	–	Left	Mastoid	 	 46	 VM	–	Left	Mastoid	 	
47	 VM	–	Left	Tragus	 	 47	 VM	–	Left	Tragus	 	
48	 VM	–	Left	Orbital	 	 48	 VM	–	Left	Orbital	 	
49	 VM	–	Right	Mastoid	 	 49	 VM	–	Right	Mastoid	 	
50	 VM	–	Right	Tragus	 	 50	 VM	–	Right	Tragus	 	
51	 VM	–	Right	Orbital	 	 51	 VM	–	Right	Orbital	 	
52	 VM	–	Left	Mandible	 	 52	 VM	–	Left	Mandible	 	
53	 VM	–	Right	Mandible	 	 53	 VM	–	Right	Mandible	 	
54	 VM	–	Between	eyes	 	 54	 VM	–	Between	eyes	 	
55	 VM	–	Tip	of	nose	 	 55	 VM	–	Tip	of	nose	 	
56	 VM	–	Tip	of	chin	 	 56	 VM	–	Tip	of	chin	 	
57	 VM	–	Occipital	protuberance	 	 57	 VM	–	Occipital	protuberance	 	
58	 VM	–	C2	spinous	process	 	 58	 VM	–	C2	spinous	process	 	
59	 VM	–	C7	spinous	process	 	 59	 VM	–	C7	spinous	process	 	
60	 VM	–	Sternal	notch	 	 60	 VM	–	Sternal	notch	 	
61	 VM	–	Load	Cell	1	 	 61	 VM	–	Load	Cell	1	 	
62	 VM	–	Load	Cell	2	 	 62	 VM	–	Load	Cell	2	 	
63	 VM	–	Load	Cell	3	 	 63	 VM	–	Load	Cell	3	 	
64	 Trial	1	 	 64	 Trial	1	 	
65	 Trial	2	 	 65	 Trial	2	 	
66	 Trial	3	 	 66	 Trial	3	 	
	 Direction	4:		 	 	 Direction	4:		 	
67	 VM	–	Left	Mastoid	 	 67	 VM	–	Left	Mastoid	 	
68	 VM	–	Left	Tragus	 	 68	 VM	–	Left	Tragus	 	
69	 VM	–	Left	Orbital	 	 69	 VM	–	Left	Orbital	 	
70	 VM	–	Right	Mastoid	 	 70	 VM	–	Right	Mastoid	 	
71	 VM	–	Right	Tragus	 	 71	 VM	–	Right	Tragus	 	
72	 VM	–	Right	Orbital	 	 72	 VM	–	Right	Orbital	 	
73	 VM	–	Left	Mandible	 	 73	 VM	–	Left	Mandible	 	
74	 VM	–	Right	Mandible	 	 74	 VM	–	Right	Mandible	 	
75	 VM	–	Between	eyes	 	 75	 VM	–	Between	eyes	 	
76	 VM	–	Tip	of	nose	 	 76	 VM	–	Tip	of	nose	 	
77	 VM	–	Tip	of	chin	 	 77	 VM	–	Tip	of	chin	 	
78	 VM	–	Occipital	protuberance	 	 78	 VM	–	Occipital	protuberance	 	
79	 VM	–	C2	spinous	process	 	 79	 VM	–	C2	spinous	process	 	
80	 VM	–	C7	spinous	process	 	 80	 VM	–	C7	spinous	process	 	
81	 VM	–	Sternal	notch	 	 81	 VM	–	Sternal	notch	 	
82	 VM	–	Load	Cell	1	 	 82	 VM	–	Load	Cell	1	 	
83	 VM	–	Load	Cell	2	 	 83	 VM	–	Load	Cell	2	 	
84	 VM	–	Load	Cell	3	 	 84	 VM	–	Load	Cell	3	 	
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85	 Trial	1	 	 85	 Trial	1	 	
86	 Trial	2	 	 86	 Trial	2	 	
87	 Trial	3	 	 87	 Trial	3	 	
	 Direction	5:		 	 	 Direction	5:		 	
88	 VM	–	Left	Mastoid	 	 88	 VM	–	Left	Mastoid	 	
89	 VM	–	Left	Tragus	 	 89	 VM	–	Left	Tragus	 	
90	 VM	–	Left	Orbital	 	 90	 VM	–	Left	Orbital	 	
91	 VM	–	Right	Mastoid	 	 91	 VM	–	Right	Mastoid	 	
92	 VM	–	Right	Tragus	 	 92	 VM	–	Right	Tragus	 	
93	 VM	–	Right	Orbital	 	 93	 VM	–	Right	Orbital	 	
94	 VM	–	Left	Mandible	 	 94	 VM	–	Left	Mandible	 	
95	 VM	–	Right	Mandible	 	 95	 VM	–	Right	Mandible	 	
96	 VM	–	Between	eyes	 	 96	 VM	–	Between	eyes	 	
97	 VM	–	Tip	of	nose	 	 97	 VM	–	Tip	of	nose	 	
98	 VM	–	Tip	of	chin	 	 98	 VM	–	Tip	of	chin	 	
99	 VM	–	Occipital	protuberance	 	 99	 VM	–	Occipital	protuberance	 	
100	 VM	–	C2	spinous	process	 	 100	 VM	–	C2	spinous	process	 	
101	 VM	–	C7	spinous	process	 	 101	 VM	–	C7	spinous	process	 	
102	 VM	–	Sternal	notch	 	 102	 VM	–	Sternal	notch	 	
103	 VM	–	Load	Cell	1	 	 103	 VM	–	Load	Cell	1	 	
104	 VM	–	Load	Cell	2	 	 104	 VM	–	Load	Cell	2	 	
105	 VM	–	Load	Cell	3	 	 105	 VM	–	Load	Cell	3	 	
106	 Trial	1	 	 106	 Trial	1	 	
107	 Trial	2	 	 107	 Trial	2	 	
108	 Trial	3	 	 108	 Trial	3	 	
	 Direction	6:		 	 	 Direction	6:		 	
109	 VM	–	Left	Mastoid	 	 109	 VM	–	Left	Mastoid	 	
110	 VM	–	Left	Tragus	 	 110	 VM	–	Left	Tragus	 	
111	 VM	–	Left	Orbital	 	 111	 VM	–	Left	Orbital	 	
112	 VM	–	Right	Mastoid	 	 112	 VM	–	Right	Mastoid	 	
113	 VM	–	Right	Tragus	 	 113	 VM	–	Right	Tragus	 	
114	 VM	–	Right	Orbital	 	 114	 VM	–	Right	Orbital	 	
115	 VM	–	Left	Mandible	 	 115	 VM	–	Left	Mandible	 	
116	 VM	–	Right	Mandible	 	 116	 VM	–	Right	Mandible	 	
117	 VM	–	Between	eyes	 	 117	 VM	–	Between	eyes	 	
118	 VM	–	Tip	of	nose	 	 118	 VM	–	Tip	of	nose	 	
119	 VM	–	Tip	of	chin	 	 119	 VM	–	Tip	of	chin	 	
120	 VM	–	Occipital	protuberance	 	 120	 VM	–	Occipital	protuberance	 	
121	 VM	–	C2	spinous	process	 	 121	 VM	–	C2	spinous	process	 	
122	 VM	–	C7	spinous	process	 	 122	 VM	–	C7	spinous	process	 	
123	 VM	–	Sternal	notch	 	 123	 VM	–	Sternal	notch	 	
124	 VM	–	Load	Cell	1	 	 124	 VM	–	Load	Cell	1	 	
125	 VM	–	Load	Cell	2	 	 125	 VM	–	Load	Cell	2	 	
126	 VM	–	Load	Cell	3	 	 126	 VM	–	Load	Cell	3	 	
127	 Trial	1	 	 127	 Trial	1	 	
128	 Trial	2	 	 128	 Trial	2	 	



 

 

 

207 

	 Trial	3	 	 	 Trial	3	 	
	 Direction	7:		 	 	 Direction	7:		 	
129	 VM	–	Left	Mastoid	 	 129	 VM	–	Left	Mastoid	 	
130	 VM	–	Left	Tragus	 	 130	 VM	–	Left	Tragus	 	
131	 VM	–	Left	Orbital	 	 131	 VM	–	Left	Orbital	 	
132	 VM	–	Right	Mastoid	 	 132	 VM	–	Right	Mastoid	 	
133	 VM	–	Right	Tragus	 	 133	 VM	–	Right	Tragus	 	
134	 VM	–	Right	Orbital	 	 134	 VM	–	Right	Orbital	 	
135	 VM	–	Left	Mandible	 	 135	 VM	–	Left	Mandible	 	
136	 VM	–	Right	Mandible	 	 136	 VM	–	Right	Mandible	 	
137	 VM	–	Between	eyes	 	 137	 VM	–	Between	eyes	 	
138	 VM	–	Tip	of	nose	 	 138	 VM	–	Tip	of	nose	 	
139	 VM	–	Tip	of	chin	 	 139	 VM	–	Tip	of	chin	 	
140	 VM	–	Occipital	protuberance	 	 140	 VM	–	Occipital	protuberance	 	
141	 VM	–	C2	spinous	process	 	 141	 VM	–	C2	spinous	process	 	
142	 VM	–	C7	spinous	process	 	 142	 VM	–	C7	spinous	process	 	
143	 VM	–	Sternal	notch	 	 143	 VM	–	Sternal	notch	 	
144	 VM	–	Load	Cell	1	 	 144	 VM	–	Load	Cell	1	 	
145	 VM	–	Load	Cell	2	 	 145	 VM	–	Load	Cell	2	 	
146	 VM	–	Load	Cell	3	 	 146	 VM	–	Load	Cell	3	 	
147	 Trial	1	 	 147	 Trial	1	 	
148	 Trial	2	 	 148	 Trial	2	 	
149	 Trial	3	 	 149	 Trial	3	 	
	 Direction	8:		 	 	 Direction	8:		 	
150	 VM	–	Left	Mastoid	 	 150	 VM	–	Left	Mastoid	 	
151	 VM	–	Left	Tragus	 	 151	 VM	–	Left	Tragus	 	
152	 VM	–	Left	Orbital	 	 152	 VM	–	Left	Orbital	 	
153	 VM	–	Right	Mastoid	 	 153	 VM	–	Right	Mastoid	 	
154	 VM	–	Right	Tragus	 	 154	 VM	–	Right	Tragus	 	
155	 VM	–	Right	Orbital	 	 155	 VM	–	Right	Orbital	 	
156	 VM	–	Left	Mandible	 	 156	 VM	–	Left	Mandible	 	
157	 VM	–	Right	Mandible	 	 157	 VM	–	Right	Mandible	 	
158	 VM	–	Between	eyes	 	 158	 VM	–	Between	eyes	 	
159	 VM	–	Tip	of	nose	 	 159	 VM	–	Tip	of	nose	 	
160	 VM	–	Tip	of	chin	 	 160	 VM	–	Tip	of	chin	 	
161	 VM	–	Occipital	protuberance	 	 161	 VM	–	Occipital	protuberance	 	
162	 VM	–	C2	spinous	process	 	 162	 VM	–	C2	spinous	process	 	
163	 VM	–	C7	spinous	process	 	 163	 VM	–	C7	spinous	process	 	
164	 VM	–	Sternal	notch	 	 164	 VM	–	Sternal	notch	 	
165	 VM	–	Load	Cell	1	 	 165	 VM	–	Load	Cell	1	 	
166	 VM	–	Load	Cell	2	 	 166	 VM	–	Load	Cell	2	 	
167	 VM	–	Load	Cell	3	 	 167	 VM	–	Load	Cell	3	 	
168	 Trial	1	 	 168	 Trial	1	 	
169	 Trial	2	 	 169	 Trial	2	 	
170	 Trial	3	 	 170	 Trial	3	 	
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APPENDIX E: Motor Learning Study Data Collection Sheets 

 

BALLISTIC	ISOMETRIC	NECK	TRAINING	TO	INCREASE	SHORT-LATENCY	PARAMETERS	OF	THE	NECK	
MUSCLES		

	

SUBJECT	ID:	___________________	
	
	

Date	of	Session#1:	_______________________	
	
	

DOB:	_______________________		
	
	

Date	of	Session#2:	_______________________	
	
	

Weight	(kg):	_______________________	
	
	

Height	(cm):	_______________________	

Head	Circumference	(cm):	___________________	
	
	

Neck	Circumference	(cm):	___________________	

Neck	Length	(cm):	_______________________	
	
	

Hand	Dominance:	_______________________	
	

	

EMG	Gains	

	 Channel	1	
(L	SCM)	

Channel	2	
(R	SCM)	

Channel	3	
(L	SpL)	

Channel	4	
(R	SpL)	

Channel	5	
(L	TRP)	

Channel	6	
(R	TRP)	

Session#1	
	

	 	 	 	 	 	

Session#2	
	

	 	 	 	 	 	

	

	 	 	

Skin-Electrode	Impedance	(K	Ohms)	

	 Session	#1	 Session	#2	
SCM	Left	 	 	
SCM	Right	 	 	
SpL	Left	 	 	
SpL	Right	 	 	
TRP	Left	 	 	
TRP	Right	 	 	
	

Load	Cell	Calibration	Parameters	

	

Slope:	___________________________		 Y-intercept:	____________________________	
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Date	of	Session:	___________________________	
	
SUBJECT	ID:		
File	#	 	 	
1	 VM	–	MCU	Global	1	 	
2	 VM	–	MCU	Global	2	 	
3	 VM	–	MCU	Global	3	 	
	 PRE-TEST	 	
	 Direction:	 	
4	 VM	–	Left	Mastoid	 	
5	 VM	–	Left	Tragus	 	
6	 VM	–	Left	Orbital	 	
7	 VM	–	Right	Mastoid	 	
8	 VM	–	Right	Tragus	 	
9	 VM	–	Right	Orbital	 	
10	 VM	–	Left	Mandible	 	
11	 VM	–	Right	Mandible	 	
12	 VM	–	Between	eyes	 	
13	 VM	–	Tip	of	nose	 	
14	 VM	–	Tip	of	chin	 	
15	 VM	–	Occipital	Protuberance	 	
16	 VM	–	C2	Spinous	Process	 	
17	 VM	–	C7	Spinous	Process	 	
18	 VM	–	Sternal	Notch	 	
19	 VM	–	Load	Cell	1	 	
20	 VM	–	Load	Cell	2	 	
21	 VM	–	Load	Cell	3	 	
22	 Trial	1	 	
23	 Trial	2	 	
24	 Trial	3	 	
	 Direction:	 	
25	 VM	–	Left	Mastoid	 	
26	 VM	–	Left	Tragus	 	
27	 VM	–	Left	Orbital	 	
28	 VM	–	Right	Mastoid	 	
29	 VM	–	Right	Tragus	 	
30	 VM	–	Right	Orbital	 	
31	 VM	–	Left	Mandible	 	
32	 VM	–	Right	Mandible	 	
33	 VM	–	Between	eyes	 	
34	 VM	–	Tip	of	nose	 	
35	 VM	–	Tip	of	chin	 	
36	 VM	–	Occipital	Protuberance	 	
37	 VM	–	C2	Spinous	Process	 	
38	 VM	–	C7	Spinous	Process	 	
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39	 VM	–	Sternal	Notch	 	

40	 VM	–	Load	Cell	1	 	

41	 VM	–	Load	Cell	2	 	

42	 VM	–	Load	Cell	3	 	

43	 Trial	1	 	

44	 Trial	2	 	

45	 Trial	3	 	

	 TRAINING	TRIALS	 	

	 SET	1	-	Direction:	 	

46	 VM	–	Left	Mastoid	 	

47	 VM	–	Left	Tragus	 	

48	 VM	–	Left	Orbital	 	

49	 VM	–	Right	Mastoid	 	

50	 VM	–	Right	Tragus	 	

51	 VM	–	Right	Orbital	 	

52	 VM	–	Left	Mandible	 	

53	 VM	–	Right	Mandible	 	

54	 VM	–	Between	eyes	 	

55	 VM	–	Tip	of	nose	 	

56	 VM	–	Tip	of	chin	 	

57	 VM	–	Occipital	Protuberance	 	

58	 VM	–	C2	Spinous	Process	 	

59	 VM	–	C7	Spinous	Process	 	

60	 VM	–	Sternal	Notch	 	

61	 VM	–	Load	Cell	1	 	

62	 VM	–	Load	Cell	2	 	

63	 VM	–	Load	Cell	3	 	

64	 Trial	1	 	

65	 Trial	2	 	

66	 Trial	3	 	

67	 Trial	4	 	

68	 Trial	5	 	

	 SET	1	-	Direction:	 	

69	 VM	–	Left	Mastoid	 	

70	 VM	–	Left	Tragus	 	

71	 VM	–	Left	Orbital	 	

72	 VM	–	Right	Mastoid	 	

73	 VM	–	Right	Tragus	 	

74	 VM	–	Right	Orbital	 	

75	 VM	–	Left	Mandible	 	

76	 VM	–	Right	Mandible	 	

77	 VM	–	Between	eyes	 	

78	 VM	–	Tip	of	nose	 	

79	 VM	–	Tip	of	chin	 	

80	 VM	–	Occipital	Protuberance	 	

81	 VM	–	C2	Spinous	Process	 	



 

 

 

211 

 

 

82	 VM	–	C7	Spinous	Process	 	
83	 VM	–	Sternal	Notch	 	
84	 VM	–	Load	Cell	1	 	
85	 VM	–	Load	Cell	2	 	
86	 VM	–	Load	Cell	3	 	
87	 Trial	1	 	
88	 Trial	2	 	
89	 Trial	3	 	
90	 Trial	4	 	
91	 Trial	5	 	
	 SET	2	-	Direction:	 	
92	 VM	–	Left	Mastoid	 	
93	 VM	–	Left	Tragus	 	
94	 VM	–	Left	Orbital	 	
95	 VM	–	Right	Mastoid	 	
96	 VM	–	Right	Tragus	 	
97	 VM	–	Right	Orbital	 	
98	 VM	–	Left	Mandible	 	
99	 VM	–	Right	Mandible	 	
100	 VM	–	Between	eyes	 	
101	 VM	–	Tip	of	nose	 	
102	 VM	–	Tip	of	chin	 	
103	 VM	–	Occipital	Protuberance	 	
104	 VM	–	C2	Spinous	Process	 	
105	 VM	–	C7	Spinous	Process	 	
106	 VM	–	Sternal	Notch	 	
107	 VM	–	Load	Cell	1	 	
108	 VM	–	Load	Cell	2	 	
109	 VM	–	Load	Cell	3	 	
110	 Trial	1	 	
111	 Trial	2	 	
112	 Trial	3	 	
113	 Trial	4	 	
114	 Trial	5	 	
	 SET	2	-Direction:	 	
115	 VM	–	Left	Mastoid	 	
116	 VM	–	Left	Tragus	 	
117	 VM	–	Left	Orbital	 	
118	 VM	–	Right	Mastoid	 	
119	 VM	–	Right	Tragus	 	
120	 VM	–	Right	Orbital	 	
121	 VM	–	Left	Mandible	 	
122	 VM	–	Right	Mandible	 	
123	 VM	–	Between	eyes	 	
124	 VM	–	Tip	of	nose	 	
125	 VM	–	Tip	of	chin	 	



 

 

 

212 

 

 

126	 VM	–	Occipital	Protuberance	 	
127	 VM	–	C2	Spinous	Process	 	
128	 VM	–	C7	Spinous	Process	 	
129	 VM	–	Sternal	Notch	 	
130	 VM	–	Load	Cell	1	 	
131	 VM	–	Load	Cell	2	 	
132	 VM	–	Load	Cell	3	 	
133	 Trial	1	 	
134	 Trial	2	 	
135	 Trial	3	 	
136	 Trial	4	 	
137	 Trial	5	 	
	 POST-TEST	AT	10	MINS		 	
	 Direction:	 	
138	 VM	–	Left	Mastoid	 	
139	 VM	–	Left	Tragus	 	
140	 VM	–	Left	Orbital	 	
141	 VM	–	Right	Mastoid	 	
142	 VM	–	Right	Tragus	 	
143	 VM	–	Right	Orbital	 	
144	 VM	–	Left	Mandible	 	
145	 VM	–	Right	Mandible	 	
146	 VM	–	Between	eyes	 	
147	 VM	–	Tip	of	nose	 	
148	 VM	–	Tip	of	chin	 	
149	 VM	–	Occipital	Protuberance	 	
150	 VM	–	C2	Spinous	Process	 	
151	 VM	–	C7	Spinous	Process	 	
152	 VM	–	Sternal	Notch	 	
153	 VM	–	Load	Cell	1	 	
154	 VM	–	Load	Cell	2	 	
155	 VM	–	Load	Cell	3	 	
156	 Trial	1	 	
157	 Trial	2	 	
158	 Trial	3	 	
	 Direction:	 	
159	 VM	–	Left	Mastoid	 	
160	 VM	–	Left	Tragus	 	
161	 VM	–	Left	Orbital	 	
162	 VM	–	Right	Mastoid	 	
163	 VM	–	Right	Tragus	 	
164	 VM	–	Right	Orbital	 	
165	 VM	–	Left	Mandible	 	
166	 VM	–	Right	Mandible	 	
167	 VM	–	Between	eyes	 	
168	 VM	–	Tip	of	nose	 	
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169	 VM	–	Tip	of	chin	 	
170	 VM	–	Occipital	Protuberance	 	
171	 VM	–	C2	Spinous	Process	 	
172	 VM	–	C7	Spinous	Process	 	
173	 VM	–	Sternal	Notch	 	
174	 VM	–	Load	Cell	1	 	
175	 VM	–	Load	Cell	2	 	
176	 VM	–	Load	Cell	3	 	
177	 Trial	1	 	
178	 Trial	2	 	
179	 Trial	3	 	
	 POST-TEST	AT	20	MINS		 	
	 Direction:	 	
180	 VM	–	Left	Mastoid	 	
181	 VM	–	Left	Tragus	 	
182	 VM	–	Left	Orbital	 	
183	 VM	–	Right	Mastoid	 	
184	 VM	–	Right	Tragus	 	
185	 VM	–	Right	Orbital	 	
186	 VM	–	Left	Mandible	 	
187	 VM	–	Right	Mandible	 	
188	 VM	–	Between	eyes	 	
189	 VM	–	Tip	of	nose	 	
190	 VM	–	Tip	of	chin	 	
191	 VM	–	Occipital	Protuberance	 	
192	 VM	–	C2	Spinous	Process	 	
193	 VM	–	C7	Spinous	Process	 	
194	 VM	–	Sternal	Notch	 	
195	 VM	–	Load	Cell	1	 	
196	 VM	–	Load	Cell	2	 	
197	 VM	–	Load	Cell	3	 	
198	 Trial	1	 	
199	 Trial	2	 	
200	 Trial	3	 	
	 Direction:	 	
201	 VM	–	Left	Mastoid	 	
202	 VM	–	Left	Tragus	 	
203	 VM	–	Left	Orbital	 	
204	 VM	–	Right	Mastoid	 	
205	 VM	–	Right	Tragus	 	
206	 VM	–	Right	Orbital	 	
207	 VM	–	Left	Mandible	 	
208	 VM	–	Right	Mandible	 	
209	 VM	–	Between	eyes	 	
210	 VM	–	Tip	of	nose	 	
211	 VM	–	Tip	of	chin	 	
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212	 VM	–	Occipital	Protuberance	 	

213	 VM	–	C2	Spinous	Process	 	

214	 VM	–	C7	Spinous	Process	 	

215	 VM	–	Sternal	Notch	 	

216	 VM	–	Load	Cell	1	 	

217	 VM	–	Load	Cell	2	 	

218	 VM	–	Load	Cell	3	 	

219	 Trial	1	 	

220	 Trial	2	 	

221	 Trial	3	 	

	 POST-TEST	3	(2	days	post)	 	

222	 VM	–	MCU	Global	1	 	

223	 VM	–	MCU	Global	2	 	

224	 VM	–	MCU	Global	3	 	

	 Direction:	 	

225	 VM	–	Left	Mastoid	 	

226	 VM	–	Left	Tragus	 	

227	 VM	–	Left	Orbital	 	

228	 VM	–	Right	Mastoid	 	

229	 VM	–	Right	Tragus	 	

230	 VM	–	Right	Orbital	 	

231	 VM	–	Left	Mandible	 	

232	 VM	–	Right	Mandible	 	

233	 VM	–	Between	eyes	 	

234	 VM	–	Tip	of	nose	 	

235	 VM	–	Tip	of	chin	 	

236	 VM	–	Occipital	Protuberance	 	

237	 VM	–	C2	Spinous	Process	 	

238	 VM	–	C7	Spinous	Process	 	

239	 VM	–	Sternal	Notch	 	

240	 VM	–	Load	Cell	1	 	

241	 VM	–	Load	Cell	2	 	

242	 VM	–	Load	Cell	3	 	

243	 Trial	1	 	

244	 Trial	2	 	

245	 Trial	3	 	

	 Direction:	 	

246	 VM	–	Left	Mastoid	 	

247	 VM	–	Left	Tragus	 	

248	 VM	–	Left	Orbital	 	

249	 VM	–	Right	Mastoid	 	

250	 VM	–	Right	Tragus	 	

251	 VM	–	Right	Orbital	 	

252	 VM	–	Left	Mandible	 	

253	 VM	–	Right	Mandible	 	

254	 VM	–	Between	eyes	 	
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255	 VM	–	Tip	of	nose	 	
256	 VM	–	Tip	of	chin	 	
257	 VM	–	Occipital	Protuberance	 	
258	 VM	–	C2	Spinous	Process	 	
259	 VM	–	C7	Spinous	Process	 	
260	 VM	–	Sternal	Notch	 	
261	 VM	–	Load	Cell	1	 	
262	 VM	–	Load	Cell	2	 	
263	 VM	–	Load	Cell	3	 	
264	 Trial	1	 	
265	 Trial	2	 	
266	 Trial	3	 	
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APPENDIX F: Supplementary iEMGPRE data tables 

Table F-1: Between-subject coefficient of variation (%) of raw iEMGPRE 

High ISF 
 Neutral  Flexion 
 SCML SCMR SPLL SPLR UFTL UFTR  SCML SCMR SPLL SPLR UFTL UFTR 
Flex 65.0 99.9 125.9 85.2 146.2 127.5 Flex 59.3 80.2 111.7 70.9 55.4 98.5 
R45Flex 68.7 86.5 169.3 75.1 169.1 98.2 R45Flex 61.9 101.1 104.0 62.0 78.7 99.0 
RSFlex 84.9 91.2 110.4 93.0 80.5 84.3 RSFlex 82.3 100.7 114.3 88.0 121.3 95.7 
R45Ext 120.4 166.4 84.9 69.4 45.1 69.7 R45Ext 137.4 157.0 63.4 70.7 83.7 65.0 
Ext 101.6 190.9 72.3 87.6 56.7 94.6 Ext 105.9 162.7 67.4 86.4 78.2 66.2 
L45Ext 111.5 145.5 73.4 66.7 56.2 62.7 L45Ext 100.9 177.0 45.8 96.0 79.3 83.9 
LSFlex 83.4 120.9 80.1 120.6 54.8 67.4 LSFlex 70.7 107.5 58.7 88.8 74.4 104.9 
L45Flex 64.9 121.3 75.3 92.0 71.2 108.7 L45Flex 64.6 88.4 91.5 71.9 71.6 97.8 
              
Low ISF 
 Neutral  Flexion 
 SCML SCMR SPLL SPLR UFTL UFTR  SCML SCMR SPLL SPLR UFTL UFTR 
Flex 77.1 62.3 87.7 76.0 78.2 65.7 Flex 54.3 68.3 69.2 93.5 43.7 35.0 
R45Flex 82.7 59.8 59.5 73.2 66.4 63.7 R45Flex 105.8 77.9 92.8 76.1 39.3 55.9 
RSFlex 115.7 75.1 69.8 76.2 60.6 67.7 RSFlex 105.1 95.5 83.0 78.4 76.5 74.5 
R45Ext 68.9 95.2 120.9 63.2 82.4 61.7 R45Ext 96.1 85.9 136.7 60.1 60.1 55.2 
Ext 124.6 121.3 67.3 60.4 89.2 65.6 Ext 117.1 104.2 72.4 74.6 46.1 41.7 
L45Ext 96.9 88.7 72.4 171.0 113.3 71.7 L45Ext 57.2 65.8 88.7 104.4 63.5 56.2 
LSFlex 79.3 85.9 75.2 85.8 80.4 86.4 LSFlex 89.0 91.1 65.5 139.3 55.6 79.9 
L45Flex 65.9 69.0 68.1 113.6 73.2 63.0 L45Flex 84.8 69.0 69.2 71.1 42.5 39.4 
Flex – flexion; R45Flex – right 45˚ flexion; RSFlex – right side flexion; R45Ext – right 45˚ extension; Ext – extension; L45Ext – left 45˚ 
extension; LSFlex – left side flexion; L45Flex – left 45˚ flexion; SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - 
splenius capitis left; SPLR - splenius capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right 
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Table F-2: Between-subject coefficient of variation (%) of normalized iEMGPRE 

High ISF  
 Neutral  Flexion 
 SCML SCMR SPLL SPLR UFTL UFTR  SCML SCMR SPLL SPLR UFTL UFTR 
Flex 38.1 47.0 72.1 64.7 51.8 60.8 Flex 49.3 36.2 70.8 58.2 63.3 70.6 
R45Flex 50.1 39.3 106.2 51.6 70.2 56.1 R45Flex 47.5 47.3 85.2 52.9 72.8 50.0 
RSFlex 73.3 57.7 71.7 59.3 54.0 49.5 RSFlex 69.2 63.1 83.7 49.4 77.5 53.1 
R45Ext 81.5 90.3 70.7 50.9 47.3 25.9 R45Ext 104.1 109.2 59.0 38.6 53.0 32.7 
Ext 100.5 111.8 40.2 50.4 31.3 57.5 Ext 93.0 106.7 34.6 48.1 32.5 31.5 
L45Ext 72.7 107.2 47.6 51.7 34.0 60.5 L45Ext 87.4 115.9 366.6 67.9 32.5 56.0 
LSFlex 56.6 62.4 54.9 84.8 41.1 81.2 LSFlex 51.3 76.9 46.9 83.7 50.3 55.2 
L45Flex 43.8 55.0 57.6 66.9 45.6 50.5 L45Flex 48.4 55.7 60.7 74.5 56.0 68.4 
              
Low ISF  
 Neutral  Flexion 
 SCML SCMR SPLL SPLR UFTL UFTR  SCML SCMR SPLL SPLR UFTL UFTR 
Flex 37.1 39.6 65.8 85.5 44.2 62.0 Flex 31.5 42.7 76.9 85.7 31.9 44.1 
R45Flex 55.1 47.4 50.7 72.4 38.3 58.7 R45Flex 54.2 57.9 96.1 84.0 57.5 46.2 
RSFlex 102.2 70.4 66.3 58.5 46.9 45.2 RSFlex 63.1 53.4 97.6 52.2 48.3 42.5 
R45Ext 72.3 83.3 68.5 51.7 39.4 34.7 R45Ext 65.6 99.6 86.5 43.9 43.6 51.2 
Ext 71.6 109.2 35.2 51.8 31.3 37.2 Ext 111.7 105.0 53.3 54.8 30.8 29.4 
L45Ext 71.6 77.3 36.5 105.9 38.5 48.5 L45Ext 61.6 78.4 44.7 102.1 39.2 41.5 
LSFlex 62.5 77.5 50.4 67.8 47.5 41.6 LSFlex 59.5 85.0 60.3 126.4 58.1 61.2 
L45Flex 43.9 61.5 74.8 87.0 42.5 41.3 L45Flex 48.7 67.3 63.2 89.6 46.8 39.5 
Flex – flexion; R45Flex – right 45˚ flexion; RSFlex – right side flexion; R45Ext – right 45˚ extension; Ext – extension; L45Ext – left 45˚ 
extension; LSFlex – left side flexion; L45Flex – left 45˚ flexion; SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - 
splenius capitis left; SPLR - splenius capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right 
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Table F-3: Neutral posture within-subject coefficient of variation (Mean %, SD) of iEMGPRE 

High ISF       
 SCML SCMR SPLL SPLR UFTL UFTR 
Flex 31.6 (15.6) 28.9 (14.9) 33.3 (14.1) 40.0 (18.8) 21.9 (12.5) 26.8 (16.8) 
R45Flex 30.4 (14.2) 34.3 (19.8) 47.6 (24.7) 37.6 (18.2) 27.6 (19.9) 34.4 (15.0) 
RSFlex 35.6 (16.6) 31.6 (11.1) 44.8 (29.3) 31.7 (18.2) 29.8 (17.5) 35.1 (20.9) 
R45Ext 29.1 (23.9) 34.5 (20.6) 40.3 (19.7) 30.4 (19.0) 29.4 (12.4) 25.8 (8.6) 
Ext 29.6 (20.7) 26.6 (20.5) 38.4 (20.2) 24.8 (9.6) 24.5 (13.4) 28.3 (14.0) 
L45Ext 37.4 (26.2) 40.9 (19.5) 32.5 (20.4) 30.3 (13.8) 27.9 (17.2) 30.1 (18.3) 
LSFlex 36.8 (14.2) 43.5 (19.0) 37.5 (14.1) 40.7 (20.4) 35.6 (15.9) 27.8 (15.1) 
L45Flex 30.1 (12.4) 36.4 (20.9) 39.0 (15.5) 48.3 (32.1) 27.3 (12.8) 28.4 (25.1) 
       
Low ISF       
 SCML SCMR SPLL SPLR UFTL UFTR 
Flex 34.5 (14.2) 32.8 (22.1) 24.9 (17.0) 39.5 (18.0)  23.8 (19.2) 35.9 (25.8) 
R45Flex 29.5 (22.2) 32.5 (15.1) 27.4 (15.9) 27.5 (20.5) 28.3 (19.9) 25.2 (18.8) 
RSFlex 47.9 (23.0) 38.4 (18.0) 25.6 (16.5) 40.7 (16.9) 25.3 (16.2) 34.7 (19.9) 
R45Ext 33.5 (30.1) 38.3 (21.4) 33.5 (24.6) 31.8 (16.5) 23.9 (9.4) 31.1 (15.4) 
Ext 23.6 (13.5) 26.9 (12.8) 27.1 (11.6) 37.9 (20.2) 24.5 (16.3) 36.7 (21.7) 
L45Ext 44.3 (17.9) 29.4 (18.1) 31.3 (11.8) 41.9 (23.1) 23.8 (22.8) 26.1 (19.6) 
LSFlex 30.7 (15.2) 33.1 (19.8) 49.4 (22.7) 32.1 (19.1) 25.6 (15.6) 22.5 (18.8) 
L45Flex 30.8 (19.5) 35.5 (18.9) 34.6 (17.6) 28.0 (22.1) 28.5 (16.5) 26.5 (17.3) 
Flex – flexion; R45Flex – right 45˚ flexion; RSFlex – right side flexion; R45Ext – right 45˚ extension; 
Ext – extension; L45Ext – left 45˚ extension; LSFlex – left side flexion; L45Flex – left 45˚ flexion; 
SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR 
- splenius capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right 
 

Table F-4: Flexion posture within-subject coefficient of variation (Mean %, SD) of iEMGPRE 

High ISF       
 SCML SCMR SPLL SPLR UFTL UFTR 
Flex 34.3 (16.7) 28.9 (17.6) 35.7 (24.5) 43.5 (21.9) 24.8 (15.0) 28.0 (14.5) 
R45Flex 37.3 (13.9) 36.7 (19.4) 41.6 (18.2) 40.1 (28.9) 28.4 (18.9) 38.5 (25.1) 
RSFlex 38.9 (21.4) 40.1 (18.0) 46.4 (22.9) 42.9 (13.9) 31.0 (20.2) 32.0 (18.7) 
R45Ext 27.4 (15.1) 33.5 (18.9) 33.4 (15.2) 33.5 (13.2) 30.8 (20.4) 30.2 (17.6) 
Ext 30.6 (16.5) 24.2 (18.6) 21.7 (10.0) 37.4 (13.5) 26.0 (13.4) 26.4 (16.3) 
L45Ext 31.6 (19.6) 45.6 (37.5) 30.9 (13.0) 36.2 (22.6) 28.0 (9.9) 25.7 (16.7) 
LSFlex 29.6 (10.1) 31.9 (15.4) 21.1 (11.9) 25.7 (13.2) 24.5 (13.9) 29.3 (17.9) 
L45Flex 39.3 (13.3) 27.9 (10.0) 33.9 (14.1) 31.9 (17.4) 30.3 (16.7) 27.5 (16.8) 
       
Low ISF       
 SCML SCMR SPLL SPLR UFTL UFTR 
Flex 30.4 (9.9) 34.4 (21.5) 29.5 (17.0) 24.2 (13.3) 22.8 (16.9) 25.5 (16.1) 
R45Flex 26.7 (13.2) 33.7 (21.7) 22.8 (13.3) 31.4 (14.3) 20.4 (10.1) 24.1 (11.2) 
RSFlex 31.4 (17.3) 29.2 (13.0) 32.6 (27.5) 40.0 (16.4) 31.7 (21.9) 35.1 (20.4) 
R45Ext 26.4 (17.1) 35.9 (15.7) 44.5 (25.0) 41.0 (27.4) 36.6 (17.6) 34.4 (13.8) 
Ext 43.5 (30.6) 38.9 (22.4) 39.3 (27.5) 34.2 (26.4) 26.4 (11.2) 21.3 (10.6) 
L45Ext 49.7 (17.1) 38.5 (28.3) 46.0 (22.3) 49.9 (35.0) 34.2 (21.5) 26.2 (28.0) 
LSFlex 38.5 (23.8) 58.8 (43.0) 44.0 (19.3) 39.2 (35.9) 41.6 (22.8) 26.8 (20.2) 
L45Flex 29.1 (15.1) 32.1 (24.2) 27.6 (14.4) 34.6 (20.3) 30.0 (14.7) 22.4 (11.8) 
Flex – flexion; R45Flex – right 45˚ flexion; RSFlex – right side flexion; R45Ext – right 45˚ extension; 
Ext – extension; L45Ext – left 45˚ extension; LSFlex – left side flexion; L45Flex – left 45˚ flexion; 
SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR - 
splenius capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right. 
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APPENDIX G: Supplementary Figures 

 

 

Figure G-1: Raw iEMGPRE distributions for high group in neutral head posture. Thick black line represents the mean, 
thin black lines bound the standard deviation. RLFlexion – right lateral flexion; LLFlexion – left lateral flexion; SCML 
– sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR - splenius capitis 
right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right. 
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Figure G-2: Raw iEMGPRE distributions for low group in neutral head posture. Thick black line represents the mean, 
thin black lines bound the standard deviation. RLFlexion – right lateral flexion; LLFlexion – left lateral flexion; SCML 
– sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR - splenius capitis 
right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right. 
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Figure G-3: Raw iEMGPRE distributions for high group in 20˚ head flexion posture. Thick black line represents the 
mean, thin black lines bound the standard deviation. RLFlexion – right lateral flexion; LLFlexion – left lateral flexion; 
SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR - splenius 
capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right 
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Figure G-4: Raw iEMGPRE distributions for low group in 20˚ head flexion posture. Thick black line represents the 
mean, thin black lines bound the standard deviation. RLFlexion – right lateral flexion; LLFlexion – left lateral flexion; 
SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR - splenius 
capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right 
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Figure G-5: Normalized iEMGPRE distributions for high group in neutral head posture. Thick black line represents 
the mean, thin black lines bound the standard deviation. RLFlexion – right lateral flexion; LLFlexion – left lateral 
flexion; SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR - 
splenius capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right. 
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Figure G-6: Normalized iEMGPRE distributions for low group in neutral head posture. Thick black line represents the 
mean, thin black lines bound the standard deviation. RLFlexion – right lateral flexion; LLFlexion – left lateral flexion; 
SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR - splenius 
capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right. 
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Figure G-7: Normalized iEMGPRE distributions for high group in 20˚ head flexion posture. Thick black line 
represents the mean, thin black lines bound the standard deviation. RLFlexion – right lateral flexion; LLFlexion – left 
lateral flexion; SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR 
- splenius capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right. 
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Figure G-8: Normalized iEMGPRE distributions for low group in 20˚ head flexion posture. Thick black line represents 
the mean, thin black lines bound the standard deviation. RLFlexion – right lateral flexion; LLFlexion – left lateral 
flexion; SCML – sternocleidomasoid left; SCMR – sternocleidomasoid right; SPLL - splenius capitis left; SPLR - 
splenius capitis right; UFTL – upper fibers trapezius left; UFTR – upper fibers trapezius right. 
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Figure G-9: Representative profile of the resultant moment (blue line) and electromyography (EMG, red line) vs. 
time curves. The EMG curve is bandpass filtered (dual pass, 4th order Butterworth, 20-450 Hz, 60 Hz notch) then 
lowpass filtered (dual pass, 4th order Butterworth, 10 Hz) to create a linear envelope. For the purposes of the figure, the 
EMG signal is amplified by a factor of 35. 
 

 
Figure G-10: Representative profile of the three-dimensional moment components vs. time curves for right 45˚ 
flexion. X-axis moment is represented by the blue curve; y-axis moment is represented by the red curve; and z-axis 
moments represented by the black curve. The local coordinate systems by which the moments were resolved were 
defined by the standard ‘right-hand rule,’ where lateral flexion is around the x-axis, with positive x representing right 
lateral flexion; flexion-extension is around the y-axis, with positive y representing forward flexion; and axial rotation 
around the z-axis, with positive z represented by left axial rotation. 
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Figure G-11: Schematic representation of applied and reaction forces within the Multi-Cervical Unit’s load cell.  
 
 

 

Figure G-12: Schematic representation of the relevant head and neck angles. The Frankfort plane and neck angle are 
measured relative to the dashed horizontal plane. The Frankfort plane is a line that connects the auditory canal and the 
inferior border of the orbital bone, with the angle measured relative to the horizontal plane. The neck angle is measured 
from the spinous process of C7 to the auditory canal, with the angle measured relative to the horizontal plane. This 
copyright image is used with permission of Primal Pictures (www.primalpictures.com). 
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APPENDIX H: Sample Size Justification 

*Using sample size calculator www.statisticalsolutions.net* 
 
This calculation is based on a representative impulse of static force (ISF) over 0-50 ms in 
extension. 
 
µ0 = 0.1368 Nm·s (mean neutral extension) 
µ1 = 0.2047 Nm·s (hypothetical mean neutral extension based on the minimal detectable change 
(MDC95%) threshold of 49.7%) 
SD = 0.074 Nm·s 
 
Alpha = 0.05 
Statistical power = 0.90 (ideal) 
Projected sample size = 13 participants 
 
Based on this calculation, to achieve sufficient statistical power, only 13 participants would be 
required, therefore demonstrating that this sample size is adequate and sufficiently powered.  
 
One must also consider the number of independent and dependent variables collected: 

• Testing sessions: 2 sessions x 2-3 hrs/session 
• Postures: 2 (neutral, head flexion) 
• Directions: 8 (Flexion, Right 45˚ Flexion, Right Lateral Flexion, Right 45 Extension, 

Extension, Left 45˚ Extension, Left Lateral Flexion, Left 45˚ Flexion)  
• Force variables: 3 (Peak resultant moment, rate of moment generation, impulse of static 

moment of force) 
• EMG variables: 6 (Sternocleidomastoid right, left; Splenius capitis right, left; upper 

fibers trapezius right, left) 
 
Due to the high time demands on behalf of the volunteer participants, and the sheer number of 
variables collected, we felt a sample size of 25 participants was well representative of young 
active adult male population. 
 


