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ABSTRACT 
 
 
 

COMPARISON OF TRUNK PROPRIOCEPTIVE ABILITY, POSTURAL CONTROL, 
AND NEUROMUSCULAR RESPONSES TO SUDDEN TRUNK PERTURBATIONS  

BETWEEN ATHLETES AND NON-ATHLETES 
 
 

 
Grace Olivia Glofcheskie                                                             Advisor: 
University of Guelph, 2015                                                          Dr. Stephen H.M. Brown 

 
 

Trunk motor control is essential for athletic performance, as the trunk is the centre of the kinetic 

chain and the base for limb movements. This thesis aims to expand the knowledge of trunk motor 

control in athletes compared to non-athletes, and whether it differs between athletes of different 

backgrounds, namely runners and golfers. Postural control was investigated using a seated 

postural control task. Neuromuscular control was investigated using sudden trunk loading 

perturbations. Proprioceptive ability was examined using active trunk repositioning. Athletes 

demonstrated greater trunk postural control during the seated postural control task compared to 

non-athletes. Athletes demonstrated faster trunk muscle activation onsets, higher muscle 

amplitudes, and less lumbar spine movement in response to sudden trunk loading perturbations 

when compared to non-athletes. Golfers demonstrated greater proprioceptive ability in trunk 

repositioning tasks compared to runners and non-athletes. This suggests an interactive 

relationship between neuromuscular control, postural control, and proprioception in athletes. 
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CHAPTER 1:  

INTRODUCTION 

 

In order to excel at sporting activities, athletes require precise neuromuscular control, 

appropriate body awareness and accurate coordination of movements. Athletes also 

require the ability to reproduce movements with high repeatability and minimal 

variability. In many sports, athletic success is measured in the fine distinctions between 

athletes in terms of their coordination, balance, and overall body control. However, there 

is a lack of research regarding trunk motor control in athletes. Furthermore, research is 

lacking in comparing motor control in athletes with different skills and training 

backgrounds. This thesis is designed to expand the knowledge of trunk motor control in 

athletes, and whether or not it differs between athletes of different backgrounds.  

 

Regardless of the type of sport, all athletes must use their trunk to generate and 

coordinate changes in posture and movements about the limbs. The trunk is the centre of 

the kinetic chain and the base for all limb movements (Borghuis et al., 2011). It is 

important for athletes to be able to complete specific and controlled tasks for the 

performance of their sport. Proficiency in postural control has been found to potentially 

determine successful athletic performance, as it serves an important role in many athletic 

activities (Adler et al., 2003). Athletes require precise postural control, which is 

especially evident in sports requiring balance such as gymnastics, soccer and hockey. 

These athletes are often in unipedal stance or responding to perturbations resulting in 

alterations in balance, requiring quick responses to their centre of mass to perform. 
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Studies have found that repetitive movements in certain sport tasks, such as throwing, can 

lead to improvements in proprioceptive abilities of the shoulder and upper limb 

(Allegrucci et al., 1995). Higher levels of proprioceptive ability may be more important 

for skilled tasks during sport performance, compared to activities of daily living (Lephart 

et al., 1996).  

 

There is inherit variability in the movement strategies and patterns among healthy adults, 

and athletes can present with additional variability due to their training and experiences. 

Team-oriented sports add further variability, as skill requirement and positional roles can 

change the training and experiences of each athlete. Many individual sports require the 

athlete to reach the same goal, regardless of training and experience. Although variability 

is still present, sports that require repetitive movements at an elite level can potentially 

demonstrate less variability among athletes when compared to members of a sport that 

requires competition between opposing sides, where players interact to achieve an 

objective. Sports that require repetitive movements often do not require direct interaction 

with opposing competitors and are competed as an individual with a common objective. 

For example, regardless of running mechanics, long distance runners have the common 

goal of running a given distance in the lowest possible time. Similarly, regardless of 

swing mechanics, golfers achieve success by shooting the lowest possible score during a 

round. Runners must exhibit adequate endurance and strength to perform, while golfers 

must maintain good balance and precise control of balance and posture during a golf 

swing. Although there are parallels among these individual sports, there are several 

differences in the training involved. Therefore, these differences in training and 
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experience between athletes of each sport could result in differences in neuromuscular 

control, postural control, and proprioception. 

 

In order to produce an appropriate muscle response, three levels of motor control 

must be present. The spinal reflex pathway uses proprioceptive input from both 

muscle spindles and Golgi tendon organs. The brain stem pathway coordinates 

both visual and vestibular input using proprioception from joint receptors and 

mechanoreceptors in the skin (Proske & Gandevia, 2009). Finally, cognitive 

programming is based on stored central commands, which lead to voluntary 

adjustments (Lephart et al., 1997). Therefore, if a lack of proprioceptive ability was 

responsible for delayed neuromuscular response to perturbations and poor trunk 

postural control, a relationship between proprioception, neuromuscular control, and 

postural control could exist. This connection has been demonstrated in previous 

literature with individuals with low back pain, yet it has not been examined in the 

athletic population. 

 

Previous studies have found that deficiencies in trunk neuromuscular control can 

predispose athletes to low back and lower extremity injuries (Cholewicki et al., 2005; 

Zazulak et al., 2007). Injuries to the spine are relatively common among some athletes, 

with prevalence depending upon the specific sport. One of the most common reasons for 

missed playing time in athletes is low back pain (LBP) (Bono, 2004). At the elite level, 

75% of elite athletes have reported experiencing one or more episodes of LBP during 

their career (Ong et al., 2003).  
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However, rates depend on the sporting activity. Of all injuries experienced by 

professional golfers, 90% involve the neck or back (Duda, 1989). In most sporting 

activities, injuries are secondary to overuse (Donatelli et al., 2012). The most common 

causes of spinal injuries in sporting activities are improper mechanics and overuse that 

negatively affects the stability of the spine (Donatelli et al., 2012). These forces may 

cause instability of the spine through disruption of the spinal support mechanisms. 

Therefore, athletes require a combination of strength, mobility, and appropriate muscle 

responses to perform at the highest level, but also to reduce risk of injury.  

 

Previous research has found that impairments in activation and coordination of the trunk 

musculature exist in patients with LBP  (Teyhen et al., 2009). In addition to the 

musculoskeletal pathology associated with low back injuries and pain, various 

impairments in neuromuscular function have been found (Leinonen et al., 2001). For 

example, in comparison to healthy adults, individuals with LBP exhibit longer spinal 

muscle latencies in response to sudden loading of the trunk (Radebold et al., 2000). These 

differences may be due to injuries sustained to the neuromuscular system of the spine, or 

it may be an adaptive mechanism compensating for an injured and mechanically 

compromised spine. Additionally, these differences could be present before an injury or 

pain. Furthermore, the neuromuscular impairment demonstrated in individuals with LBP 

may be a risk factor that predisposes an individual to recurrent low back injuries (Panjabi, 

1992). Previous research has investigated proprioceptive ability between healthy adults 

and those with LBP. It has been demonstrated that when compared to healthy controls, 

LBP patients demonstrate a decreased level of spine proprioceptive ability (O’Sullivan et 
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al., 2003; Leinonen et al., 2003).  

 

Current research has found that deficits in postural control (Radebold et al., 2001; Luoto 

et al., 1998; Byl et al., 1991) and altered patterns of muscle response to sudden trunk 

loading (Hodges & Richardson, 1996; Radebold et al., 2000; Cholewicki et al., 2002) in 

individuals with LBP are hypothesized to be the result of injury to mechanoreceptors 

within the soft tissues surrounding the lumbar spine. However, an alternative hypothesis 

would be that impaired spine proprioception is a pre-existing risk factor that predisposes 

individuals to a low back injury and thus, LBP (Silfies et al., 2007). 

 

Although current literature has attempted to demonstrate this relationship between 

neuromuscular control, postural control, and proprioception, the scope of current 

literature examining athletes has not connected these parameters together. When 

compared to healthy adults, individuals with LBP demonstrate a decrease in 

neuromuscular control in response to a perturbation. Deficits in postural control have also 

been demonstrated in the LBP population compared to healthy adults. Individuals with 

LBP demonstrate decreased trunk proprioception compared to healthy controls. This 

relationship has only been examined in individuals with LBP, and has not been 

investigated in athletes. Athletes have demonstrated faster responses to perturbations and 

greater neuromuscular control compared to healthy adults (Johnson & Woollacott, 2011). 

Athletes have also demonstrated superior balance and postural control compared to 

healthy adults (Davlin, 2004). Greater proprioceptive ability has been demonstrated in 

athletes as well (Silfies et al., 2007). If a relationship between these parameters exists in 
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individuals with LBP, the question remains as to whether or not a relationship also exists 

in athletes. 

 

In summary, previous research has demonstrated that healthy adults exhibit greater 

neuromuscular control, postural control, and increased proprioceptive ability of the spine 

compared to individuals with LBP. However, athletes have demonstrated to exhibit 

increased control in these same parameters compared to healthy adults, which could 

suggest a relationship between neuromuscular control, postural control, and 

proprioception is present. Additionally, training and experience varies greatly among 

athletes, therefore this control and ability may not be exhibited equally across all athlete 

groups. This provides reason to extend this research to compare between different 

athletes of different training backgrounds and experiences.  

 

Purpose: 

The purpose of this study was to determine if differences exist between athletes and non-

athletic controls in neuromuscular response time in trunk musculature to sudden loading 

perturbations. A second aim was to determine if differences between athletes and non-

athletic controls exist in seated trunk postural control and trunk re-positioning ability as 

measures of proprioceptive ability. A final aim of this study was to determine if 

differences existed between two different athlete groups with different training 

backgrounds, with trunk control being a priority in golfers but not in runners.  
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Hypotheses: 

1) Athletes will demonstrate faster muscle activation onsets and lower muscle 

activity amplitudes in response to sudden trunk loading perturbations compared to 

non-athletic controls. Specifically, muscle activation onsets of the thoracic and 

lumbar erector spinae will be faster and amplitudes lower in athletes compared to 

non-athletic controls during perturbations in the anterior direction. Additionally, 

muscle activation onsets of the abdominal muscles will be faster and amplitudes 

lower in athletes during posterior oriented perturbations compared to non-athletes. 

Athletes will also demonstrate less trunk movement in response to all 

perturbations. No difference will be demonstrated between golfers and runners. 

These athletes are not exposed to external perturbations during the performance of 

their sport, therefore it is hypothesized they will have similar responses to sudden 

trunk loading perturbations. 

2) Athletes will demonstrate greater trunk postural control compared to non-athletic 

controls examined during the seated trunk postural control task.  Specifically, 

athletes will have smaller CoP displacement and velocity in both the anterior-

posterior and medial-lateral direction compared to non-athletic controls. No 

difference will be demonstrated between golfers and runners. Both athlete groups 

perform similar trunk strengthening and balance exercises as part of their training. 

Therefore, it is hypothesized there will be no difference in performance of seated 

trunk postural control.  

3) Golfers will demonstrate less error in active trunk repositioning in both the 

sagittal and axial directions compared to runners and non-athletic controls. 
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Golfers perform a task that requires very precise movement patterns and position 

sense compared to running. Golfers train to be able to detect the position of their 

trunk throughout their movements, whereas runners do not.  Therefore golfers 

will demonstrate the greater proprioceptive ability, as less error in trunk 

repositioning can be indicative of greater proprioceptive ability. Due to their 

athletic training, runners will demonstrate less error in active trunk repositioning 

compared to non-athletic controls.   
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CHAPTER 2: 

REVIEW OF LITERATURE 

 

2.1 Anatomy of the Trunk 

The trunk of the human body is defined by the length of the vertebral column and can be 

divided into the thorax, abdomen, and pelvis. The muscles that compose the trunk include 

those that move the vertebral column, the muscles that form the thoracic and abdominal 

walls, and those that cover the pelvic outlet. The erector spinae muscle group is 

comprised of three columns of muscles, including the iliocostalis, longissimus, and 

spinalis. These muscles travel parallel on either side of the vertebral column and extend 

the length of the vertebral column. The erector spinae provides resistance that assists in 

the controlled action of trunk flexion, but serves as a main trunk extensor and maintains 

an upright spine posture. During full flexion, the erector spinae muscles relax and 

resistance is provided by passive tissues of the back (flexion-relaxation phenomenon). 

However, the erector spinae is primarily responsible for the extension of the spine. The 

muscles of the deep back, including the multifidus, are found in the spaces between the 

spinous and transverse processes of adjacent vertebrae.  

 

The abdomen, unlike the thorax and pelvis, has no bony reinforcements for protection. 

The abdominal wall consists entirely of four muscle pairs, arranged in layers, and the 

fascia that envelops them. These muscles combine to completely cover the internal 

organs and provide protection. The deepest layer of the abdominal wall is the transverse 

abdominis (TA), which is oriented on the anterior and lateral portion deep to the internal 
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oblique muscle. The function of the TA is to compress the abdomen, as well as stabilize 

the spine with the deep muscles of the back. The internal oblique is superficial to the 

transverse abdominis, and is oriented superior-medially in a fan-like orientation. Above 

the anterior superior iliac spine (ASIS), the internal oblique travels perpendicular to the 

external oblique, while below the ASIS it is oriented parallel to the external oblique. The 

function of the internal oblique is to rotate and bend the trunk to the same side. The 

external oblique muscle is superficial to the internal oblique and is oriented directly 

perpendicular to the main body of the internal oblique. The external oblique is 

responsible for rotation of the trunk, lateral bending, and some flexion. The rectus 

abdominis is the most superficial muscle and is oriented on the anterior side of the 

abdomen. It is responsible for flexion of the lumbar spine, and is an antagonist of the 

erector spinae.  

 

2.2 Trunk Stability  

 

2.2.1 Mechanisms of Trunk Stability 

Borghuis et al. (2010) defined trunk stability as the ability of the neuromuscular system 

to maintain or resume an upright position of the trunk in the presence of disturbances. 

Therefore, trunk stability is a dynamic process of maintaining balance and is performed 

by well-coordinated neuromuscular control. Panjabi (1992) separated the spinal support 

mechanisms into three categories: passive, active, and neurological. Bone, intervertebral 

discs, and ligament structures of the spinal column provide passive stability.  The passive 

system of the spinal column provides most of the restraint at the end of range of motion. 
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The muscles that surround the spine provide active stability. Finally, the neural control 

system controls the muscle system. The muscle system changes spinal stiffness 

depending on the demands of both internal and external forces. During movements, the 

muscle activity is modulated by feedback. The neural system evaluates and determines 

the requirements for stability by coordinating the active muscular response, which can be 

referred to as neuromuscular control (Panjabi, 1992). 

 

Bergmark (1989) described a stiffness-stability relationship of the spine, which stated that 

muscular stiffness stabilizes the spine against external perturbations. Bergmark (1989) 

suggested two potential neuromuscular strategies in order to achieve this control of the 

trunk. The first strategy involves the use of feed-forward levels of muscle stiffness, 

adequate to maintain the stability of the spine (spine-stiffening strategy). This can be 

achieved with the use of co-contraction, when both the agonistic and antagonist muscles 

are activated. The second involves a combined feed-forward-feedback approach in which 

low levels of spine stiffness are maintained by feed-forward commands from muscles, 

but with feedback control required to maintain spine stability in the event of a 

perturbation. 

 

Spine stability is incredibly important across all populations and adequate trunk strength 

is essential for its maintenance. Proper trunk strength is necessary to maintain stability, as 

well as respond to changes in the environment, whether in an athletic setting or daily 

living. Exercises that target the trunk, commonly referred to as the core, are performed in 

multiple populations, including athletic individuals and clinical populations. Trunk 
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training exercises have been demonstrated to strengthen musculature (Willett et al., 

2001), improve muscular endurance (McGill et al., 1999), and reduce LBP (Ikeda & 

McGill, 2012; Panjabi, 2003).  

 

2.2.2 Trunk Stability in Athletes 

Trunk training exercises have been demonstrated to improve sport performance 

(Hendrick, 2003; Willardson, 2007). In order to improve sport performance, appropriate 

trunk strength is necessary to increase trunk stiffness. Increased trunk stiffness enhances 

performance through multiple mechanisms. McGill (2010) explained that stiffening the 

trunk proximal to the shoulders and hips transfers force generated by muscles to the distal 

side of these joints. This results in greater limb strength and speed, as the trunk serves as 

the centre of the kinetic chain. Furthermore, stiffening the spinal column through muscle 

activation enhances its load bearing capacity, which has the potential to decrease the risk 

of injury. One of the most common causes of injuries to the spine in sporting activities is 

due to improper mechanics and overuse. The forces that are exerted by the body and on 

the body have the potential to cause instability of the spine by disrupting the spinal 

support mechanisms through injury (McGill, 2010).  

 

Many athletic activities involve core strengthening exercises as part of the training 

regime. Previous literature has recommended isometric exercises, as they create moderate 

levels of core activity, while minimizing the load on the spine compared to eccentric 

exercises (Axler & McGill, 1997).  It has been suggested that core strengthening 

exercises are beneficial for athletes, as previous research has demonstrated that trunk 
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stiffness enhances athletic performance (Cholewicki et al., 1991). Isometric core training 

has been suggested to be superior to other types of core training, due to its ability to 

create three-dimensional spinal stability (Lee & McGill, 2015). Many athletic skills 

require stability in the sagittal, frontal, and transverse planes. Athletes require the ability 

to move in all three dimensions and cannot be limited if weakness is present in one of 

these movements. If lateral trunk stiffness is insufficient, energy is lost, which can cause 

buckling at the trunk. This can compromise speed and also increase the risk of injury 

when the spine bends under load (McGill, 2010). Therefore, when core stiffness is 

insufficient, movements performed by the athlete become inefficient, which leads to 

decreases in performance and increases the risk of injury. Isometric exercises can 

increase the capacity for spine stiffness, while minimizing the load on the spine and 

increasing factors important to sport performance, such as strength, speed, and 

endurance.  

 

Training for long distance runners traditionally involves cardiovascular exercises 

performed for a long duration to increase endurance. However, elite level runners 

recognize the importance of strength training, especially exercises that target the trunk. 

Weakness or lack of sufficient coordination in core musculature can lead to less efficient 

movements, compensatory movement patterns, strain, overuse, and injury (Fredericson & 

Moore, 2005). Although cardiovascular exercises are performed more frequently in long 

distance runners, current training at the elite level integrates core strengthening exercises.  

Over the past decade, the integration of strength training into the golf population has 

increased dramatically. Elite level golfers participate in a wide range of training; however 
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core training is often advocated for golfers (Lephart et al., 2007). These exercises are 

designed to target a range of muscles including the abdominals, hip flexors, abductors, 

and adductors, and lumbar spine extensors. The movements of the trunk generate power 

and distance during the golf swing; therefore it is essential for golfers to exhibit core 

strength. 

 

2.3 Trunk Perturbations 

 

2.3.1 Neuromuscular Response 

In order to maintain stability and avoid excessive motion, the spine relies on responses 

from the trunk musculature (Cholewicki and McGill, 1996). The response to a 

perturbation is controlled by the overall stiffness of the passive spine, muscular activation 

and neural control (Panjabi, 1992). These systems can also be referred to as intrinsic 

passive, active voluntary (feed forward) and reflexive (feedback) systems (Panjabi, 

1992). In response to an expected sudden trunk load, co-activation of agonist and 

antagonist trunk musculature increases joint stiffness and therefore the stability of the 

spine (Gardner-Morse & Stokes, 1998; van Dieen et al., 2003). Furthermore, the response 

of the trunk muscles contributes to the prevention of excessive motion after a 

perturbation (Cholewicki et al., 2000). An adequate muscle response minimizes the 

effects of the perturbation. Furthermore, if the reflexive feedback system can respond 

faster, this can further minimize the effects of the perturbation. The reflexive response of 

the neuromuscular system responds with a delay after the onset of a perturbation. Some 

trunk muscle reflex responses have been shown to be as low as 20 ms for a stretch reflex 
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(Zedka et al., 1999), while trunk muscle activations beyond 150 ms are more voluntary 

than reflexive (Cholewicki et al., 2005). 

 

2.3.2 Perturbations in Low Back Pain Individuals 

One of the most common observations in individuals with chronic LBP is impaired 

neuromuscular control (O’Sullivan et al., 2003; Radebold et al., 2001; van Dieen et al., 

2003). This impairment in neuromuscular control can affect the ability of the spine to 

respond to perturbations and make proper adjustments in order to avoid further injury 

(Reeves et al., 2006). Dysfunctions in the passive, active, and neural systems that 

contribute to spine stability have been demonstrated in the LBP population, which leads 

to a decrease in spine stability (Demoulin et al., 2007). These changes present in 

individuals with LBP include structural changes, altered muscle activation patterns, 

decreased proprioception, and decreased motor control. (O’Sullivan et al., 2003; 

Willigenburg et al., 2013; van Dieen et al., 2003; Radebold et al., 2001). 

 

Hodges and Richardson (1996) found that trunk stiffness was greater in individuals with 

LBP compared to healthy adults. The increased stiffness may be due to a compensatory 

strategy to reduce lumbosacral movement, reduce instability, or to minimize pain or the 

risk of further injury (Shum et al., 2005). Previous studies have found an increase in 

muscle activity and co-contraction of trunk muscles in the postural control of the trunk 

due to LBP (Radebold et al., 2000; van Dieen et al., 2003). Individuals with LBP may use 

this strategy of increasing muscle activity and co-contraction to increase stiffness in order 

to maintain balance and postural control. 
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Wilder and colleagues (1996) found that after a sudden trunk loading perturbation, the 

erector spinae muscles of LBP participants take longer to activate than compared to 

healthy controls. During an internal perturbation shoulder movement, Hodges and 

Richardson (1996) found a delayed response in the transverse abdominis in individuals 

with LBP. Hodges and Richardson suggested this indicated a deficit in motor control and 

therefore insufficient muscular stabilization of the trunk. Magnusson et al. (1996) also 

found that participants with LBP responded to a load release perturbation with slower 

muscle activation than healthy adults. This characteristic in individuals with LBP could 

be a predisposing factor to injury. Furthermore, this could be due to a result of soft tissue 

damage that resulted in an altered motor control strategy to stabilize the spine. 

Magnusson and colleagues also suggested that soft tissue injuries seen in the LBP 

population might have an effect on the response of proprioceptors.  

 

Research has demonstrated that individuals with LBP use a co-contraction strategy by 

maintaining agonistic muscle contraction, while the antagonistic muscles become 

activated in response to a perturbation (Radebold et al., 2000). In comparison, healthy 

controls did not demonstrate a co-contraction muscle recruitment pattern, as there was a 

switch from agonistic to antagonistic muscle contraction in response to a perturbation. 

Furthermore, this type of reciprocal recruitment pattern was consistent across healthy 

adults, but a large amount of variability was present in individuals with LBP. These 

differences demonstrated in the LBP population were considered to represent the specific 

muscle response patterns necessary to stabilize the lumbar spine in response to a sudden 

trunk loading perturbation (Radebold et al., 2000). 
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When compared to healthy adults, individuals with LBP responded to trunk perturbations 

with less spine movement (Radebold et al., 2000). This reduced motion of the spine may 

be achieved with increased trunk muscle co-activation, which has been found in 

individuals with LBP (Radebold et al., 2000; van Dieen et al., 2003). Alterations in trunk 

kinematics in response to a sudden trunk loading perturbation in individuals with LBP 

may also be a compensatory strategy to reduce pain and risk of further damage. Previous 

injuries to the soft tissue of the spine may permanently damage proprioceptors. This 

could result in inadequate reflex responses to sudden trunk loading in individuals with 

LBP. Therefore, a delay in response time must be compensated for by an altered 

recruitment pattern. This altered recruitment pattern has been demonstrated by co-

contraction of agonistic and antagonistic muscle groups to stabilize the lumbar spine 

(Bergmark, 1989; Cholewicki & McGill, 1996). The continued contraction of agonistic 

muscles in the LBP population may promote an increase in joint stability and serve as a 

successful compensation mechanism to protect from pain and further progression of 

lumbar spine instability.  

 

2.3.3 Perturbations in Athletes 

Compared to the LBP literature, fewer studies have been conducted investigating the 

neuromuscular characteristics of healthy athletes in response to an external perturbation. 

Johnson and Woollacott (2011) found that athletes who participated in a power training 

sport responded to perturbations with faster muscle activation onset times and with 

greater muscle response amplitudes compared to endurance athletes.  When responding to 
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perturbations elicited by a moving platform, Mani et al. (2014) found that athletes 

responded with less CoP displacement following both large and small perturbations, 

which is suggestive of greater neuromuscular control compared to non-athletes.  

 

In response to an anterior-posterior perturbation, feed-forward and feedback postural 

responses have been identified through co-contraction and reciprocal patterns 

(Krishnamoorthy et al., 2004; Asaka et al, 2008). Co-contraction activation patterns 

increase the stiffness of spine and can assist in creating spine stability. However, 

reciprocal patterns may be more efficient at influencing important performance variables, 

such as maintenance of the centre of mass within the base of support, but can also be 

viewed as less safe under unpredictable external conditions (Wang & Asaka, 2008). 

Reciprocal patterns of activation may be viewed as more efficient at controlling 

performance variables (Robert & Latash, 2008). Mani and colleagues (2014) suggested 

that the high reproducibility of centre of mass velocities across surface perturbation trials 

in athletes is due to the reciprocal patterns obtained in motor learning. Other factors that 

can decrease variability in centre of mass velocity include trunk muscle strength, 

proprioceptive input, and postural control, which have all been demonstrated in athletes 

in previous research (Gruber & Gollhofer, 2004; Paillard & Noe, 2006; McIlroy & Maki, 

1995). 

 

In a study conducted by Mani et al. (2014), athletes demonstrated more of a reciprocal 

pattern of activation in the muscles of the trunk that were responsible for sagittal 

movements compared to the control group. Reciprocal patterns of muscle activation may 
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dissipate forces from a rapid postural perturbation more easily than co-contraction 

patterns. Athletes demonstrated more reciprocal patterns in the agonist-antagonist 

proximal postural muscles, and more co-contraction in the agonist-antagonist distal 

postural muscles compared to healthy adults (Mani et al., 2014). This strategy may be 

useful for effective balance recovery in the dynamic environments in sports.  

 

2.4 Balance and Postural Control 

 

2.4.1 Mechanisms of Balance Control 

Balance is the dynamic process of maintaining the position of the body's centre of mass 

over the base of support (Nashner, 1997). This ability relies on rapid, continuous 

feedback from visual, vestibular and proprioceptive information, and then executing 

coordinated neuromuscular actions (Nashner, 1997). Static balance is the ability to 

maintain the body’s centre of mass within the base of support with minimal movement. 

Conversely, dynamic balance may be considered the ability to perform a task while 

maintaining or regaining a stable position or the ability to maintain or regain balance on 

an unstable surface (Winter et al., 1990).  

 

Motor control of the trunk is important for postural control and stability. However, 

limited information about trunk postural control is provided when balance is measured in 

stance. When in an upright stance, postural adjustments can be made at the ankle, knee, 

hip, and trunk in order to maintain balance (Hodges et al., 2002; Runge et al., 1999). 

However, this differs during seated postural control, as the lower segments of the body do 
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not contribute to trunk balance and postural control. Several studies have used the 

unstable sitting paradigm in healthy subjects (Cholewicki et al., 2000; Silfies et al., 2003; 

Reeves et al., 2006), as well as in patient populations (Radebold et al., 2001; McGill et 

al., 2003) to study balance control of the trunk. In this paradigm, participants sit on an 

unstable seat, dynamically balancing by creating movements about the trunk, while CoP 

under the seat is recorded. Clark and colleagues (2010) suggested that minimal CoP 

motion is indicative of good balance and CoP measured from a force plate is generally 

considered the gold standard measure of balance. When quantifying trunk postural 

control, parameters such as CoP position and velocity are commonly used during an 

unstable seated balance task (Cholewicki et al., 2000).  

 

During standing with a stable base of support, a spine-stiffening strategy through muscle 

co-contraction has been observed to maintain spine stability (Granata & Orishimo, 2001). 

During dynamic conditions, the participant’s base of support is not stable; therefore co-

contraction of the trunk musculature is unlikely to be as effective to maintain spine 

stability, since these muscles are already involved in the maintenance of postural control 

and balance. Under dynamic conditions, the combined feed-forward-feedback strategy 

has been suggested to be more effective. Previous studies have evaluated this through a 

sitting balance task, which challenges both the postural control and stability of the trunk, 

and in particular of the lumbar spine, by limiting the role of the lower extremities in the 

maintenance of postural control (Cholewicki et al., 2000). Radebold and colleagues 

(2001) found that poor trunk postural control while sitting on an unstable surface 

correlated with delayed muscle response to sudden loading of the trunk. They suggested 
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that these deficits might be the result of decreased spine proprioception, potentially 

impairing postural control and stability of the spine. 

 

2.4.2 Balance in Low Back Pain Individuals 

For individuals with LBP, balance and postural control requires a complex process 

involving integrated motor function for impaired balance performance. CoP displacement 

has been used to investigate trunk balance. These studies have demonstrated an increase 

in standing postural sway in individuals with LBP (Cholewicki et al., 2000; Preuss et al., 

2005; van Dieen et al., 2010). Differences in seated postural sway have been found 

between healthy individuals and those with LBP (Radebold et al., 2001), as individuals 

with LBP demonstrated greater CoP displacement and higher CoP velocity compared to 

healthy controls.  

 

There is a consensus in current literature that individuals with LBP show decreased 

balance and postural control during seated tasks. However, a variety of theories exist to 

explain why this deficit exists in this population. In healthy adults, the body is able to 

generate fast CoP alterations to move the position of the centre of mass (Baratto et al., 

2002). From a structural perspective, chronic damage of the sensor tissues in the lumbar 

spine or trunk can affect postural control (Brumagne et al., 2000). Furthermore, deficits 

in proprioceptive information from the spine may be a factor in reducing the accuracy of 

the sensory integration process (Brumagne et al., 2000). This results in an imprecise 

estimation of the position of the centre of mass, which can result in poor balance control 

(Casadio et al., 2005). Another potential mechanism of decreased balance in the LBP 
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population is due to pain inhibition (Moseley & Hodges, 2005). Nociceptive afferents 

have been demonstrated to interfere with spinal motor pathways, as well as the motor 

cortex (Rossi et al., 2003). Furthermore, pain may affect the central modulation of 

proprioceptive spindles of muscles, which can result in prolonged latencies in muscle 

activation due to the decrease in muscle spindle feedback (Capra & Ro, 2000). These 

adaptations demonstrated in individuals with LBP may lead to decreased neuromuscular 

control and result in increased postural sway.  

 

2.4.3 Balance in Athletes 

Previous studies have found that athletes generally have superior balance ability 

compared with control subjects, which implies that sport participation improves balance 

(Hrysomallis, 2011). Furthermore, it has been suggested that those who excel in sports 

inherently have better balance.  Superior balance demonstrated in elite athletes may be 

the result of repetitive experience that influence motor responses and the ability of the 

athlete to attend to relevant proprioceptive and visual cues. Training experience might 

also improve coordination, strength and range of motion that may enhance balance 

(Bressel et al., 2007). Davlin (2004) found that elite level gymnasts, swimmers, and 

soccer players showed superior balance compared to non-athletes. This was demonstrated 

by smaller fluctuations of CoP in response to dynamic floor surface conditions.  

 

In a study conducted by Sell and colleagues (2007), elite golfers were found to have 

better one-legged static balance than less proficient golfers. Although stability in single 

leg stance is not directly associated with golf, as the sport is performed in two legged 
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stance, it was suggested that it may assist weight shift during the swing. Golfers may also 

be required to perform the golf swing with an uneven lie of the ball, uphill or downhill, 

which requires the ability to maintain balance to perform the task successfully (Sell et al., 

2007). Furthermore, the static single leg balance of elite golfers was found to be 

correlated with certain performance measures, including greens in regulation and average 

putt distance after a chip shot (Wells et al., 2009). Lephart and colleagues (2007) 

conducted an 8-week training program for recreational golfers that included strength, 

flexibility and balance training. This training program produced significant increases in 

golf performance measures. It was suggested that better balance with greater functional 

flexibility and strength of the upper body allows for greater rotational velocity of the 

upper body, which results in greater club head speed (Lephart et al., 2007) 

 

Balance ability has been found to be significantly related to a number of performance 

measures in a number of sports, such as pitching accuracy, skating speed, and golf 

driving distance (Hrysomallis, 2011). However, the mechanism for enhancement in 

performance from balance training is unknown. Proprioception is a part of the sensory 

system that provides information on joint position and joint motion, and is an important 

component of balance. It has not been determined how much proprioception can be 

improved by exercise or training. It has been suggested that athletes might just become 

more skilled at focusing on and attending to important sensory cues with training and 

producing refined motor responses. Furthermore, balance training may lead to task-

specific neural adaptations at both the spinal and supraspinal levels. This may suppress 

spinal reflex excitability, such as the muscle stretch reflex during postural tasks, which 
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leads to less destabilizing movements and improved balance, which is required in sports 

such as gymnastics (Taube et al., 2008). The inhibition of muscle stretch reflexes may 

also enhance agonist-antagonist muscle co-contraction, which increases spine stiffness, 

stabilizing the joints against perturbations, which therefore may improve balance (Taube 

et al., 2008). However, this could also result in slower muscle response times and may 

not demonstrate an improvement in balance compared to healthy adults.  

 

2.5 Proprioception 

 

2.5.1 Proprioceptive Mechanisms 

Proprioception is the ability to sense the joint position and movement of limb segments 

relative to one another (Sherrington, 1906). This ability requires the contribution of 

sensory information through several different sources. Cutaneous mechanoreceptors in 

the skin provide information from external stimuli. This is important when sensing 

changes in the environment and having to make adaptations based on your surroundings. 

Proprioceptors are a type of mechanoreceptor that provide information about muscle 

length, muscle tension, and joint angle, muscle length. This information is integrated to 

give detailed and continuous information about the position of the body in space. The 

specific mechanoreceptors include muscle spindles, Golgi tendon organs, and joint 

receptors. They provide sensory information, which is essential to the accurate 

performance of complex movements. Muscle spindles are found in skeletal muscle and 

provide information about muscle length and velocity in type Ia afferents. Golgi tendon 

organs are found within the collagen fibers that form tendons and signal changes in active 
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muscle tension. Finally, joint receptors provide dynamic information about limb position 

and joint movement.  

 

2.5.2 Measures of Proprioception 

The measurement of proprioception is difficult and can only be done indirectly. In current 

literature examining proprioception, joint position sense (also referred to as joint 

repositioning) and perception of motion (also referred to as joint kinaesthesia) are 

commonly used. Joint position sense is evaluated by the individual experiencing a 

specific joint position (angle) and then reproducing the position as accurately as possible. 

The joint position test measures the accuracy of position replication and can be conducted 

actively or passively. This involves an individual's ability to perceive the position of a 

joint without the aid of vision. In order to quantify proprioception, the difference between 

the target angle and the repositioned angle is measured as the degrees of error. For joint 

position sense, fewer degrees of error is indicative of greater proprioceptive ability. 

Measures of joint position sense can be performed on different joints, such as the ankle, 

knee, and spine, and additionally in different postures, such as standing or sitting. 

Furthermore, joint position sense can be measured actively or passively. Active 

repositioning requires the participant to initiate and control the movement through a 

range of motion, whereas passively the participant is moved by an external force (for 

example, a motor) through the range of motion. Degrees of error can be represented in 

constant error, absolute error, and variable error. Constant error is the degrees of error 

including the direction of error. This measure includes whether the repositioned angle 

was an undershoot or overshoot from the target angle. Absolute error is the degrees of 
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error independent of direction. Variable error is the standard deviation of the absolute 

errors. 

 

Motion perception threshold represents a person’s sensitivity to a small change in joint 

position. Motion perception threshold (joint kinaesthesia) is determined by establishing a 

threshold at which motion is detected during various velocities and ranges of movement. 

Motion perception threshold testing can be conducted by using the threshold to detection 

of passive motion direction, where the test assesses the participant’s ability to not only 

detect motion, but also detect the direction the motion is occurring. Similar to joint 

position sense, fewer degrees of motion is indicative of greater proprioceptive ability.  

 

2.5.3 Proprioception in Low Back Pain Individuals  

Previous research has found differences between individuals with LBP and healthy 

controls (Taimela et al., 1999; Lee et al., 2010). Individuals with LBP have demonstrated 

poorer proprioceptive abilities compared to healthy adults in studies examining trunk 

proprioception. However, some studies have not found a difference between healthy 

controls and individuals with LBP. This can be found in studies with younger participants 

(Silfies et al., 2007). In studies examining middle age to older adults, this difference is 

commonly found. As part of the natural aging process, the neural control of muscles 

begins to degrade and proprioception is also diminished (Skinner et al., 1984). Therefore 

the pathology associated with LBP may accentuate the age related neural changes, 

resulting in decreased proprioception.  
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Low back injuries have been demonstrated to affect the central modulation of 

proprioceptive spindles of muscles, causing prolonged latencies by the decrease in 

muscle spindle feedback. These alterations may lead to decreased muscle control and 

result in increased postural sway (Capra & Ro, 2000). Postural control depends on 

proprioceptive input, which may be impaired in individuals with LBP (Gill & Callaghan, 

1998; O’Sullivan et al., 2003; Willigenburg et al., 2013)  

 

Previous research has described a theory that decreased afferent variability from 

peripheral proprioceptive receptors can cause decreases in neuromuscular control 

(McCaskey et al., 2014). If this deficiency is not restored, the inappropriate 

neuromuscular control and control of dynamic movements may lead to inappropriate 

muscular activity, such as over- or under-utilization (Janda et al., 2006; Panjabi, 2006; 

Riemann, 2002). In turn, this can contribute to imbalanced muscle activation, poor 

posture, and musculoskeletal pain in the lumbar region (Langevin & Sherman, 2007). 

Individuals with LBP have been demonstrated to rely more on distal proprioception due 

to impaired proprioception from proximal segments (Brumagne et al., 2008). These 

motor control deficits occur early in the onset of LBP and have been associated with a 

decreased ability of the central nervous system to process proprioceptive input (Wand et 

al., 2011) 

 

2.5.4 Proprioception in Athletes 

Proprioceptive ability is important for multiple populations, but can be used for different 

reasons. The general population uses proprioceptive input to be able to perform daily 
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tasks and navigate through their environments. Athletes, however, often require greater 

proprioceptive abilities to navigate through a dynamic environment, or to perform 

detailed fine motor skills. Proprioception has been suggested to play an important role in 

optimizing movement by controlling the actions of muscles and protecting them from 

excessive strain (Lephart & Fu, 1995). Furthermore, proprioception may serve as more of 

a protective mechanism than pain, as proprioceptive signals initiated by 

mechanoreceptors travel faster than pain signals (Lephart et al., 1997).  

 

Information regarding the effects of athletic training on proprioception is very limited in 

the current literature. Studies have suggested that training has been demonstrated to 

improve proprioception (Ayden et al., 2002; Lephart et al., 1996). However, the demand 

for higher levels of proprioception is not equal in all sports. Some sports, such as golf and 

gymnastics, require the ability to quickly and accurately sense body position in order to 

successfully perform a detailed task. Other sports, like long distance running and 

swimming, do not demonstrate the same priority on proprioception, as more attention is 

placed on the ability to maintain endurance.  

 

During the training for their sport, athletes repeatedly perform a series of skills and 

movements required for their sport. The increased training in elite athletes compared to 

non-athletes has been suggested to improve proprioception. Mechanoreceptors are highly 

sensitive to changes in loading, tension, and velocity. Furthermore, the discharge 

threshold of mechanoreceptors adapts with repeated stimulation (O’Connor & Vilensky, 

2003), which suggests that proprioceptive abilities are greater in elite athletes compared 
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to non-athletic controls (Muaidi et al., 2009). Muaidi and colleagues (2009) found that 

elite soccer players demonstrated greater knee proprioception than non-athletic controls, 

while Lin and colleagues (2006) found that knee proprioceptive abilities of elite tennis 

players were greater than amateur players. From another perspective, researchers have 

suggested that the enhanced proprioceptive ability in elite athletes is inherent and their 

elite status may reflect natural selection of being an elite athlete. However, it has also 

been suggested that the increased proprioception demonstrated in these athletes is a result 

of improved motor control. Lephart and colleagues (1996) suggested that enhanced 

sensory pathways could develop as a result of long-term athletic training. These sensory 

pathways can improve proprioceptive abilities through enhanced central and peripheral 

neural mechanisms. These central neural mechanisms may involve increased processing 

and facilitation, while the peripheral neural mechanisms may involve improved 

sensitivity of muscle and tendon receptors (Lephart et al., 1996).  

 

Improved proprioception enables more accurate movement patterns and helps to prevent 

injury (Lephart et al., 1997). Although athletes have been shown to demonstrate greater 

levels of proprioceptive ability than non-athletes, few suggestions have been made in 

regards to the acquisition of these abilities through specific training modalities. Training 

on unstable devices has been suggested to enhance performance by improving 

proprioception in addition to the benefits of greater instability-induced muscle activation 

(Anderson & Behm, 2004). Exercise balls provide unstable conditions during movement 

that may stimulate proprioceptors to provide feedback for the maintenance of balance and 

detection of body position (Soderman et al., 2000; Verhagen et al., 2005). Instability 
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during exercise induces acute changes in muscle-tendon unit length, tension, and 

neuromuscular activity, which challenge the ability to detect (using proprioception) and 

to respond to changes in balance (Anderson & Behm, 2005; Heitkamp et al., 2001). 

Exercises such as squats, standing and kneeling on exercise balls, involve both multi-joint 

and multi-planar movements, which facilitate the integration of proprioceptors (Rogol et 

al., 1998). In addition, balance training can increase the sensitivity of the feedback 

pathway, shorten muscle activation onset times, and improve sensitivity of position sense 

(Cug et al., 2012). 

 

2.6 Relationship between neuromuscular control, postural control, and proprioception 

 

2.6.1 Relationship in Low Back Pain Individuals 

Current literature suggests there to be a relationship present between neuromuscular 

control, postural control, and proprioception in individuals with LBP. However, the cause 

and effect of this relationship is not broadly agreed upon. Research has suggested three 

possible mechanisms for the altered neuromuscular function that has been demonstrated 

in individuals with LBP (Hodges & Richardson, 1996; Magnusson et al., 1996; Radebold 

et al., 2000). First, this change in neuromuscular function may be due to a congenital risk 

factor, such as congenital spinal stenosis or ankylosing spondylitis, which predisposes an 

individual to LBP. Second, it has also been suggested that LBP can be the result of an 

injury due to the damage of mechanoreceptors in the soft tissue surrounding the lumbar 

spine, which provide proprioceptive information. Previous research has suggested that 

reduced afferent variability from peripheral proprioceptive receptors may cause 
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neuromuscular deficiencies. If this deficiency is not restored, the constant malfunctioning 

of neuromuscular control and inappropriate control of dynamic movements may lead to 

inappropriate muscular activity (Janda et al., 2006; Panjabi, 2006; Riemann, 2002). 

Finally, it has been suggested that individuals with a low back injury adopt an altered 

compensatory strategy compared to healthy controls in order to respond to sudden 

loading on the spine.  

 

Muscle activation is required to maintain postural stability, in addition to the response of 

visual and proprioceptive receptors to environmental changes. Previous studies have 

demonstrated that the decrease in proprioceptive abilities in individuals with LBP is 

related to poorer postural control and neuromuscular performance (Kuukkanen & Malkia, 

2000; Gill & Callaghan, 1998). These deficits would result in differences in 

compensatory strategies, as well as abnormal patterns of postural responses.  

 

2.6.2 Relationship in Athletes 

In the current literature there have been no studies conducted investigating the 

relationship between trunk neuromuscular control, postural control, and proprioception in 

athletes Furthermore, there are few studies that have compared any of these parameters 

between separate groups of athletes and non-athletic controls. When using athletes as 

participants, it is common in this literature to group athletes from different sports into a 

single group. This introduces variability, as skill requirement and training is very 

different depending on the sport. Furthermore, this makes it difficult to identity the 

specific characteristics of training that contribute to increases in neuromuscular control, 
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postural control, or proprioception. Additionally, previous research has not compared 

trunk motor control between athletes from different training backgrounds.  Therefore, 

there is a gap in the current literature, as the relationship between neuromuscular control, 

postural control, and proprioception in athletes compared to non-athletes has not been 

determined.  
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CHAPTER 3:  

METHODOLOGY 

 

3.1 Participant Characteristics 

 

Male individuals competing in collegiate varsity level long distance running, golf, and 

controls with minimal athletic experience were recruited to the study. All individuals 

classified as long distance runners (n=12) were current members of a collegiate varsity 

cross country team and had participated in the sport for > 7 years. All individuals 

classified as golfers (n=12) were current or former members of a collegiate varsity golf 

team and had participated in the sport for > 8 years. All golfers were right handed 

players. Control participants did not have any extensive athletic background and were 

classified as recreationally active, as they participated in minimal to moderate physical 

activity. Written consent was obtained from all participants. All participants completed a 

general health questionnaire regarding LBP and low back injuries, musculoskeletal and 

neurological disorders, as well as the Baecke questionnaire of physical activity (Baecke 

et al., 1982). Additionally, both athlete groups completed an athlete activity questionnaire 

regarding their training and competition experience (Appendix A). Prior to all data 

collection, ethics approval was received from the University of Guelph Research Ethics 

Board.  
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Table 3.1: Participant characteristics for age, height, mass, and Baecke score of physical 
activity (mean ± SD) of controls (n=12), runners (n=12), and golfers (n=12). Values with 
the same letter indicates no significant difference, whereas values with a different letter 
indicate a significant difference.  
 Age (years) Height (m) Mass (kg) Baecke Score1 
Controls 20.92 ± 1.16 A 1.75 ± 0.07 A 73.22 ± 9.13 A 7.46 ± 0.68 A 
Runners 20.50 ± 1.25 A 1.77 ± 0.05 A 65.58 ± 7.83B 9.22 ± 0.55 B 
Golfers 20.08 ± 2.31 A 1.79 ± 0.06 A 73.56 ± 6.03 A 9.03 ± 0.77 B 
1 The Questionnaire of Baecke et al (1982) for Measurement of a Person’s Habitual Physical Activity 

 

3.2 Experimental Protocol Overview 

The experimental protocol began with the completion of maximum isometric strength 

testing for both trunk extension and trunk flexion. Participants then completed 5 trials of 

a seated postural control task. Next, participants were outfitted with EMG and performed 

maximum voluntary isometric contractions (MVIC) for the erector spinae and abdominal 

muscles, separately. Kinematic rigid bodies were then placed at the T12 and S1 vertebral 

levels, and spine range of motion tasks were completed. Sudden trunk loading 

perturbations were then performed in four different directions, including anterior, anterior 

twist to the right, posterior, and posterior twist to the right. Finally, sagittal and axial 

active trunk repositioning tasks were completed.  

 

3.2.1 Trunk Flexor and Extensor Isometric Strength Testing 

Maximum isometric trunk flexor and extensor strength was measured for all participants. 

A harness was secured to the participant’s chest, along with a 50 x 6 x 3.5 cm segment of 

wood outfitted with an eyehook. The segment of wood was positioned to be 5 cm below 

the sternal angle of each participant, and secured with the harness (Figure 3.1).  
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Figure 3.1: Position of harness on participant used for maximum isometric trunk strength 
testing and sudden trunk loading perturbations.  
 
 
Participants were oriented in a prone position on a chiropractic bench, with the eyehook 

positioned through the opening in the bench. A piece of chain was attached to the 

eyehook, which was positioned to be perpendicular to the floor and the participant. A 

force transducer (SML-300 Load Cell, Interface Inc., Arizona US) was secured on the 

opposite end of the chain, which was secured with carabineers to a 200 x 9 x 9 cm 

segment of wood placed on the floor (resistance plank), which served as the anchor for 

the force transducer (Figure 3.2). Additional experimenters stood on the resistance plank 

in order to provide supplementary resistance for the participant. An experimenter secured 

the participant’s legs to prevent lower limb movement during the isometric strength test. 

Participants were instructed to generate an isometric trunk extension moment by pulling 

against the resistance, and to reach their maximum effort. To prevent injuries, the 

participants were required to slowly increase effort until they reached their maximum, 

and then to slowly decrease their effort to rest. In order to prevent trunk extensor fatigue, 

the participant was given a minimum of 3 minutes of rest before a second trial was 

completed. The harness was then oriented to the posterior of the participant, at 
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approximately vertebral level T4, to perform trunk flexion. A trunk flexor moment was 

generated with the same instructions, with the exception that the participant was oriented 

in a supine position on the chiropractic bench. The participant’s knees were positioned at 

90° flexion, while an experimenter secured the feet (Figure 3.3). Again, rest was given 

before a second trial was completed. Force was sampled at 2048 Hz. 

 

                
 
Figure 3.2: Representation of trunk extensor isometric testing. Participants were oriented 
in a prone position on a chiropractic table with arms resting at their sides. The force 
transducer was aligned to be perpendicular to the participant. This test required the 
participant to generate a trunk extensor moment to their maximum effort. The distance 
from the L4/L5 vertebrae to the cable attachment on the harness was measured for each 
participant. This was used as the moment arm in order to calculate the maximum trunk 
moment generated, by multiplying the distance by the maximum force produced.  
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Figure 3.3: Representation of trunk flexor isometric testing. Participants were oriented in 
a supine position on a chiropractic table with knees positioned at 90° flexion and arms 
resting at their sides. The force transducer was aligned to be perpendicular to the 
participant. This test required the participant to generate a trunk flexor moment to their 
maximum effort. The distance from the L4/L5 vertebrae to the cable attachment on the 
harness was measured for each participant. This was used as the moment arm in order to 
calculate the maximum trunk moment generated, by multiplying the distance by the 
maximum force produced. 
 
 
3.2.2 Seated Postural Control Task 

In order to measure seated trunk balance, a force plate  (True Impulse, Northern Digital 

Inc., Waterloo, ON) was placed on a 70 cm tall table, and a wooden balance board was 

placed on the centre of the force plate (Figure 3.4). The force plate was positioned on the 

surface of the table to ensure the participant could not move his legs, as they would come 

in contact with the wall or table in doing so. When participants sat on the wobble board, 

their arms were placed across their chest and a strap was used to loosely secure the legs 

below the knees. This was done to ensure the limbs would not contribute to the 

maintenance of trunk balance, but was not tight enough to generate a moment about the 

lower limbs. When the participant felt comfortable to begin a trial, he was asked to 

remove his feet from the footrest, place his arms across his chest, and verbally confirm to 
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the experimenter that he was ready to begin. A spotter was present during all trials in the 

event that a participant could not maintain balance. After the completion of a trial, the 

participant was allowed to place his feet on the footrest and was given a minimum of 3 

minutes of rest. A total of 5 trials were completed and all trials were one minute in 

duration. All five trials were analyzed to represent an average, in addition to assessing 

only the final trial to remove any potential learning effect. Force plate data were sampled 

at 2048 Hz through OpenCapture software (Northern Digital Inc., Waterloo, ON). 

                                         
Figure 3.4: Representation of seated trunk postural control testing. Participants were 
required to maintain balance for 5 one-minute trials, with their arms across their chest 
and feet unsupported. 
 

3.2.3 Maximum Voluntary Isometric Contractions 

Participants were outfitted with eight pairs of disposable Ag/AgCl surface EMG 

electrodes (Ambu Blue Sensor, Medicotest Inc., Olstykke, Denmark). Prior to electrode 

application, sites where electrodes were to be placed were cleaned with rubbing alcohol 

and shaved if necessary. This was completed to minimize electrical impedance, and also 
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to ensure proper adhesion of the electrodes to the skin surface. Bilateral pairs of 

electrodes were placed on the back over the muscle bellies of the erector spinae at T9 

(TES) and L3 (LES). Additionally, bilateral pairs of electrodes were placed on the 

abdomen over the muscle bellies of the external and internal obliques. All EMG channels 

were manually inspected to ensure quality signals of muscle activity, and to adjust the 

gain when necessary. 

 

Maximum voluntary isometric contractions (MVIC) of the erector spinae muscles were 

recorded. The participant was oriented in a prone position on a chiropractic bench. The 

torso, above the pelvis, was extended off the end of the chiropractic bench. An 

experimenter resisted upward motion of the torso about the pelvis (back extension) as the 

participant slowly increased effort to maximum, while another experimenter supported 

the legs. Muscle activity was recorded during this procedure. This was repeated three 

times, with a minimum of 5 minutes of rest between each trial. This maximal voluntary 

contraction protocol is standard procedure in the EMG literature examining the erector 

spinae muscles (Brown et al., 2003).  

 

Maximum voluntary contractions of abdominal muscles were also recorded. The 

participant assumed a supine position on the chiropractic bench in a sit-up posture with 

his knees positioned at 90° of flexion, and feet restrained by an experimenter. The 

participants' hands were placed across the front of the chest and their trunk was 

positioned to form an angle with the bench of approximately 30°. Another experimenter 

provided a matching resistance to the shoulders and trunk during a maximal effort to 
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perform trunk flexion, left and right lateral bend, and left and right axial twist. This 

procedure was repeated three times, with a minimum of 5 minutes of rest between each 

trial. These MVC protocols are standard procedure in the EMG literature examining the 

abdominal muscles (McGill, 1990). Raw EMG signals were band-pass filtered at 10-1000 

Hz, amplified (AMT-16, Bortec, Calgary AB, Canada), and sampled at 2048 Hz. 

 

3.2.4 Range of Motion 

In order to record lumbar spine range of motion, participants were outfitted with two 

kinematic rigid bodies. Rigid bodies were created using dense foam and each consisted of 

three individual infrared markers (Optotrak 3D Investigator, Northern Digital, Waterloo 

ON, Canada). One rigid body was placed over the spinous process of the T12 vertebra, 

while the other was placed over the spinous process of the first sacral vertebra (S1). 

Participants were instructed to stand in a comfortable neutral width stance with their arms 

across their chest. Participants were required to keep both feet planted on the floor during 

all range of motion tasks.  

 

First, a 5 second bias trial of a neutral standing posture was recorded. Participants were 

informed that end range of motion was defined as moving “as far as they felt they were 

actively able to, without inducing any pain or major discomfort”. Participants were 

instructed to flex forward through their spine to end range of motion, return back to 

neutral, extend backward to end range of motion, and once again return to neutral 

(flexion-extension). Participants were instructed to laterally bend to the right, return to 

neutral, laterally bend to the left, and return to neutral (lateral bend). Participants were 
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required to maintain the same hip position as during neutral stance, in order to minimize 

the amount of axial twist during this movement. Participants were instructed to axially 

twist to the right, return to neutral, axially twist to the left, and return to neutral (axial 

twist). Again, participants were required to maintain a neutral stance hip position and 

minimal lower body movement in order to ensure the movement was from the lumbar 

spine and not whole body twist. Participants were able to perform each movement at a 

self-selected pace. All movements (FE, LB, AT) were repeated three times.  Kinematic 

data were sampled at 128 Hz.  

 

3.2.5 Sudden Trunk Loading Perturbations 

Kinematic markers and EMG remained in the previously defined locations for sudden 

trunk loading perturbations. Participants were seated in a kneeling chair, outfitted with 

the harness as described earlier. The perturbation apparatus was adjusted so that each 

participant would be perturbed 5 cm below the level of the sternal angle (Figure 3.5). The 

perturbation apparatus was securely attached to a wall with brackets, the height of which 

was adjusted for each participant. The apparatus was composed of a force transducer in 

line with a cable, which was attached to the harness on the participant. The cable was fed 

through a series of two pulleys, and a perturbation mass was attached to the distal end of 

the cable. The mass used for all perturbations was calculated to be 10% of the 

participant’s maximum trunk extensor strength, as previously determined at the 

beginning of the experimental protocol. During all trials, the participant’s eyes remained 

open and their arms were placed at their side. In order to prevent the participant from 

anticipating the perturbation, a sheet was placed in front of the perturbation apparatus.  A 
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bias trial was first recorded, with the participant in a neutral spine posture seated in the 

kneeling chair. During all perturbations, the participant was instructed to sit in a neutral 

posture and to not anticipate the perturbation. For all perturbations, the participant was 

positioned in the kneeling chair so that the cable was perpendicular to the perturbation 

apparatus. The mass was released at random during a 10 second window for all 

perturbations.  

 

For anterior perturbations, the participant was positioned towards the perturbation 

apparatus, with the cable attached to the harness in the centre. The mass was released 

manually by an experimenter from a height of 5 cm to perturb the participant, resulting in 

spine flexion. For anterior twist perturbations, the cable was moved to the distal end of 

the harness on the left side, in order to create a clockwise rotation. Again, the mass was 

released at random by an experimenter, resulting in spine flexion, lateral bend and axial 

twist. The anterior and anterior twist perturbations were each performed 3 times.  

 

Posterior perturbations required the harness to be reoriented so the attachments for the 

cable were on the posterior side of the participant, with the cable attached to the centre of 

the harness. The kneeling chair was repositioned, so that the participant was facing away 

from the perturbation apparatus (Figure 3.5). Again, the mass was released at random to 

create a posterior perturbation, resulting in spine extension. Similarly, for posterior twist 

perturbations, the cable was attached to the distal end of the right side of the harness, to 

create a clockwise rotation. The participant was again repositioned to be perpendicular to 

the perturbation apparatus. The mass was released at random by an experimenter to create 
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a posterior twist perturbation, resulting in spine extension, lateral bend, and axial twist. 

Both the posterior and posterior twist perturbations were completed 3 times each. After 

the completion of the perturbations, all EMG electrodes and equipment were removed. 

During all perturbations, kinematic data were sampled at 128 Hz, while the force 

transducer and EMG data were sampled at 2048 Hz. 

                                            

Figure 3.5: Representation of sudden trunk loading apparatus during posterior condition. 
Participants were outfitted with kinematic markers and EMG electrodes while seated 
upright in a kneeling chair. Perturbations of the anterior condition had the participant 
facing towards the apparatus.  
 
 
3.2.6 Active Trunk Re-positioning  

Active trunk re-positioning was completed in both the sagittal and axial planes. 

Kinematic markers remained in the T12 and S1 positions for sagittal active trunk re-

positioning. The participant was seated in a kneeling chair with their arms crossed in 

front of their chest. The participant was required to begin all trials in an upright neutral 

position, with their eyes closed for the entire duration of the trial. The participant was 

then instructed to flex forward and stop flexing when the experimenter gave a verbal cue. 
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This target angle was held for 3 seconds and then the participant was instructed to 

continue to full flexion. The participant then extended back to the neutral starting position 

and on the way were required to replicate the angle that was previously produced, but 

without any verbal cue about their position. This repositioned angle was held for 3 

seconds, and the participant then returned to their neutral starting position (Figure 3.6). 

This task was repeated for 3 different target angles: 20°, 40° and 60° of flexion and each 

angle was repeated three times for a total of 9 trials. Target angles were completed in a 

randomized order. Angles were determined by the experimenter using a hand held 

goniometer, with the axis of rotation about the joint centre of the hip. The same 

experimenter performed the active trunk re-positioning for every participant to ensure 

consistency of measurement of trunk flexion angles.  

                 

Figure 3.6: Representation of active trunk repositioning in the sagittal direction. The 
participant began in an upright seated posture at the neutral angle and began flexing 
forward towards a target angle [1]. Participants held their position at the target angle 
before continuing to their flexion end ROM [2]. Participants then moved from their end 
ROM to replicate the angle [3], and continued back to their neutral starting position [4]. 
 
 

3 
2 

1 

4 

End Range 
of Motion 

Target Angle 
Neutral Angle 



45	  
	  

Kinematic markers were removed from the participant to perform the axial re-positioning 

tasks. One flat rigid body, composed of three infrared markers, was placed on the front of 

a rotating stool. The stool was placed against the wall and positioned to be in line with 

target angles marked on the floor. The participant sat on the stool with their arms across 

their chest, the feet not in contact with the floor and the upper torso was secured to the 

wall using adjustable straps. First, the experimenter guided the participant through axial 

twist to the right (clockwise) to a target angle with verbal cues, and held the target angle 

for 3 seconds. The participant then continued to their end range of motion, and on the 

way back to neutral was asked to replicate the angle, as well as return back to neutral, 

without any verbal cues (Figure 3.7). This was completed for 20° and 40° of axial twist, 

in a randomized order. Next, the participant completed the same task, with the exception 

that they were instructed to return back to neutral instead of end range of motion before 

replicating the target angle (Figure 3.7). This was completed for 10° and 30° axial twist, 

in a randomized order. 

                              

Figure 3.7: Representation of active trunk repositioning in the axial direction. For half of 
the trials, participants began seated on the stool at the neutral angle and were guided by 
the experimenter in axial twist towards a target angle [1]. Participants held their position 
at the target angle before continuing to their axial twist end ROM [2]. Participants then 
moved from their end ROM to replicate the angle [3], and continued back to their neutral 
starting position [4]. Alternatively, participants moved from neutral to the target angle 
[1], then back to neutral [4], then repositioned at the target angle [1], and finally returned 
back to neutral [4].  
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3.3 Data Analyses 

 

3.3.1 Maximum Isometric Trunk Strength 

The maximum amount of force produced for both trunk extension and trunk flexion was 

calculated. From all trials, the trial with the absolute maximum trunk extension force and 

trial with absolute maximum trunk flexion force was selected. Bias in the force data was 

removed by averaging the quiet first 1 second of the trial and subtracting it from the 

entire trial. The maximum force was calculated by calculating the average over 100 ms 

across the highest peak of the raw voltage from the force transducer. This maximum raw 

voltage value was then converted from a voltage to force based on the calibration factor 

of the force transducer. This force was also recorded in kilograms in order to reference 

the perturbation mass to each participant, which was calculated to be 10% of the 

maximum trunk extensor strength. The distance from the L4/L5 vertebrae to the cable 

attachment on the harness was measured for each participant. This distance was 

multiplied by the maximum force, in order to determine the maximum trunk moment. 

This was completed for both trunk extension and trunk flexion strength.  

 

3.3.2 Seated Postural Control 

Force plate data were processed using MatLab (MathWorks). First, data were filtered 

using a dual pass, zero-lag 4th order Butterworth filter with a low-pass cutoff frequency of 

6 Hz. Centre of pressure (CoP) in the anterior-posterior (AP) and medial-lateral (ML) 

directions were calculated from the recorded forces and moments using equations [COPx 

= -(My + cFx) / Fz] and [COPy = (Mx – cFy) / Fz], where c is the force plate z-offset 
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value of 0.052 cm. For all trials, the following parameters were computed in both 

anterior-posterior and medial-lateral planes of motion: range COP-AP and range COP-

ML (cm), root mean square (RMS) COP-AP and RMS COP-ML, range COP-AP velocity 

and range COP-ML velocity (maximum – minimum velocity) (cm/s), cumulative path 

length (cm), cumulative path length velocity (cumulative path length divided by trial 

duration) (cm/s). These outcome measures were expressed as an average over all five 

trials. Additionally, the outcome measures during only the final trial were assessed 

independently, in order to account for the learning effect demonstrated by Hendershot et 

al. (2013). 

 

3.3.3 Kinematics 

Kinematic data were analyzed using MatLab. Raw kinematic data from the ROM trials 

and perturbation trials were low-pass filtered using a 4th order dual-pass Butterworth 

with a cut off frequency of 10 Hz (Beaudette et al., 2014). Spine flexion-extension (FE), 

lateral bend (LB) and axial twist (AT) angles were obtained between thoracic and sacral 

rigid bodies using a Cardan rotational sequence (FE, LB, and AT). These data were then 

expressed relative to a neutral upright standing spine posture for the ROM trials and a 

neutral upright sitting spine posture for the perturbation trials. The spine angles for the 

sagittal repositioning trials were expressed as absolute values and were not expressed 

relative to upright sitting spine posture. Maximum and minimum values from ROM trials 

were calculated. The absolute maximum from the 3 trials collected was recorded as the 

participant’s maximum ROM. This was completed for flexion, extension, right and left 

lateral bend, right and left axial twist.  For perturbation trials, the maximum 
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displacements in the FE, LB, AT directions within 500 ms after the onset of the 

perturbation were determined. All kinematic data were visually inspected and confirmed.  

 

3.3.4 EMG 

MVICs were first processed using a 2nd order Butterworth filter with low pass filter with 

cutoff frequency at 500 Hz. These data were then linear enveloped by rectifying and low 

pass filtering at 2.5 Hz. The maximum value was found within each trial, and the absolute 

maximum across all trials was recorded, which served as the maximum muscle activity 

(MVIC) for each individual muscle. Raw EMG from sudden trunk loading perturbations 

was first processed in MatLab using a dual pass 2nd order Butterworth filter with a low 

pass cutoff frequency of 500 Hz. In order to remove heart rate contamination, data were 

processed using a high pass filter with cutoff frequency at 100 Hz. Data were then 

rectified and low pass filtered at 50 Hz in order to determine muscle activation onsets in 

response to perturbations. Data were also rectified and low pass filtered at 2.5 Hz in order 

to determine peak EMG amplitudes in response to perturbations (Zwambag et al., 2015).  

Bilateral muscle activation timing of TES, LES, EO and IO was computed during the 

perturbation trials relative to the onset of the perturbation. This onset of perturbation was 

identified by the change in force from baseline, as recorded by the force transducer in the 

perturbation apparatus. A LabVIEW program (National Instruments) was used to 

determine muscle activation onsets. The threshold for onset was defined as the EMG 

muscle activity exceeding 3 standard deviations above baseline for at least 20 ms 

(Hodges & Bui, 1996) (Figure 3.8). Muscle activation onsets greater than 150 ms were 

excluded, as they were classified as voluntary contractions. Peak muscle amplitudes were 
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determined by identifying the maximum amplitude in each muscle within 150 ms post-

perturbation. The baseline activation was averaged from 200 ms to 100 ms before 

perturbation onset, and these averages were used to measure the level co-contraction pre-

perturbation. All muscle activation onsets, amplitudes, baseline activation, as well as 

peak kinematic movement were visually inspected and confirmed. 

Figure 3.8: Representative trial of force transducer during a perturbation trial [A], with 
the yellow vertical line indicating onset of the perturbation. [B] is representative of 
muscle activation onset (vertical line) of the right EO, while left EO is represented by 
[C]. Spine movement is shown in FE [D], LB [E], and AT [F] at the onset of 
perturbation. 
 

3.3.5 Active Trunk Repositioning  

Active trunk re-positioning data were analyzed using MatLab. Both the target angle and 

repositioned angle were manually determined using a cursor to identify plateaus in both 

angles. The difference between these two angles was determined to be the degree of 

error. Absolute error is the absolute value of the difference between the target angle and 

repositioned angle. Variable error is the standard deviation of the absolute error over all 

trials within a given condition. Absolute errors and variable errors were averaged over all 
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sagittal trials and all axial trials. Additionally, absolute and variable errors were average 

over each trial angle for all sagittal (20°, 40°, and 60°) and axial (10°, 20°, 30°, and 40°) 

trials to determine interaction effects of trial.  

 

3.4 Statistical Analyses 

All statistical analyses were completed in SAS 9.2. For participant characteristics, 1-way 

analyses of variance were completed to compare between group (golfers, runners, and 

non-athletic controls) for each participant characteristic outcome measure (age, height, 

body mass, and Baecke score). For trunk extensor and trunk flexor isometric strength, 1-

way analyses of variance were completed to compare between groups. For lumbar spine 

ROM, 1-way analyses of variance were completed to compare between groups for each 

ROM measure (maximum flexion, maximum extension, maximum right and left lateral 

bend, and maximum right and left axial twist). For all force plate outcome measures, 1-

way analyses of variance were completed to compare between groups for each outcome 

measure. For EMG baseline activation, 1-way analyses of variance were completed to 

compare between groups for each direction (anterior, anterior-twist, posterior, and 

posterior-twist). For EMG muscle amplitudes, 1-way analyses of variance were 

completed to compare between groups for each direction (anterior, anterior-twist, 

posterior, and posterior-twist). For EMG muscle onsets, 1-way analyses of variance were 

completed to compare between groups for each direction (anterior, anterior-twist, 

posterior, and posterior-twist). For kinematic responses to perturbations, 1-way analyses 

of variance were completed to compare between groups for each direction (anterior, 

anterior-twist, posterior, posterior-twist). For active trunk repositioning in the sagittal 



51	  
	  

direction, 2-way analyses of variance were completed to compare between group and 

target angle (20°, 40°, and 60°). For active trunk repositioning in the axial direction, 2-

way analyses of variance were completed to compare between group and target angle 

(20°, 40°) for trials using the end range of motion reference point. Additionally, 2-way 

analyses of variance were completed to compared between group and target angle (10°, 

30°) for trials using the neutral reference point. For all data, the Shapiro-Wilk W statistic 

was used to determine normality of data, with a minimum value of 0.80 to be defined as 

normally distributed data. Additionally, outliers were detected using Lunds test. Main 

effects and interactions were examined. For all, Tukey-adjusted post- hoc tests of 

significant main effects were used. All statistical analyses were completed at a 

significance level of α = 0.05. 
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CHAPTER 4:  
 

RESULTS 
 
 

4.1 Isometric Trunk Strength 

Maximum isometric trunk extensor and trunk flexor strength were measured across all 

participants (Table 4.1). These were expressed both as an absolute value, as well as 

normalized to each participant’s body mass. When comparing trunk extensor strength, 

golfers were significantly greater when compared to runners (p<0.0001) and controls 

(p=0.0001). No significant difference of trunk extensor strength was observed between 

runners and controls. Trunk flexor strength was significantly greater in golfers when 

compared to runners (p<0.005) and controls (p<0.0001). Again, no significant difference 

was observed between runners and controls for trunk flexor strength. 

 

Maximum isometric trunk flexor and extensor strength were normalized to each 

participant’s body mass (Table 4.1), in order to determine if body mass could present as a 

confounder. However, results were very similar to the absolute trunk strength results. 

Golfers demonstrated significantly greater trunk extensor strength compared to runners 

(p<0.005) and controls (p<0.0001), while no differences were observed between runners 

and controls. Trunk flexor strength was greater in golfers compared to both runners 

(p<0.05) and controls (p=0.0001), while no differences were observed between runners 

and controls. 
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Table 4.1: Maximum isometric trunk extensor and trunk flexor strength (mean ± SE of 
all participants, expressed as absolute (kg) and normalized (kg/kg body mass) values. 
Values with the same letter indicates no significant difference, whereas values with a 
different letter indicate a significant difference. 
  
 Maximum Trunk 

Extensor (Nm) 
Maximum Trunk 
Flexor (Nm) 

Normalized 
Trunk Extensor 
(Nm/kg body 
mass) 

Normalized 
Trunk Flexor 
(Nm/kg body 
mass) 

Controls 129.22 ± 4.46 A 93.91 ± 2.65 A 1.75 ± 0.05 A 1.27 ± 0.03 A 
Runners 133.92 ± 2.47 A 105.97 ± 2.39 A 2.06 ± 0.04 A 1.64 ± 0.04 A 
Golfers 212.31 ± 2.38 B  153.05 ± 2.42 B 2.89 ± 0.03 B 2.08 ± 0.04 B 
 

4.2 Lumbar Spine Range of Motion 

Maximum active ranges of motion were recorded for each participant in lumbar spine 

flexion and extension, right and left lateral bend, and right and left axial twist (Table 4.2). 

Golfers demonstrated significantly greater spine flexion compared to both runners 

(p<0.05) and controls (p<0.01). No significant differences were noted between runners 

and controls for spine flexion. Both golfers and runners demonstrated significantly 

greater spine extension ROM compared to controls (p<0.05); however no differences 

were observed between golfers and runners. Comparison of right and left lateral bend did 

not reveal any statistical significance between golfers, runners, and controls. No 

significant differences were observed in right or left axial twist between groups. 

 
Table 4.2: Maximum active lumbar spine ranges of motion (mean ± SE for FE, LB and 
AT. Values with the same letter indicates no significant difference, whereas values with a 
different letter indicate a significant difference. 
 
 Controls Runners Golfers 
Flexion 47.25 ± 1.37 A 48.59 ± 1.03 A 52.97 ± 1.19 B 
Extension -15.02 ± 1.03 A -20.02 ± 1.21 B -20.49 ± 1.42 B 
Right Lateral Bend 27.64 ± 1.10 A 24.84 ± 1.04 A 25.37 ± 1.04 A 
Left Lateral Bend -28.10 ± 1.57 A -24.66 ± 1.14 A -26.61 ± 1.24 A 
Right Axial Twist 18.42 ± 0.80 A 20.72 ± 1.42 A 20.03 ± 1.49 A 
Left Axial Twist -16.98 ± 1.41 A -18.51 ± 1.71 A -18.83 ± 1.67 A 
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4.3 Seated Trunk Postural Control  

Seated trunk postural control was measured for all participants and the averages over all 

five completed trials were recorded. Golfers (p=0.005) and runners (p<0.05) 

demonstrated significantly less displacement range in the CoP-AP direction when 

compared to controls (Figure 4.3.1). No significant difference was demonstrated in CoP-

AP displacement between golfers and runners. However, in the CoP-ML direction, 

golfers demonstrated significantly less displacement range than controls (p<0.05), but no 

significant differences were observed between runners and controls, or between athlete 

groups (Figure 4.3.1). Golfers demonstrated significantly less RMS CoP-AP 

displacement compared to runners (p<0.05) and controls (p<0.001), and no significant 

difference was observed between runners and controls (Figure 4.3.2). Additionally, 

golfers demonstrated significantly less RMS CoP-ML displacement compared to controls 

(p<0.05) (Figure 4.3.2). However, there were no differences between golfers and runners, 

as well as between runners and controls.  

 

Golfers (p<0.01) and runners (p<0.05) demonstrated significantly less range of CoP-AP 

velocity compared to controls, with no significant differences between golfers and 

runners (Figure 4.3.3). No significant differences were observed between groups in range 

of CoP-ML velocity (Figure 4.3.3). Comparison of cumulative path length revealed that 

golfers (p<0.001) and runners (p<0.05) demonstrated significantly shorter path lengths 

compared to controls (Figure 4.3.4). However, no significant difference was noted 

between athlete groups. Similarly, golfers (p=0.001) and runners (p<0.05) demonstrated 
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significantly less path length velocity compared to controls, with no differences between 

athlete groups (Figure 4.3.5).   

 

Group means of the fifth trial were also compared, in order to account for a potential 

learning effect of this task (Hendershot et al., 2013). This revealed similar trends when 

compared to the average of all five trials. Golfers and runners demonstrated significantly 

less range of CoP-AP displacement when compared to controls (p<0.005), with no 

significant difference between athlete groups (Figure 4.3.1). Significantly less range of 

CoP-ML displacement was also observed by golfers (p<0.01) and runners (p<0.05) 

compared to controls, with no significant differences between athlete groups (Figure 

4.3.1). Likewise, golfers (p<0.01) and runners (p<0.005) demonstrated significantly less 

RMS CoP-AP displacement compared to controls, however no significant differences 

were noted between golfers and runners (Figure 4.3.2). Unlike the average over all trials, 

significantly less RMS CoP-ML displacement was noted between golfers and controls 

(p<0.05) and runners and controls (p<0.01), with no significant differences between 

athlete groups. No significant differences were observed between groups in range of 

CoP-AP and CoP-ML velocity (Figure 4.3.3). Golfers (p<0.01) and runners (p=0.0005) 

demonstrated significantly shorter cumulative path length compared to controls, with no 

significant differences between athlete groups (Figure 4.3.4). Finally, golfers (p<0.05) 

and runners (p=0.0001) demonstrated significantly less path length velocity compared to 

controls, with no differences between golfers and runners (Figure 4.3.5). 
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Figure 4.3.1: Mean + SE centre of pressure displacement range (cm) in the anterior-
posterior (CoP-AP) and medial-lateral (CoP-ML) directions during all trials and final trial 
of the seated trunk balance task. Significant difference between groups is indicated by an 
asterisk. 
 

        
Figure 4.3.2: Mean + SE root mean square (RMS) displacement in the anterior-posterior 
(CoP-AP) and medial-lateral (CoP-ML) directions during all trials and final trial of the 
seated trunk balance task. Significant difference between groups is indicated by an 
asterisk. 
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Figure 4.3.3: Mean + SE velocity range (cm/s) in the anterior-posterior (CoP-AP) and 
medial-lateral (CoP-ML) directions during all trials and final trial of the seated trunk 
balance task. Significant difference between groups is indicated by an asterisk. 
 
 

         
Figure 4.3.4: Mean + SE cumulative path length (cm) during all trials and final trial of 
the seated trunk balance task. Significant difference between groups is indicated by an 
asterisk. 
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Figure 4.3.5: Mean + SE cumulative path length velocity (cm/s) during all trials and final 
trial of the seated trunk balance task. Significant difference between groups is indicated 
by an asterisk. 
 
 
4.4 Sudden Trunk Loading Perturbations 

 

4.4.1 Kinematics 

Sudden trunk loading perturbations were performed in the anterior, anterior twist, 

posterior, and posterior twist directions. Peak lumbar spine angular movement as a result 

of the perturbation was recorded. During anterior perturbations, golfers demonstrated 

significantly less lumbar spine flexion when compared to runners (p<0.05) and controls 

(p<0.01) (Figure 4.6). No significant difference in spine flexion was observed between 

runners and controls. Comparison of both lateral bend and axial twist revealed no 

significant between group differences during anterior perturbations (Figure 4.4.1). During 

anterior twist perturbations, no significant differences were observed in spine flexion 
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between golfers, runners, and controls (Figure 4.4.2). Golfers and runners demonstrated 

significantly less left lateral bend compared to controls (p<0.005); however there was no 

significant difference between athlete groups. Similarly, golfers and runners 

demonstrated significantly less right axial twist compared to controls (p<0.05), with no 

significant difference between athlete groups.  

 

Posterior perturbations resulted in significantly less lumbar spine extension in golfers 

when compared to controls (p<0.0001) (Figure 4.4.3). Runners demonstrated 

significantly less spine extension compared to controls (p<0.01). Although trending, no 

significant differences were observed between golfers and runners in spine extension. 

During posterior perturbations, no significant differences were observed in lateral bend or 

axial twist between any groups. During posterior twist perturbations, no significant 

differences were demonstrated between groups in spine extension or lateral bend (Figure 

4.4.4). Furthermore, golfers and runners demonstrated significantly less axial twist 

compared to controls (p<0.05); however no significant difference was observed between 

golfers and runners.  
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Figure 4.4.1: Mean + SE lumbar spine displacement (FE, LB, AT) in response to anterior 
perturbations. Positive values represent: flexion, left lateral bend, and right axial twist. 
  

             

Figure 4.4.2: Mean + SE lumbar spine displacement (FE, LB, AT) in response to anterior 
twist perturbations. Positive values represent: flexion, left lateral bend, and right axial 
twist. 
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Figure 4.4.3: Mean + SE lumbar spine displacement (FE, LB, AT) in response to 
posterior perturbations. Positive values represent: extension, left lateral bend, right axial 
twist.  
 

        
Figure 4.4.4: Mean + SE lumbar spine displacement (FE, LB, AT) in response to 
posterior twist perturbations. Positive values represent: extension, left lateral bend, right 
axial twist. 
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4.4.2 Electromyography 

EMG was recorded from the right and left thoracic erector spinae (TES), right and left 

lumbar erector spinae (LES), right and left external oblique (EO), and right and left 

internal oblique (IO) during each sudden trunk loading perturbation. Muscle activation 

onset times were determined in response to sudden trunk loading perturbations in the 

anterior, anterior twist, posterior, and poster twist directions. During the anterior 

perturbation, golfers demonstrated significantly faster activation compared to controls in 

the RTES (p<0.01) and LLES (p<0.05) (Figure 4.4.5). Golfers demonstrated significantly 

faster activation of the RLES compared to runners (p<0.05). During the anterior twist 

perturbation, golfers demonstrated significantly faster activation in RTES, LTES, RLES, 

and LLES compared to controls (p<0.05) (Figure 4.4.6). Furthermore, runners 

demonstrated significantly faster activation compared to controls in the RTES, LTES, 

and LLES (p<0.05). No significant differences between athlete groups were observed in 

any muscle (Figure 4.4.6). 

 

When comparing activation timing during the posterior perturbation, golfers and runners 

demonstrated significantly faster activation compared to controls in the RIO (p<0.05) 

(Figure 4.4.7). During the posterior twist perturbation, golfers demonstrated significantly 

faster activation compared to controls in the REO, LEO, RIO, and LIO (p<0.05) (Figure 

4.4.8). Similarly, runners demonstrated significantly faster activation compared to the 

controls in REO, LEO, RIO, and LIO (p<0.01). Similar to anterior twist perturbations, no 

significant differences were observed between golfers and runners in any muscle during 

posterior and posterior twist perturbations.  
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Furthermore, not all muscles were activated during perturbations. Table 4.3 demonstrates 

the frequency of muscle activation by each muscle during each perturbation condition. 

During all anterior and anterior twist perturbations, the TES and LES muscles were 

activated. During all posterior and posterior twist perturbations, the EO and IO muscles 

were activated. However, during some of the anterior and anterior twist perturbations, 

abdominal muscles were activated. This occurred at a low frequency, therefore the 

activation onset and amplitude data were not included in statistical tests for these 

perturbations. Similarly, erector spinae muscles were activated during some of the 

posterior and posterior twist perturbations. Again, this occurred infrequently and data 

were not included in statistical tests. 

 

           

Figure 4.4.5: Mean + SE erector spinae muscle onset (RTES, LTES, RLES, LLES) in 
response to anterior perturbations.   
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Figure 4.4.6: Mean + SE erector spinae muscle onsets (RTES, LES, RLES, LLES) in 
response to anterior twist perturbations. 
       

      
Figure 4.4.7: Mean ± SE abdominal muscle onsets (REO, LEO, RIO, LIO) in response to 
posterior perturbations. 
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Figure 4.4.8: Mean + SE abdominal muscle onsets (REO, LEO, RIO, LIO) in response to 
posterior twist perturbations. 
 
Table 4.3: Frequency of muscle activation in all trials by condition. Activation of muscle 
during all trials of that condition is represented by a value of 1. 
 
  Controls Runners Golfers 
Anterior RTES 1 1 1 
 LTES 1 1 1 
 RLES 1 1 1 
 LLES 1 1 1 
 REO 0.12 0.22 0.17 
 LEO 0.12 0.22 0.17 
 RIO 0.09 0.07 0.19 
 LIO 0.09 0.07 0.19 
Anterior Twist RTES 1 1 1 
 LTES 1 1 1 
 RLES 1 1 1 
 LLES 1 1 1 
 REO 0.03 0.21 0.14 
 LEO 0.03 0.21 0.14 
 RIO 0 0.04 0.17 
 LIO 0 0.04 0.17 
Posterior RTES 0.09 0.27 0.11 
 LTES 0.09 0.27 0.11 
 RLES 0.09 0.27 0.07 
 LLES 0.09 0.27 0.07 
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 REO 1 1 1 
 LEO 1 1 1 
 RIO 1 1 1 
 LIO 1 1 1 
Posterior Twist RTES 0.11 0.04 0.07 
 LTES 0.11 0.04 0.07 
 RLES 0.17 0.04 0.04 
 LLES 0.17 0.04 0.04 
 REO 1 1 1 
 LEO 1 1 1 
 RIO 1 1 1 
 LIO 1 1 1 
 

Peak muscle amplitudes in response to each perturbation condition were also determined. 

When comparing groups during anterior perturbations, golfers and runners demonstrated 

significantly greater amplitude in the RLES compared to controls (p<0.05) (Figure 4.4.9). 

No significant differences were observed between athlete groups when comparing muscle 

amplitudes during anterior perturbations. During anterior twist perturbations, golfers and 

runners demonstrated significantly greater amplitudes in the LLES compared to controls 

(p<0.05) (Figure 4.4.10). Similar to anterior perturbations, golfers and runners did not 

demonstrate any significant differences in muscle amplitudes during anterior twist 

perturbations. Comparison of muscle amplitudes during posterior perturbations revealed 

the golfers (p<0.05) and runners (p<0.005) demonstrated significantly greater amplitudes 

in the RIO and LIO muscles compared to controls (Figure 4.4.11). During posterior twist 

perturbations, golfers and runners demonstrated significantly greater amplitudes in the 

REO muscle compared to controls (p<0.05) (Figure 4.4.12). Again, no significant 

differences were observed between athlete groups in any muscle during the posterior and 

posterior twist perturbations.   
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In order to gain insight into levels of co-contraction of the trunk musculature, baseline 

muscle activation pre-perturbation was compared between groups. No significant 

differences were observed in any muscle between groups in the all of the perturbation 

conditions (p values ranged between 0.59 – 0.96).  

 

        
Figure 4.4.9: Mean + SE erector spinae amplitude (RTES, LTES, RLES, LLES) in 
response to anterior perturbations. 
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Figure 4.4.10: Mean + SE erector spinae amplitude (RTES, LTES, RLES, LLES) in 
response to anterior twist perturbations. 

        
Figure 4.4.11: Mean + SE abdominal muscle amplitude (REO, LEO, RIO, LIO) in 
response to posterior perturbations. 
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Figure 4.4.12: Mean + SE abdominal muscle amplitude (REO, LEO, RIO, LIO) in 
response to posterior twist perturbations. 
 
 

4.5 Active Trunk Repositioning 

Active trunk repositioning was completed in both the sagittal and axial planes, and 

degrees of error were expressed as both absolute error and variable error. An interaction 

effect between group by angle was present for absolute error during the sagittal 

repositioning to the target angle (p<0.05). Golfers demonstrated significantly less 

absolute error at 20° of trunk flexion compared to runners (p<0.05) and controls 

(p<0.005) (Figure 4.5.1). Similarly, golfers demonstrated significantly less absolute error 

at 40° of trunk flexion compared to runners (p<0.05) and controls (p<0.05). There were 

no significant differences between runners and controls at either of these sagittal target 

angles. No significant differences of absolute error were observed between groups at 60° 

of trunk flexion. A main effect between groups was found for variable error for 
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repositioning to the target angle (p<0.0005) (Figure 4.5.2). Golfers demonstrated 

significantly less target variable error compared to runners (p<0.005) and controls 

(p=0.0005), with no significant differences between runners and controls.  

 

Similar trends were observed during axial active trunk repositioning. An interaction 

effect between group and target was demonstrated for absolute error in axial 

repositioning to targets (10° and 30°) when using neutral as a reference point (Figure 

4.5.3). No significant differences were observed between groups when the target angle 

was 10°. When the target angle was 30°, golfers demonstrated significantly less error 

compared to controls. No significant differences between controls and runners or between 

athlete groups were observed.  

 

During axial repositioning to a target angle (20° and 40°) when using end range of 

motion as a reference point, there was a main effect of group (p<0.005) in absolute error. 

Post hoc analyses showed that golfers demonstrated significantly less absolute error for 

20° of trunk axial twist compared to runners (p<0.05) and controls (p<0.05) (Figure 

4.5.4). Furthermore, golfers demonstrated significantly less absolute error for 40° of 

trunk axial twist compared to runners (p<0.05) and controls (p<0.05). No significant 

differences were observed between runners and controls at either of these axial target 

angles. During axial repositioning to a target, there was a main effect of group in variable 

error (p<0.05) (Figure 4.5.5). Golfers demonstrated less variable error compared to 

controls (p<0.05), with no significant differences between controls and runners or runners 

and golfers. 
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Figure 4.5.1: Mean + SE degrees of absolute error for active trunk repositioning in the 
sagittal direction by target angle (20°, 40°, 60°). 
 
 
 

        
Figure 4.5.2: Mean + SE degrees of variable error for active trunk repositioning in the 
sagittal direction. 
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Figure 4.5.3: Mean + SE degrees of absolute error for active trunk repositioning in the 
axial direction with neutral as the reference point.  
 

           
 
Figure 4.5.4: Mean + SE degrees of absolute error for active trunk repositioning in the 
axial direction with end range of motion as the reference point.  
 



73	  
	  

            
Figure 4.5.5: Mean + SE degrees of variable error for active trunk repositioning in the 
axial direction with end range of motion as the reference point.  
 

4.6 Summary of Statistical Results 

Table 4.6.1: Summary of statistical results for maximum isometric strength testing, with 
1-way ANOVA results for group (controls, runners, golfers), by absolute value and 
normalized to body mass. Measures that are significantly different between groups are 
shown in bold.  
 
 Group Group Post Hoc 
Maximum Trunk Extensor <0.0001 Controls*Runners 0.9833 

Controls*Golfers 0.0001 
Runners*Golfers <0.0001 

Maximum Trunk Flexor <0.0001 Controls*Runners 0.5897 
Controls*Golfers <0.0001 
Runners*Golfers 0.0014 

Normalized Trunk Extensor <0.0001 Controls*Runners 0.5783 
Controls*Golfers <0.0001 
Runners*Golfers 0.0012 

Normalized Trunk Flexor 0.0005 Controls*Runners 0.1001 
Controls*Golfers 0.0001 
Runners*Golfers 0.0400 
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Table 4.6.2: Summary of statistical results for lumbar spine ROM outcome measures, 
with 1-way ANOVA results for group (controls, runners, golfers). Measures that are 
significantly different between groups are shown in bold. 
 
 Group Group Post Hoc 
Flexion 0.0052 Controls*Runners 0.7127 

Controls*Golfers 0.0054 
Runners*Golfers 0.0380 

Extension 0.0056 Controls*Runners 0.0187 
Controls*Golfers 0.0095 
Runners*Golfers 0.9607 

Right Lateral Bend 0.1570 Controls*Runners 0.1653 
Controls*Golfers 0.2992 
Runners*Golfers 0.9336 

Left Lateral Bend 0.2029 Controls*Runners 0.1774 
Controls*Golfers 0.7134 
Runners*Golfers 0.5592 

Right Axial Twist 0.6291 Controls*Runners 0.6165 
Controls*Golfers 0.7869 
Runners*Golfers 0.9570 

Left Axial Twist 0.8546 Controls*Runners 0.9013 
Controls*Golfers 0.8594 
Runners*Golfers 0.9955 

 
Table 4.6.3: Summary of statistical results for force plate outcome measures, with 1-way 
ANOVA results for group (controls, runners, golfers), for average across all trials (a) and 
final trial only (b). Measures that are significantly different between groups are shown in 
bold. 
 
Force Plate Outcome Measure Group Group Post Hoc 
Range CoP-AP Displacement (cm) a 0.0008 

b 0.0015 
Controls*Runners a 0.0483 
                                             b 0.0045 
Controls*Golfers  a 0.0005 
                                             b 0.0041 
Runners*Golfers   a 0.1372 
                                             b 0.9995 

Range CoP-ML Displacement (cm) a 0.0190 
b 0.0031 

Controls*Runners a 0.1060 
                                            b 0.0052 
Controls*Golfers  a 0.0177 
                                            b 0.0122 
Runners*Golfers   a 0.7051 
                                            b 0.9414 

RMS CoP-AP (cm) a 0.0010 
b 0.0018 

Controls*Runners a 0.0449 
                                            b 0.0070 
Controls*Golfers  a 0.0007 
                                            b 0.0037 



75	  
	  

Runners*Golfers  a 0.1908 
                                           b 0.9668 

RMS CoP-ML (cm) a 0.0403 
b 0.0038 

Controls*Runners a 0.0956 
                                           b 0.0117 
Controls*Golfers  a 0.0520      
                                            b 0.0075 
Runners*Golfers  a 0.9555 
                                           b 0.9835 

Range CoP-AP Velocity (cm/s) a 0.0074 
b 1.0000 

Controls*Runners a 0.0330 
                                            b 1.0000 
Controls*Golfers  a 0.0095 
                                            b 1.0000 
Runners*Golfers  a 0.8672 
                                           b 1.0000 

Range CoP-ML Velocity (cm) a 0.2083 
b 1.0000 

Controls*Runners a 0.5321 
                                            b 1.0000 
Controls*Golfers  a 0.1845 
                                            b 1.0000 
Runners*Golfers  a 0.7530 
                                           b 1.0000 

Cumulative Path length (cm) a 0.0007 
b 0.0004 

Controls*Runners a 0.0138 
                                            b 0.0060 
Controls*Golfers  a 0.0006 
                                            b 0.0005 
Runners*Golfers  a 0.4902 
                                          b 0.6587 

Path length Velocity (cm/s) a 0.0010 
b 0.0002 

Controls*Runners a 0.0159 
                                            b 0.0118 
Controls*Golfers  a 0.0010 
                                           b 0.0001 
Runners*Golfers  a 0.5511 
                                           b 0.2643 

 

Table 4.6.4: Summary of statistical results for kinematics data in response to 
perturbations, with 1-way ANOVA results for group (controls, runners, golfers). 
Measures that are significantly different between groups are shown in bold. 
 
  Group Group Post Hoc 
Anterior FE 0.0055 Controls*Runners 0.6456 

Controls*Golfers 0.0052 
Runners*Golfer 0.0470 

 LB 0.5209 Controls*Runners 0.4908 
Controls*Golfers 0.8724 
Runners*Golfer 0.7929 

 AT 0.9600 Controls*Runners 0.9964 
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Controls*Golfers 0.9584 
Runners*Golfer 0.9789 

Anterior Twist FE 0.9348 Controls*Runners 0.9365 
Controls*Golfers 0.9978 
Runners*Golfer 0.9571 

 LB 0.0009 Controls*Runners 0.0040 
Controls*Golfers 0.0020 
Runners*Golfer 0.9664 

 AT 0.0060 Controls*Runners 0.0120 
Controls*Golfers 0.0158 
Runners*Golfer 0.9936 

Posterior FE <0.0001 Controls*Runners 0.0080 
Controls*Golfers <0.0001 
Runners*Golfer 0.0706 

 LB 0.0655 Controls*Runners 0.9635 
Controls*Golfers 0.0815 
Runners*Golfer 0.1366 

 AT 0.0650 Controls*Runners 0.2755 
Controls*Golfers 0.0560 
Runners*Golfer 0.6817 

Posterior Twist FE 0.0413 Controls*Runners 0.1582 
Controls*Golfers 0.0397 
Runners*Golfer 0.7830 

 LB 0.6281 Controls*Runners 0.6181 
Controls*Golfers 0.7789 
Runners*Golfer 0.9619 

 AT 0.0470 Controls*Runners 0.1182 
Controls*Golfers 0.0457 
Runners*Golfer 0.9300 

 

Table 4.6.5: Summary of statistical results for muscle onsets in response to perturbations, 
with 1-way ANOVA results for group (controls, runners, golfers). Measures that are 
significantly different between groups are shown in bold. 
 
  Group Group Post Hoc 
Anterior RTES 0.0040 Controls*Runners 0.0701 

Controls*Golfers 0.0031 
Runners*Golfer 0.4171 

 LTES 0.0842 Controls*Runners 0.8161 
Controls*Golfers 0.0800 
Runners*Golfer 0.2493 

 RLES 0.0364 Controls*Runners 0.7253 
Controls*Golfers 0.1644 
Runners*Golfer 0.0322 

 LLES 0.0203 Controls*Runners 0.7553 
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Controls*Golfers 0.0199 
Runners*Golfer 0.0986 

Anterior Twist RTES 0.0092 Controls*Runners 0.0134 
Controls*Golfers 0.0309 
Runners*Golfer 0.9365 

 LTES 0.0031 Controls*Runners 0.0028 
Controls*Golfers 0.0361 
Runners*Golfer 0.5741 

 RLES 0.0092 Controls*Runners 0.0537 
Controls*Golfers 0.0096 
Runners*Golfer 0.7512 

 LLES 0.0032 Controls*Runners 0.0141  
Controls*Golfers 0.0050 
Runners*Golfer 0.9153 

Posterior REO 0.1189 Controls*Runners 0.2750 
Controls*Golfers 0.1193 
Runners*Golfer 0.8848 

 LEO 0.3562 Controls*Runners 0.7552 
Controls*Golfers 0.3231 
Runners*Golfer 0.7402 

 RIO 0.0040 Controls*Runners 0.0166 
Controls*Golfers 0.0061 
Runners*Golfer 0.9197 

 LIO 0.0831 Controls*Runners 0.0750 
Controls*Golfers 0.2803 
Runners*Golfer 0.7573 

Posterior Twist REO 0.0058 Controls*Runners 0.0068 
Controls*Golfers 0.0440 
Runners*Golfer 0.7983 

 LEO 0.0004 Controls*Runners 0.0003 
Controls*Golfers 0.0109 
Runners*Golfer 0.4016 

 RIO <0.0001 Controls*Runners <0.0001 
Controls*Golfers 0.0005 
Runners*Golfer 0.7619 

 LIO 0.0003 Controls*Runners 0.0006 
Controls*Golfers 0.0022 
Runners*Golfer 0.8755 
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Table 4.6.6: Summary of statistical results for muscle amplitude in response to 
perturbations, with 1-way ANOVA results for group (controls, runners, golfers). 
Measures that are significantly different between groups are shown in bold. 
 
  Group Group Post Hoc 
Anterior RTES 0.4357 Controls*Runners 0.4241 

Controls*Golfers 0.6385 
Runners*Golfers 0.9324 

 LTES 0.4863 Controls*Runners 0.4535 
Controls*Golfers 0.8184 
Runners*Golfers 0.8162 

 RLES 0.0302 Controls*Runners 0.0327 
Controls*Golfers 0.1044 
Runners*Golfers 0.8538 

 LLES 0.0997 Controls*Runners 0.0917 
Controls*Golfers 0.2972 
Runners*Golfers 0.7914 

Anterior Twist RTES 0.1428 Controls*Runners 0.1994 
Controls*Golfers 0.19798 
Runners*Golfers 1.0000 

 LTES 0.4327 Controls*Runners 0.4039 
Controls*Golfers 0.7178 
Runners*Golfers 0.8609 

 RLES 0.0443 Controls*Runners 0.0482 
Controls*Golfers 0.0992 
Runners*Golfers 0.9648 

 LLES 0.0037 Controls*Runners 0.0121 
Controls*Golfers 0.0072 
Runners*Golfers 0.9773 

Posterior REO 0.2615 Controls*Runners 0.2487 
Controls*Golfers 0.4933 
Runners*Golfers 0.8807 

 LEO 0.3661 Controls*Runners 0.6921 
Controls*Golfers 0.8144 
Runners*Golfers 0.3353 

 RIO 0.0050 Controls*Runners 0.0041 
Controls*Golfers 0.0696 
Runners*Golfers 0.4790 

 LIO 0.0002 Controls*Runners 0.0001 
Controls*Golfers 0.0184 
Runners*Golfers 0.1665 

Posterior Twist REO 0.0096 Controls*Runners 0.0104 
Controls*Golfers 0.0517 
Runners*Golfers 0.7799 

 LEO 0.1466 Controls*Runners 0.1608 
Controls*Golfers 0.2693 
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Runners*Golfers 0.9514 
 RIO 0.1751 Controls*Runners 0.1694 

Controls*Golfers 0.1694 
Runners*Golfers 0.8767 

 LIO 0.3915 Controls*Runners 0.3586 
Controls*Golfers 0.7401 
Runners*Golfers 0.7963 

 
Table 4.6.7: Summary of statistical results for baseline muscle activation pre-
perturbation, with 1-way ANOVA results for group (controls, runners, golfers). Measures 
that are significantly different between groups are shown in bold. 
 
  Group Group Post Hoc 
Anterior RTES 0.8845 Controls*Runners 0.9147 

Controls*Golfers 0.8738 
Runners*Golfers 0.9022 

 LTES 0.7582 Controls*Runners 0.9454 
Controls*Golfers 0.0.7945 
Runners*Golfers 0.8655 

 RLES 0.5964 Controls*Runners 0.8023 
Controls*Golfers 0.6033 
Runners*Golfers 0.8788 

 LLES 0.6193 Controls*Runners 0.9455 
Controls*Golfers 0.6795 
Runners*Golfers 0.7034 

Anterior Twist RTES 0.9334 Controls*Runners 0.9458 
Controls*Golfers 0.9856 
Runners*Golfers 0.9562 

 LTES 0.9467 Controls*Runners 0.9788 
Controls*Golfers 0.9501 
Runners*Golfers 0.9654 

 RLES 0.9546 Controls*Runners 0.9677 
Controls*Golfers 0.9786 
Runners*Golfers 0.9955 

 LLES 0.9054 Controls*Runners 0.9654 
Controls*Golfers 0.9234 
Runners*Golfers 0.9321 

Posterior REO 0.8845 Controls*Runners 0.9684 
Controls*Golfers 0.9029 
Runners*Golfers 0.9453 

 LEO 0.8312 Controls*Runners 0.9384 
Controls*Golfers 0.9033 
Runners*Golfers 0.8543 

 RIO 0.9133 Controls*Runners 0.9678 
Controls*Golfers 0.9944 
Runners*Golfers 0.9231 
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 LIO 0.9677 Controls*Runners 0.9785 
Controls*Golfers 0.9744 
Runners*Golfers 0.9890 

Posterior Twist REO 0.9156 Controls*Runners 0.9843 
Controls*Golfers 0.9632 
Runners*Golfers 0.9203 

 LEO 0.9445 Controls*Runners 0.9584 
Controls*Golfers 0.9477 
Runners*Golfers 0.9610 

 RIO 0.8768 Controls*Runners 0.9486 
Controls*Golfers 0.8809 
Runners*Golfers 0.9261 

 LIO 0.9022 Controls*Runners 0.9857 
Controls*Golfers 0.9345 
Runners*Golfers 0.9121 

 
Table 4.6.8: Summary of statistical results for active trunk repositioning data in the 
sagittal direction, with 2-way ANOVA results for group (controls, runners, golfers) and 
angle (20°, 40°, 60°). Measures that are significantly different between groups are shown 
in bold. 
 
 Group Angle Group*Angle Interaction Post Hoc 
Target 
Absolute Error 

0.0001 0.0906 0.0378 20° Controls*Runners 0.2699 
      Controls*Golfers 0.0015 
      Runners*Golfers 0.0171 
40° Controls*Runners 0.8599 
      Controls*Golfers 0.0247 
      Runners*Golfers 0.0425 
60° Controls*Runners 0.9776 
      Controls*Golfers 0.9991 
      Runners*Golfers 0.9454 

    Group Post Hoc 
Target 
Variable Error 

0.0002 0.4192 0.3239 Controls*Runners 0.9289 
Controls*Golfers 0.0005 
Runners*Golfers 0.0015 
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Table 4.6.9: Summary of statistical results for active trunk repositioning with an end 
range of motion reference point in the axial direction, with 2-way ANOVA results for 
group (controls, runners, golfers), angle (20°, 40°). Measures that are significantly 
different between groups are shown in bold.   
 
 Group Angle Group*Angle Group Post Hoc 
Target 
Absolute Error 

0.0049 0.6310 0.6687 Controls*Runners 0.2388 
Controls*Golfers 0.0032 
Runners*Golfers 0.0146 

Target 
Variable Error 

0.0404 0.6675 0.4394 Controls*Runners 0.3685 
Controls*Golfers 0.0072 
Runners*Golfers 0.5201 

 
Table 4.6.10: Summary of statistical results for active trunk repositioning with a neutral 
reference point in the axial direction, with 2-way ANOVA results for group (controls, 
runners, golfers), angle (10°, 30°). Measures that are significantly different between 
groups are shown in bold.   
 
 Group Angle Group*Angle Interaction Post Hoc 
Target 
Absolute Error 

0.0456 0.5774 0.0413 10° Controls*Runners 0.9586 
      Controls*Golfers 0.9877 
      Runners*Golfers 0.9233 
30° Controls*Runners 0.5665 
      Controls*Golfers 0.0477 
      Runners*Golfers 0.6878 

    Group Post Hoc 
Target 
Variable Error 

0.2228 0.3495 0.4867 Controls*Runners 0.7756 
Controls*Golfers 0.1932 
Runners*Golfers 0.2943 
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CHAPTER 5:  
 

DISCUSSION 
 

5.1 Hypotheses Revisited 

1. Sudden trunk loading perturbations revealed that athletes responded to each 

perturbation condition with faster muscle activation. This suggests that athletes have a 

greater ability to reflexively activate trunk muscles in response to a perturbation 

compared to controls. We accept our hypothesis that athletes would produce a faster 

muscle response as a result of sudden trunk loading perturbations compared to controls. 

Although not all muscle groups were statistically significant, the overall trend 

demonstrated that athletes responded with greater muscle amplitudes compared to 

controls. Thus, we do not accept the hypothesis that athletes would respond to 

perturbations with lower muscle amplitudes compared to controls. Spine angular 

displacement was smaller in athletes compared to controls during perturbations. Athletes 

did not exhibit as much trunk movement as controls, which suggests that athletes are able 

to activate trunk musculature faster and at an adequate amplitude in order to cease further 

spine movement caused by the perturbation. Therefore, we accept our hypothesis that 

athletes would respond to perturbations with less spine movement compared to controls.  

 

2. Seated trunk postural control of golfers, runners, and non-athletic controls revealed 

that golfers and runners exhibit greater postural control, as was demonstrated by several 

outcome measures.  Athletes demonstrated less range of CoP displacement in both the 

anterior posterior and medial lateral directions.  Similarly, athletes demonstrated smaller 

RMS displacement values in the anterior posterior direction and medial lateral direction 
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compared to controls. However, there were no differences in CoP velocity ranges or 

RMS values, with the exception of greater CoP velocity in the anterior posterior direction 

in controls compared athletes to across all trials. Comparison of cumulative path length 

and path length velocity revealed that athletes had shorter path lengths and less path 

length velocity compared to controls. This suggests that athletes were better able to 

maintain trunk balance and demonstrated greater postural control. Therefore, we accept 

our hypothesis that athletes would demonstrate greater postural control compared to 

controls. 

 

3. Active trunk repositioning was used as a measure of trunk proprioceptive ability, as 

less error in repositioning has been demonstrated to be suggestive of greater 

proprioceptive ability. During sagittal repositioning, golfers demonstrated less absolute 

error and less variable error in their ability to reposition at a target angle when compared 

to runners and controls. Furthermore, golfers demonstrated less error in axial position 

matching to targets for absolute and variable error compared to controls. Although not 

statistically significant, golfers also demonstrated less error in these measures compared 

to runners. We accept our hypothesis that golfers would demonstrate less error in active 

trunk repositioning tasks than runners and controls, suggestive of greater trunk 

proprioceptive ability.  

 

5.2 Participant Characteristics 

Participants in this study were comparatively matched in many characteristics; however 

differences between groups did exist. There were no significant differences between 
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groups in age and height (Table 3.1). Since all participants were recruited from a 

university population, it was expected that the age would not differ, as the majority of 

participants were undergraduate level students. There were no significant differences 

between groups in height. However, runners had significantly less body mass when 

compared to golfers and controls. This was to be expected as long distance runners 

typically have smaller body types and less mass due to the nature of the sport. For an 

endurance athlete, such as a long distance runner, it is an advantage to have less body fat 

and be smaller in stature (Marino et al., 2000). Therefore, the difference that was found in 

body mass of runners compared to golfers and controls was anticipated.  

 

Differences in training also exist between long distance runners and golfers. For a long 

distance runner, their goal is to sustain a high running pace for a long duration of time. 

This results in the priority of their training to be on cardiovascular and endurance 

training. Although the runners that participated in this study performed some core 

exercises as part of training, there is little priority placed on the motor control and 

position sense of the trunk. For a runner, it is important for the trunk to maintain an 

upright posture, yet more importance is placed on the movement of their limbs to propel 

them forward. This differs from a golfer, as trunk motor control and position sense is 

extremely important for the successful execution of a golf swing. For a golfer, it is 

important to be able to control the activation of trunk musculature throughout the 

different phases of the golf swing in order to generate a repeatable swing. Additionally, 

golfers must be able to accurately detect the position of their trunk throughout the 

backswing and follow through in order to create and execute a desired shot. The golfers 
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who participated in this study also participated in core exercises as part of their training; 

however this was a much larger focus of their training compared to runners. Although 

both athlete groups competed at a collegiate varsity level, differences exist in the priority 

of trunk motor control. For golfers, trunk motor control and position sense is very 

important for the performance of their sport, whereas this is not a high priority in runners.  

 

All participants completed the Baecke questionnaire for measurement of habitual 

physical activity. Both athlete groups demonstrated significantly greater levels of 

physical activity when compared to controls (Table 3.1). This was expected, as all 

athletes were current or former members of a collegiate varsity level team; whereas 

controls were participants who did not regularly participate in sports or physical activity. 

The group mean score for controls demonstrated a low to moderate level of physical 

activity, whereas the golfer and runner group means demonstrated a moderate to high 

level of physical activity. This questionnaire was effective at demonstrating the higher 

level of physical activity in our athlete groups compared to controls across the categories 

of work, sport, and leisure. However, limitations did exist with using this questionnaire. 

All participants in this study demonstrated low levels of physical activity during work, 

due to the sedentary nature of their occupation (majority students). Therefore, it was 

common to see similar results in the work score across all groups. Furthermore, the 

questionnaire attributes equal weighting across all three scores for work, sport, and 

leisure. Similar scores for leisure were demonstrated across all groups, as this score 

factored in lifestyle characteristics such as frequency of walking and frequency of time 

spent in front of a screen. Again, these frequencies were quite similar across all groups 
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due to the similarities of being a university student. Although athletes scored much higher 

than controls in the sport score, the equal weighting of all three scores did not reflect this 

large difference. Therefore, the Baecke questionnaire may not have been the best measure 

of physical activity for our specific populations. This questionnaire is better suited for 

measuring physical activity in a general population, not a specific subset of the 

population, such as university students. When comparing athletes to non-athletes, a 

questionnaire that place more emphasis on the type, frequency and intensity of sporting 

activities may be more appropriate.   

 

5.3 Maximum Isometric Trunk Strength 

In order to measure trunk extensor and trunk flexor strength, participants performed 

maximum trunk isometric strength tests. Our results demonstrated that golfers had 

significantly greater trunk extensor strength when compared to runners and controls 

(Table 4.1). Furthermore, golfers also demonstrated significantly greater trunk flexor 

strength when compared to controls. Additionally, controls demonstrated the least 

amount of trunk extensor and trunk flexor strength across all groups, which was to be 

expected.  

 

Keller and colleagues (2000) found healthy adults to have mean maximum extensor 

strength of 140 Nm, which is a similar value to what was demonstrated in our control 

participants (129 Nm). Baur and colleagues (2010) determined healthy adults to have 

mean maximum flexor strength of 100 Nm, again similar to the results found in our 

control participants (93 Nm). Previous studies have shown that adult elite athletes have a 
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trunk strength capacity between 150 and 240 Nm for trunk flexion and between 200 and 

450 Nm for trunk extension (Baur et al., 2010; Helge & Kanstrup, 2002; McGregor et al., 

2004; Iwai et al., 2008). These results are similar to golfers in our study, as golfers 

demonstrated 153 Nm for flexion and 212 Nm for extensor strength. McGregor et al. 

(2004) calculated a maximum peak moment and normalized to body mass in elite rowers. 

The results found by McGregor and colleagues were similar to those in our study, as 

trunk extensor strength was approximately 1 Nm/kg body mass greater than trunk flexor 

strength in both studies. Furthermore, the differences in trunk extensor and trunk flexor 

strength values across the literature can be due to the difference in isometric strength 

measurement techniques, as most studies use an isokinetic dynamometer machine, such 

as a BiodexTM, designed specifically for these purposes. When using this experimental 

setup, the participant is positioned in an upright seated posture. However, during our 

study, the participants were lying prone or supine on a chiropractic bench. The position of 

the spine can greatly affect trunk strength. Although the values in our study were in 

general lower than those reported in previous literature, the apparatus and technique used 

was the same for all participants, therefore the between group comparisons are reliable.  

  

Ezechieli and colleagues (2013) found that triathletes had the poorest trunk extensor and 

trunk flexor strength among the athlete groups that they tested (soccer players, volleyball 

players, and triathletes). They commented that running, cycling, and swimming are not 

activities where the trunk muscles are loaded to maximum efforts. Long distance athletes 

train for stamina and endurance, but not for maximum strength (Konrad et al., 2004). 

Schmid and colleagues (2002) found that long distance running events with distances 
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over 40 km did not adequately train the trunk stabilizing muscles. This is reflected in the 

fact that runners and controls in our study did not have significant differences in trunk 

strength. When running, the trunk muscles would be active at low levels over a long 

period of time, precluding large increases in strength. Runners who participated in our 

study stated that they participated in core strengthening exercises with their team on 

average two to three times per week in addition to their endurance training. These 

exercises were most commonly isometric and body weight exercises designed to 

strengthen the core. Although these long distance runners participated in these exercises, 

it was not a priority in their training compared to the amount of time spent performing 

cardiovascular endurance exercises. 

 

Lindsay and Horton (2006) found that golfers often demonstrate good isometric strength 

and poor endurance at the same time. When complex, repeated rotational movements are 

required, such as in golf, the movements created by the spine must combine strength and 

endurance of the hip and trunk (Donatelli et al., 2012). Watkins and colleagues (1996) 

found that the ability to stabilize and control the response of the trunk and hip muscles is 

essential for maximum power and accuracy in golfers. In the sport of golf, this dynamic 

spinal stabilization must be maintained over the course of many swings throughout a 

round of golf. When the training backgrounds of the golfers in this study were 

investigated, it was determined that they participated in weight training exercises three to 

four times per week. These exercises included lower body and upper body strengthening; 

however, core isometric exercises were most commonly noted. It is recognized that trunk 
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strength and endurance is critical to protection of the spine in golf and more emphasis 

was placed on this training in our population of golfers compared to runners. 

 

5.4 Lumbar Spine Range of Motion 

Active lumbar spine range of motion was measured across all participants. Golfers 

demonstrated significantly greater spine flexion compared to both runners and controls 

(Table 4.2). Runners and golfers demonstrated significantly greater spine extension 

compared to controls (Table 4.2). No significant differences between groups were 

observed in lateral bend or axial twist (Table 4.2). The values found in our study were 

comparable to those in previous literature (Bible et al., 2010; Taylor et al., 1980; Sullivan 

et al., 1994). There are large amounts of inter-subject variability, as the standard 

deviations within each study are large. Overall, there is variability in spine range of 

motion between difference studies. This can be due to location of measurement, 

equipment and measurement techniques, and instruction to participants. 

 

5.5 Seated Trunk Postural Control  

In this study, a seated trunk postural control task was used as a measure of trunk balance 

and postural control. This task requires appropriate neuromuscular control and the 

integration of trunk proprioceptive cues in order to maintain balance while in an upright 

seated posture. When assessing trunk postural control, this task is more appropriate than 

standing balance, as the lower limbs are not involved in the maintenance of balance. 

Several outcomes measures have been used in previous literature to quantify postural 

control; however CoP displacement is one of the most common outcome measures found 
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in current literature (van Dieen et al., 2010). Results of this thesis demonstrated that both 

athlete groups exhibit smaller CoP displacement range when performing the seated trunk 

postural control task compared to controls (Figure 4.3.1). As determined in previous 

literature, this outcome measure suggests that athletes demonstrated greater postural 

control compared to a control group of non-athletes (van Dieen et al., 2010). Athletes 

require precise control of their centre of mass within their base of support in order to 

maintain trunk balance. Insufficient trunk balance during the performance of a sport can 

decrease an athlete’s ability to create controlled movements of the limbs. Root mean 

square (RMS) displacement is also a common outcome measure in studies using unstable 

sitting to measure postural control. Our results showed that both athlete groups had lower 

RMS values compared to controls (Figure 4.3.2). RMS provides a weighted average, as 

large displacement values are weighted more heavily than smaller values. This is 

different than an average because all values are squared, which prevents positive and 

negative values from being cancelled out. However, the trends demonstrated in RMS 

were similar to those in CoP displacement, as athletes had smaller values compared to 

controls. This provides further evidence that athletes exhibit greater trunk postural control 

compared to non-athletic controls. 

 

Force plate outcome measures for seated balance were calculated in two ways in this 

study. The average over all five trials was calculated for each outcome measure. In 

addition, the final trial was assessed on its own in order to account for any learning 

potential effects demonstrated while completing the seated postural control task. When 

comparing CoP velocity range, significant between group differences were observed in 
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the anterior posterior direction when comparing all five trials (4.3.3). Golfers and runners 

demonstrated significantly less CoP velocity range than controls. No statistical 

significance was found in the medial lateral direction when comparing across all trials. 

However, statistical significance was not observed in either direction when comparing 

only the final trial. This could be due to a learning effect, so that as participants increased 

their exposure to the task, the difference in velocity between groups was diminished. The 

radius of curvature of the balance board in our study was 10 cm, which is much smaller 

than was has been used in previous studies. This resulted in our seated balance task being 

much more challenging compared to those in previous literature using a similar 

experimental setup. As a result, this caused participants to move at higher velocities. It is 

possible that due to this challenge, all participants performed the task at similar 

velocities, but differences in performance were found in the CoP displacement and RMS 

values. 

 

Athletes demonstrated shorter cumulative path length and less path length velocity over 

the duration of the entire task. Golfers and runners demonstrated significantly shorter 

path length compared to controls (Figure 4.3.4). Similarly, both athlete groups 

demonstrated significantly less path length velocity compared to controls (Figure 4.3.5). 

Unlike displacement ranges or CoP excursions, which represent the most unstable 

instances of the trial, cumulative path length provides insight to the cumulative amount of 

displacement over the duration of the entire trial. Displacement ranges can be skewed by 

one event where the participant began to lose balance, but maintained an overall steady 

state during the trial. This can create results that look similar to a participant who 
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demonstrated poorer balance, as the most unstable instances are included in this range. 

Cumulative path length better represents the events that occur over the entire trial. Since 

both athlete groups have smaller cumulative path lengths and less path length velocity, 

this provides further evidence of greater postural control and trunk balance (van Dieen et 

al., 2010).  

 

5.6 Sudden Trunk Loading Perturbations 

 

5.6.1 Muscle Activation Timing 

EMG was used to measure muscle activation onset time in response to the various sudden 

trunk loading perturbation conditions. This measure gives insight into muscle response 

times and how quickly a participant can reflexively react to a perturbation. Since the 

frequency of activation was not high in the anterior trunk muscles for anterior 

perturbations and the posterior trunk muscles for posterior perturbations, these activation 

onset data were not included in statistical tests.  

 

During anterior perturbations, golfers demonstrated significantly faster muscle activation 

onset in the RTES and LLES compared to controls (Figure 4.4.5). Additionally, golfers 

demonstrated significantly faster activation in the RLES compared to runners. There was 

a consistent trend across all posterior muscles, as golfers demonstrated faster muscle 

activation compared to runners and controls. Furthermore, with the exception of RLES, 

runners demonstrated faster muscle onsets in the posterior muscles compared to controls. 

This suggests that athletes have faster muscle activations in posterior trunk muscles in 
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response to anterior perturbations, with golfers demonstrating the fastest muscle 

activation. A similar trend was observed in the anterior twist perturbations. Golfers 

demonstrated significantly faster muscle activation in all posterior trunk muscles 

compared to controls. Additionally, runners demonstrated significantly faster muscle 

activation compared to controls in all posterior trunk muscles, with the exception of the 

RLES (Figure 4.4.6). Although not statistically significant, runners demonstrated faster 

muscle onsets in the RTES and LTES compared to golfers, while golfers demonstrated 

faster muscles onsets in the RLES and LLES compared to runners. This could be due to 

the dependency on the lumbar erector spinae activation during the golf swing compared 

to other athletes. Golfers rely on the strong musculature of the lumbar spine in order to 

generate power, whereas runners use this same muscle to maintain upright posture. This 

could lead to the differences demonstrated in muscle activation onset in the thoracic and 

lumbar erector spinae between runners and golfers. 

 

During posterior perturbations, significant differences in muscle activation were only 

demonstrated in the RIO. Both golfers and runners demonstrated significantly faster 

muscle activations compared to controls (Figure 4.4.7). However, in all anterior trunk 

muscles there was a consistent trend, in which both athlete groups responded faster to 

posterior perturbations compared to controls. Posterior twist perturbations yielded similar 

trends to the posterior perturbations. Both golfers and runners demonstrated significantly 

faster muscle activation in all anterior trunk muscles when compared to controls (Figure 

4.4.8).  
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Across all perturbation conditions, both athlete groups demonstrated faster muscle 

activation onsets to perturbations compared to controls. This ability to create an 

appropriate muscle response more quickly may have been the reason for less spine 

displacement compared to controls. If a muscle can reflexively respond faster, this means 

it can stop the movement faster in the direction of perturbation, providing the amplitude 

of muscle activation is large enough. This response would then result in less spine 

displacement. The ability to respond quickly to perturbations is essential for athletes. 

Athletes must be able adapt to changes in their environment in order to produce an 

appropriate muscle response. These results coincide with those found in previous 

literature (Borghuis et al., 2011). The ability for athletes to have superior neuromuscular 

control compared to non-athletes is also essential to prevent injury. The difference 

between the muscle activation onset time between athletes and controls may seem small, 

typically around 40 ms difference. However, this difference in muscle activation can be 

the difference between sustaining an injury or not, in addition to the successful or 

unsuccessful performance of a task in their sport.  

 

5.6.2 Muscle Amplitude Responses 

In addition to muscle activation onsets, muscle amplitudes in response to sudden trunk 

loading perturbations were calculated. Both golfers and runners demonstrated 

significantly greater peak muscle amplitude in the RLES during anterior perturbations 

compared to controls (Figure 4.4.9). During anterior twist perturbations, statistical 

significance was demonstrated in only the LLES, as golfers and runners demonstrated 

greater muscle amplitude compared to controls (Figure 4.4.10). However, both golfers 
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and runners demonstrated greater muscle amplitude in all posterior trunk muscles 

compared to controls, despite no statistical significance.  

 

Posterior perturbations resulted in statistical significance in the RIO and LIO, as both 

runners and golfers demonstrated greater muscle amplitudes compared to controls (Figure 

4.4.11). During posterior twist perturbations, both golfers and runners demonstrated 

greater muscle amplitudes compared to controls in the REO (Figure 4.4.12). Overall, 

athletes demonstrated greater peak muscle amplitude in the anterior and posterior trunk 

muscles in response to perturbations, however this difference was small. This suggests 

that the difference in neuromuscular response resulting in differences in spine motion 

between groups was likely not due to differences in the amplitude of the response, but the 

timing of the muscle activation.  

 

It was hypothesized that athletes would respond to sudden trunk loading perturbations 

with lower muscle amplitudes than non-athletic controls. However, this hypothesis was 

rejected, as athletes responded with greater muscle amplitudes than controls. Responding 

with faster muscle activation and greater the amplitude will cease further movement from 

the perturbation. Therefore, athletes used this strategy in order to minimize the amount of 

lumbar spine displacement as a result of the perturbation.  

 

In order to provide insight into levels of co-contraction, baseline pre-perturbation 

amplitudes were calculated. The muscle activation level before the onset of each 

perturbation was compared between groups. No significant differences were observed 
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between groups in any of the perturbation conditions. The level of muscle activation at 

baseline was small, in a range of 0% - 5% MVIC. Participants were instructed to remain 

relaxed prior to the perturbation and to not actively contract any musculature in 

anticipation of the perturbation. However, low levels of muscle activity were present in 

all groups before the onset of perturbations. Since the level of muscle activity was low, it 

could be suggested that this was not a co-contraction strategy, but used to maintain 

upright sitting posture. Furthermore, there was no difference between groups in baseline 

muscle activity before the perturbation, suggesting even if an amount of low level co-

contraction was present, this was the same in all groups. 

 

5.6.3 Muscle Activation Frequency 

During sudden trunk loading perturbations, EMG was recorded bilaterally from two 

anterior trunk muscles (EO and IO) and two posterior trunk muscles (TES, LES). These 

muscles responded very differently depending on the direction of the perturbation (Table 

4.3). Posterior muscles were active in all participants in response to the anterior 

perturbation. The role of the erector spinae is to extend the spine; therefore for an anterior 

perturbation, the participant would activate the antagonist muscles to maintain 

equilibrium in response to a sudden anterior movement. If the posterior trunk muscles 

were not activated, the participant would continue to move in the direction of the 

perturbation and not regain balance.  

 

Similar to the anterior perturbations, the TES and LES were activated in all trials across 

all participants during the anterior twist perturbations. These posterior trunk muscles 

serve as antagonists to anterior twist movement; therefore, this was expected. The 
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anterior twist perturbation differs from the anterior perturbation, as it resulted in spine 

flexion, lateral bend and axial twist. Although this difference exists, the posterior trunk 

muscles still needed to activate in order to respond to the anterior movement. The 

difference in this perturbation lies in the activation timing and amplitude of the posterior 

trunk muscles. Unlike the directionality associated with asymmetrical muscle groups 

(such as the left versus right external oblique), the left and right erector spinae perform 

the same primary movement. Both the left and right erector spinae would activate in 

response to the anterior twist perturbation, but the onset time may differ between them 

due to the stretch reflex response. Results demonstrate that during an anterior twist 

perturbation to the right, the right TES and right LES activate before the left in each 

group. This can be due to the right erector spinae being stretched more than the left in this 

perturbation, and the faster monosynaptic stretch reflex being activated.  

 

The posterior perturbation resulted in spine extension, therefore anterior trunk muscles 

need to be activated in order to regain balance and prevent excessive extension. This 

occurred in all participants across all trials, as the external oblique and internal oblique 

muscles were activated. Since these muscles do have a role in trunk flexion, it was 

expected for these muscles to activate during a posterior perturbation. If EMG were 

recorded from the rectus abdominis muscles, it would be expected that this muscle group 

would be activated as well, as it serves as to create flexion of the lumbar spine. Following 

a similar trend to the posterior perturbations, the anterior trunk muscles were activated in 

all participants across all posterior twist perturbation trials. Since the external oblique and 

internal oblique are responsible for trunk rotation and lateral bend, they were expected to 
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activate in the posterior twist perturbations as well. Results demonstrate that during a 

posterior twist perturbation to the right, the right EO and left IO activate before the left 

EO and right IO in each group. When the right EO and left IO contract, this causes trunk 

flexion and left axial twist. This movement is the opposite of the perturbation; therefore 

these muscles need to contract to cease further movement in the direction of the 

perturbation. The right EO and left IO contract due to the stretch reflex in response to the 

perturbation, resulting in the muscle activation onsets being faster than their counterparts.  

 

A subset of the participants in each of the groups activated agonistic muscles, as well as 

antagonistic in response to the different perturbation conditions. This is suggestive of a 

co-contraction strategy when responding to perturbations. Co-contraction of the trunk 

muscles can increase spinal stiffness, which can result in an increase in spine stability. 

This increase in spine stiffness will likely result in a decreased trunk displacement in 

response to perturbations. However, this was not demonstrated in all participants. 

Therefore, it cannot be conclusively stated that athletes or controls performed a co-

contraction strategy to increase spine stiffness. In the other portion of the participants 

where the activation of agonist muscles was not present, a reciprocal activation strategy 

may have been used. This would result in only the antagonist muscles being activated in 

response to the direction of perturbation. This strategy can bee seen as more efficient, as 

only the muscles necessary to arrest further movement in response to the perturbation are 

activated.  
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5.6.4 Postural Response to Perturbations 

Sudden trunk loading perturbations were completed in four different directions in order to 

elicit movements that would challenge different muscle groups. Anterior perturbations 

created primarily spine flexion, while anterior twist perturbations created spine flexion 

coupled with lateral bend and axial twist. Posterior perturbations resulted in primarily 

spine extension, whereas posterior twist perturbations created spine extension coupled 

with lateral bend and axial twist.  

 

Golfers exhibited significantly less spine flexion as a result of anterior perturbations 

compared to both runners and controls (Figure 4.4.1). No significant differences were 

observed in lateral bend and axial twist. This was expected since the perturbation was 

meant to elicit movements in the sagittal plane. During anterior twist perturbations, no 

significant differences between groups were seen in spine flexion. However, both golfers 

and runners demonstrated significantly less left lateral bend and right axial twist 

compared to controls (Figure 4.4.2). Although flexion was exhibited during this 

perturbation, the objective was to elicit movements in all three planes of movement. 

Therefore, it was expected to see increases in lateral bend and axial twist during the 

anterior twist perturbation when compared to the anterior perturbation. These results are 

consistent with Thomas et al. (1998), in which it demonstrated that anterior asymmetric 

perturbations increased lateral bend and axial twist, but resulted in reduced flexion 

relative to anterior symmetrically perturbations.  
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Posterior perturbations created primarily spine extension, with minimal lateral bend and 

axial twist in all groups (<1°). Golfers and runners demonstrated significantly less spine 

extension compared to controls (Figure 4.4.3). There were no significant differences 

between groups in lateral bend or axial twist. Similar to anterior perturbations, this was 

expected, as the perturbation was not intended to elicit movements about the frontal or 

transverse planes. When comparing posterior twist perturbations, there were no 

statistically significant differences among groups in spine extension or lateral bend. The 

primary response to the posterior twist perturbation was axial twist, with runners and 

golfers demonstrating significantly less right axial twist compared to controls (Figure 

4.4.4).  

 

Across all perturbation conditions, athletes responded to perturbations with less spine 

displacement in the primary direction of movement compared to controls. Overall, less 

spine displacement in response to a perturbation could be due to faster muscle activation 

onset and adequate muscle amplitude responses in order to cease further movement as a 

result of the perturbation. Less spine displacement compared to controls was found in 

both athlete groups, suggesting their ability to activate trunk musculature faster and with 

adequate amplitude is the reason for less spine movement as a result of the sudden trunk 

loading perturbation. 

 

5.6.5 Integrated Response 

Compared to controls, athletes demonstrated several differences when responding to 

sudden trunk loading perturbations. First, athletes were able to respond to perturbations 
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with faster muscle activation. Athletes also demonstrated greater peak muscle amplitudes 

in response to perturbations compared to controls. Finally, athletes showed less spine 

displacement in the primary directions of movement when responding to different 

perturbation conditions.  

 

However, not all athletes demonstrated agonistic muscle activation in response to these 

perturbations. It is therefore likely the many of the athletes demonstrated a reciprocal 

activation pattern, where only the antagonist muscles were activated. This strategy can be 

seen as more efficient, as only the muscles necessary to maintain balance are activated. 

Conversely, some participants in the control group also demonstrated this strategy. This 

means that within each group, some participants may have adopted a co-contraction 

strategy, while others adopted a reciprocal muscle activation strategy. It is suggested that 

the difference demonstrated between athletes and non-athletes is found in the onset 

timing of muscle activation. Athletes consistently have faster muscle activation patterns 

than non-athletes, which could be the reason for less spine displacement. If the 

antagonistic muscles activated faster, this would result in less spine displacement, as 

these muscles would halt further movement in the direction of perturbation. This suggests 

that athletes demonstrated greater neuromuscular control, as they are able to respond to 

perturbations faster and with less displacement than non-athletes.   
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5.7 Active Trunk Repositioning  

 

5.7.1 Sagittal Trunk Repositioning 

Active trunk repositioning was completed in the sagittal direction, as participants were 

required to reposition to target angles. The repositioning error was measured using both 

absolute error and variable error. In previous studies in which the participant was in a 

sitting position and performed spine flexion, healthy adults were found to have a mean 

absolute error between 2.6°-5.1° (O’Sullivan et al. 2003; Astfalck et al. 2013; Sheeran et 

al., 2012; Lam et al. 1999; Maffey-Ward et al., 1996). These values found in previous 

literature were similar to those demonstrated by our healthy controls. For target angle 

measures in the sagittal direction, golfers demonstrated significantly less absolute error 

and variable error when compared to both runners and controls (Figures 4.5.1 and 4.5.2).  

Potentially more importantly for the application to sport performance, golfers 

demonstrated less variable error than runners and controls. During the golf swing, proper 

position of the trunk in the sagittal plane is essential. If a golfer adopts a posture that is 

too flexed, this can result in the player hitting the club head into the ground. Conversely, 

if a golfer adopts a posture that is not flexed enough, this can result in the player hitting 

the top of the ball or missing completely. Furthermore, the placement of the ball can vary 

in elevation, which requires the golfer to be able to adapt to his/her environment. 

Therefore, it is essential for each individual player to know the trunk position throughout 

the entire golf swing to result in the ball being struck in the centre. The more accurately 

the player can sense this optimal position, the more often the correct shot can be made. 

Therefore, minimal variability in trunk position sense is required for golfers. However, 
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runners do no require this precise sense of trunk position. During the performance of their 

sport, runners adopt a slightly flexed trunk position to keep their centre of mass forward 

in the direction of propulsion. However, runners remain primarily upright and do not 

train to be able to detect the position of their trunk, as their focus is on movement of the 

upper and lower limbs.  

 

When sagittal trunk repositioning trials were inspected individually for interactions with 

the different target angles, a more interesting trend was found. Golfers demonstrated 

significantly less absolute error when repositioned to 20° and 40° of trunk flexion 

compared to runners and golfers (Figure 4.4.1). Most interestingly, there were no 

significant differences between groups at 60° of trunk flexion. Although golfers did 

demonstrate the least amount of absolute error, it was not statistically significant when 

compared to runners or controls. During the golf swing, golfers adopt a slightly flexed 

trunk posture of approximately 30°. This position is maintained during the golf swing 

until after the point of impact with the ball, in which the spine begins to go into slight 

extension. Since golf is a repetitive sport, these athletes spend much of their training in 

this flexed posture. This could be why golfers are significantly better than runners and 

controls when repositioning to 20° and 40° of trunk flexion, yet not at a target angle of 

60°. Golfers are not required to go to their flexion end range of motion during their 

training. Therefore, the differences that were found at 20° and 40° of trunk flexion that 

were likely due to training are not found at 60°.  
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5.7.2 Axial Trunk Repositioning 

Axial trunk repositioning yielded similar results to those found in the sagittal trunk 

repositioning. Golfers demonstrated significantly less absolute error and variable error 

when repositioning to target angles compared to controls (Figure 4.5.4 and 4.5.5). The 

less error in repositioning to a target angle that was found in golfers is suggestive of 

greater proprioceptive abilities in the axial direction compared to runners and controls. 

Golfers have a greater ability to sense position in the transverse plane. The golf swing 

requires movement about the transverse plane during the rotation in the back swing, as 

well as during follow through. Since golfers are exposed to repetitive movement about 

this plane, it is possible for them to produce less error in repositioning tasks. 

Furthermore, golfers demonstrated less variable error compared to runners and controls. 

Golf is highly technical and the movement patterns need to occur with little variability. 

Therefore, minimal variability is essential for the accurate performance of their sport. 

However, runners minimize the amount of rotation about the transverse plane, as it can be 

inefficient when propelling forward. When compared to golfers, runners do not create the 

same repetitive movements about the transverse plane. Since runners are not exposed to 

training about the transverse plane and minimize that movement, they do not demonstrate 

the same proprioceptive abilities as golfers.  

 

Similar to sagittal repositioning, the more interesting trend exists when interactions with 

the individual target angles were examined. When participants performed axial 

repositioning, there were two different reference points, continuing to end range (similar 
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to sagittal repositioning) or returning to neutral before replicating the target angle. 

Golfers demonstrated less absolute error than both runners and controls when the 

reference point was at the end range of motion in both 20° and 40° of axial twist (Figure 

4.5.4). Golfers demonstrated less absolute error than controls when the reference point 

was at the neutral starting position at 30° of axial twist (Figure 4.5.3). Interestingly, 

golfers demonstrated less absolute error when they were closer to end ranges of motion. 

This could be attributed the precise sense of position that is required at the end of the 

backswing during golf. Golfers use this skill in order to change the distance a shot will be 

executed.  

 

When the target angle was close to neutral, a different trend was observed. At 10° of axial 

twist, there were no differences between groups (Figure 4.5.3). Interestingly, the 

magnitude of error was smaller in both runners and controls when neutral was used as a 

reference point. This suggests that perhaps these populations have better proprioceptive 

abilities when the movement is contained within a small range compared to near end 

range of motion. Additionally, when the target angle was set to 10° of axial twist, there 

was much less movement about the transverse plane compared to other target angles. 

 

When comparing across all target angles and reference points used in the axial 

repositioning, there is little difference in the magnitude of error in golfers. In other words, 

golfers performed equally well at all targets, while runners and controls performed better 

towards neutral (10°) compared to targets closer to their end-range. This greater 

proprioceptive ability at all different angles is essential for golfers. During the golf swing, 
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the movement goes through the entire range of motion about the transverse plane. It is 

critical for golfers to be able to detect their trunk position at various phases during the 

swing. Golfers will change the position of their body about this plane to alter shot 

distance, height, and velocity. Therefore, having the ability to detect these small changes 

in trunk position is essential to their success.    

 

5.8 Relationship between neuromuscular control, postural control, and proprioception 

In the LBP population, a relationship between neuromuscular control, postural control, 

and proprioception has been identified. When proprioceptive inputs are diminished, such 

as due to damage to soft tissue mechanoreceptors in a low back injury, there is an 

increase in postural sway during balance tasks and an increase in muscle response to 

perturbations (Radebold et al., 2001). Therefore, when proprioceptive information is 

decreased, the performance during balance tasks decreases, and there exists a poorer 

ability to respond to perturbations. Athletes demonstrated less seated postural sway, 

indicative of better trunk postural control, compared to controls. Furthermore, athletes 

responded to perturbations with faster muscle activation and less spine displacement than 

controls. Golfers demonstrated less absolute error during active trunk repositioning, 

suggestive of greater proprioceptive ability than runners and controls. This suggests a 

similar, but opposite, relationship in athletes compared to the relationship demonstrated 

in individuals with LBP. When proprioceptive abilities are increased, there in an increase 

in postural control and more appropriate muscle responses to perturbations than 

compared to controls. 
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Similar to the current LBP literature, the reason for this relationship is not conclusive. 

This relationship could be present in athletes for a number of reasons. First, the greater 

proprioceptive and balance abilities could be congenital. There is the potential that 

athletes naturally present these skills, which could be a reason why these individuals are 

athletes and what helps them to succeed at high level. Furthermore, athletes are highly 

trained and skilled individuals, and perhaps these abilities are learned through years of 

practice and training. Previous research has demonstrated that sport training, such as 

soccer, can improve reflex responses to perturbations in recreational controls (Pedersen et 

al., 2009). This suggests that improvements to these abilities can be learned and 

developed over time in any population. However, it is likely that athletes demonstrate a 

combination of natural abilities and developed abilities in order to reach high levels of 

success. Furthermore, athletes may exhibit these abilities due to precise neuromuscular 

control. Perhaps the reason for greater postural control compared to non-athletes is due to 

the precise and fine coordination they exhibit over the neuromuscular system. Again, 

athletes must be able to perform specific and detailed tasks, so perhaps they present a 

higher level of neuromuscular control due to their training and experiences.  

 

5.9 Limitations 

 

5.9.1 Heterogeneity of Participants 

Athletes who participated in this study were current and former members of collegiate 

varsity level teams. However, there were differences in level of training, experience, and 

competitiveness. A portion of the athletes had competed at the elite national level for 
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more than 3 years, while others had only begun their collegiate career and had less 

training and experience. This introduced heterogeneity in these populations, as 

differences existed in training backgrounds. This makes it difficult to determine at what 

level of training and experience do these differences in trunk motor control begin to 

plateau. For example, it could be possible that amateur level golfers still exhibit the same 

levels of proprioceptive ability as do elite golfers, since they both participate in golf. 

However, significant trends were observed in our measure of trunk motor control 

regardless of these potential differences. In order to determine the effect of training on 

these measures, participants at both the amateur and elite level in the same sport could be 

investigated.  

 

5.9.2 Perturbation Apparatus 

The apparatus used to elicit sudden trunk loading perturbations was custom made and 

was required to fit the constraints of the space of the laboratory used for data collection. 

The weight to create the perturbation was released manually by the same experimenter 

for each collection. This can introduce human error, as it is very difficult to replicate the 

same perturbation for each participant. Therefore, there is variability in the amount of 

force for each perturbation. In order to make each perturbation the same, previous 

researchers have used a magnet release apparatus or a sudden loading apparatus in order 

to remove the manual demand and make each perturbation the same. In our study, a force 

transducer was used to monitor the amount of force that resulted for each perturbation, 

which showed consistent forces across perturbations within each participant. 

Furthermore, the same experimenter used the same release technique for every 
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participant. This experimental setup elicited suitable sudden trunk loading perturbations 

that were appropriate for our research questions.  

 

5.9.3 Active Trunk Repositioning  

When performing axial trunk repositioning, participants were only tested by twisting to 

the right. This was done due to the limitations in camera volume in order to detect the 

rigid bodies. The meant that our results were only found for half of the range of motion in 

the axial direction, as the participants did not move through their entire range of motion 

in the transverse plane. A future suggestion would be to complete this task to both the left 

and right in order to detect if any asymmetries in proprioceptive ability are present. 

Additionally, two of the target angles had the participant move to their end range of 

motion, while the other two target angles had the participant move back to neutral. The 

angles used were different (20° and 40° for end range of motion, and 10° and 30° for 

neutral), which made comparison between these target angles difficult. In order to detect 

if participants demonstrated less error depending on reference point, the same angles 

would need to be used in these conditions.   

 

5.10 Recommendations for future research 

The completion of this research has created further questions and identified gaps within 

the literature that can be further examined. There is a lack of consensus in the literature 

for the reasons underlying the relationship between neuromuscular control, balance, and 

proprioception. It has not been determined whether changes in proprioception are 

responsible for alterations in neuromuscular control. This is true in regard to deficits in 
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proprioception, such as in LBP patients, or greater levels of proprioception, such as in 

athletes. It would be beneficial for future studies to attempt to determine this relationship. 

Although athletes have consistently demonstrated greater proprioceptive ability than 

healthy controls, the mechanisms that athletes use to increase proprioception have yet to 

be determined and this requires additional research.  

 

Future research should attempt to expand this research to multiple types of athletes, 

across different backgrounds of training and experience. However, these athletes should 

not be grouped together in order to reduce the heterogeneity that exists between athletes. 

In this way, the specific types of training that lead to the greatest improvement in 

neuromuscular control, balance and proprioception can be determined. This can provide 

insight into training strategies that can be developed to improve deficits in populations in 

which neuromuscular control, balance or proprioception are poor.  	  

 

5.11 Conclusions 

The purpose of this study was to determine if differences exist between athletes and non-

athletes in neuromuscular control, balance, and proprioceptive ability and if a relationship 

between these measures exists. Additionally, two athlete groups, one with (golfers) and 

one without (runners) trunk motor control and position sense as a priority, were examined 

for differences. Athletes performed the seated trunk control task with less movement and 

velocity. In response to sudden trunk loading perturbations, athletes reacted with faster 

muscle activation onsets and less spine displacement compared to controls. However, 

athletes also responded with greater muscle amplitudes than controls. Golfers 
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demonstrated less error in active trunk repositioning compared to both runners and 

controls, suggestive of greater trunk proprioceptive ability. These findings suggest there 

may be an interactive relationship between neuromuscular control, postural control, and 

proprioception in athletes. However, the mechanism by which this is achieved has yet to 

be determined. Increased proprioceptive abilities may be responsible for improved 

postural control, as well as more appropriate neuromuscular control.  This research 

demonstrated that differences exist between athlete and non-athletes and between athlete 

groups in measures of trunk motor control. Furthermore, this research showed that sport 

training could have an effect on improving trunk motor control, contributing to previous 

literature in this field. 	  
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APPENDIX A  

Consent Form 

 
 Page 1 

 
  
 
 
       

 
CONSENT TO PARTICIPATE IN RESEARCH 

 
Project Title: Comparison of trunk proprioceptive ability and trunk muscle responses 

to sudden trunk perturbations between athletes and non-athletes 
 
You are invited to participate in a research study conducted by Stephen Brown, PhD, and Grace 
Glofcheskie, BSc from the Department of Human Health and Nutritional Sciences at the University of 
Guelph. The results from this study will contribute to Grace Glofcheskie’s Master’s Thesis. This study 
has received funding from the Natural Sciences and Engineering Research Council (NSERC). 
 
If you have any questions or concerns about the research, please feel free to contact Stephen Brown, 519-
824-4120 ext. 53651 or shmbrown@uoguelph.ca 
 
 

PURPOSE OF THE STUDY 
  
During daily living, we are exposed to perturbations from our environment. An external perturbation is an 
unexpected force that causes the way we move to change. These perturbations have the potential to decrease 
balance and can lead to slips, trips and falls. To decrease the risk of injury, being able to quickly and accurately 
respond to these external perturbations is essential. Proprioception is the ability to be aware of our body 
positions relative to the rest of our body and our environment. This is important to maintain balance when 
responding to an external perturbation. Since athletes are more commonly exposed to perturbations during their 
training and performance of their sport, they are likely to respond to perturbations in a different way. The 
purpose of this research is to determine differences in muscle response time and balance that exist between male 
athletes and non-athletes during sudden trunk perturbations, as well as when performing a balance test and spine 
position matching test.  
 
If you volunteer to participate in this study, we will ask you to complete a general health questionnaire, a 
general physical activity questionnaire, a questionnaire detailing specifics of your physical activity, as 
well as the following procedures: 
 
 

RECORDING MUSCLE ACTIVITY  
 
Electromyography (EMG) is a non-invasive procedure used to measure muscle activity from the surface of the 
skin. When recording EMG, electrode stickers are placed over the thickest section of the muscle that is being 
recorded. When the muscle contracts, the electrical activity of that muscle is recorded by these electrodes. 
 
In this study we are interested in the activity of the back and abdominal muscles. We will place ten pairs of 
disposable electrode stickers over the skin of two levels of erector spinae back muscles (middle and lower) on 
both sides of the middle of the back. Electrodes will also be placed over the external oblique and internal 
oblique on both sides of the abdomen. The figure below displays the approximate configuration of the 
electrodes, indicated by blue dots. In order to improve electrode/skin contact, we may have to shave any excess 
hair over these areas, using a new disposable razor. 
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RECORDING SPINE ANGLE   

 
We will place (using double sided tape) two rigid foam fins on the skin surface along the midline of your spine 
at the middle and lower spine levels.  These will used to record motion of the lumbar spine; a camera will be 
used that only detects motion of the infra-red markers (no video or pictures are taken). This is displayed in the 
figure above by the black rectangles.  

 
 

GENERAL PROCEDURE  
 

You will first perform a trunk extensor and trunk flexor strength test. You will be lying on a chiropractic bench 
and will wear a fitted vest, which will be attached to the trunk strength testing apparatus. You will be asked to 
extend your trunk to your maximum strength, while resistance is provided. This will be repeated in trunk 
flexion. There will be a spotter present at all times during the procedure. Next, you will be asked to complete 
maximum voluntary contractions of your back muscles. You will lie on your stomach on a chiropractic bench. 
Your torso will extend off the end of the bench and will be supported through your hands on a stool beneath. 
Your legs will be supported by an experimenter, while another experimenter will use his/her hands to resist 
upward motion of the torso about the hips (back extension) as you slowly increase effort to maximum, as 
demonstrated in the figure below. During this procedure, electrical activity of the muscles will be recorded 
using EMG. This procedure will be repeated three times. 
 
You will sit on a balance board that is placed over a force plate on top of a table, with your feet and lower legs 
hanging off the edge of the table. You will be asked to place your arms across your chest and maintain balance 
on the balance board for one minute. This task will be repeated three times. If you feel that you can no longer 
maintain balance, you will be allowed to put your hands down to regain balance, or reach for the spotter for 
support.  
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You will lie on the chiropractic bench in a bent-knee sit up posture with your feet restrained by another 
experimenter. You will place your hands behind your head and lift your trunk to form in a sit up position, as 
demonstrated in the figure below. One experimenter will support your feet, while another experimenter will 
provide resistance to your shoulders while you create a maximal effort to sit up. This procedure will be repeated 
three times. 
 
  

                          
 
 
Next, you will perform full range of motion of the trunk. You will be asked to stand in a comfortable neutral 
width stance and go to your end range of motion (as far as you can without any pain) for each of the following 
positions: full trunk flexion and extension, lateral bend to the left and right, and axial twist to the left and right 
(as shown in the figures below). EMG and kinematic data will be recorded during each of these trials. Each of 
these trials will be repeated three times. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

EMG Recording 
Motion Recording 

Force Plate 
Balance Board 

Table 
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Next, you will wear a fitted vest and sit in a kneeling chair in order to perform sudden trunk loading. You will 
be asked to place your arms across your chest and close your eyes. A weight will be dropped from a height of 5 
cm to create the perturbation. You will be asked to maintain balance and return to your starting neutral posture 
as quickly as possible. The chair will be rotated so that the perturbation comes from different directions. The 
perturbations will be completed in a random order, for a total of 12 perturbations.   

                                               
 
 
You will perform a position matching task while seated in a kneeling chair. With your eyes closed, you will be 
provided with verbal feedback to guide you to a position of a specific amount of trunk flexion. You will then 
move to full trunk flexion, and then be asked to return to the previous position, without any feedback. You will 
complete this nine times. Next, you will perform a position matching task while seated on a stool. With your 
eyes closed, you will be provided with verbal feedback to guide you to a position of a specific amount of trunk 
rotation. You will then move to full trunk rotation or back to neutral, and then be asked to return to the previous 
position, without any feedback. You will complete this twelve times.  
 

                                                          
The EMG electrodes and rigid foam bodies will be removed after all of the data has been collected. Your skin 
will be cleaned with rubbing alcohol wipes.  
 
 

Harness 

EMG Recording Motion Recording 

5 cm 

Pulley 

Wall 

EMG Recording Motion Recording 
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Overall, the entire protocol should take approximately 2 hours. 
 
The researchers wish to be inclusive in their recruitment process. This project requires: 
 

• Interaction one on one with a female/male technician/researcher 
• Participant removal of articles of clothing (shirt) 

 
If for any reason you feel uncomfortable taking part, please let us know and we can discuss potential 
accommodations to address your concerns. 
 
If you would like a feedback letter detailing the results of the study this will be emailed to you at the completion 
of the study, and you may provide your email on the final page of this form. 
 
  
 POTENTIAL RISKS AND DISCOMFORTS 
 
Some participants have a risk of developing a small rash where the electrodes are placed. We will wash off the 
glue with rubbing alcohol after the procedure and in our experience any rash or redness has always disappeared 
within a day. 
 
During the maximal voluntary isometric contractions, there is a risk of feelings of muscular soreness and 
discomfort for the next 24 hours. However, these types of contractions are routine in biomechanical studies and 
pose no further risk than an individual would experience at a gym-based training setting.  
 
The range of motion trials and trunk position matching test will cause you to go to your full range of motion in 
different directions, however this should not pose you any serious discomfort. There is a small risk of 
intervertebral disc (back) injury associated with the forward bending trials. The movements involved in this 
study poses you no further risk than you would experience in a routine stretching setting. If you suffer a disc 
injury, or any low back discomfort, from participating in this study use the contact information below 
immediately and you will be directed to the proper medical professionals.  
 
This study requires you to balance on a seated balance board above the ground. During this time, an investigator 
will always be spotting you by standing at your side. It also requires you to respond to unexpected 
perturbations, while have the potential to cause you to lose balance. An investigator will always be present 
during this time.  
 
If a disc injury or muscle strain occurs, management includes at-home treatment options. Non-steroidal anti 
inflammatory drugs (NSAIDS), such as aspirin or ibuprofen, can be taken to reduce pain. It is important to rest 
the strained muscle or area of injury and avoid the activities that cause pain. Ice is a very effective anti 
inflammatory and pain reliever. Small ice packs applied to the area for 20 minutes every hour while awake may 
help decrease inflammation. 
 
We will email you 24 hours after you complete your testing in the lab to inquire whether or not you are 
experiencing any of these symptoms. 
 
If you should experience any unusual level of discomfort, please immediately contact Dr. Stephen Brown via 
phone (519-824-4120 ext. 53651) or email (shmbrown@uoguelph.ca) and a physician.  
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 POTENTIAL BENEFITS TO PARTICIPANTS AND/OR TO SOCIETY 
 
You will not receive any direct tangible benefits from this study.  
 
This research will help us increase the understanding of the difference between athletes and non-athletes in 
terms of trunk muscle response time, balance and proprioception. The results of this research have the potential 
to guide training strategies for trunk musculature to improve response time to external perturbations. 
 
 
 PAYMENT FOR PARTICIPATION 
 
There will be no financial compensation for your participation in this study.  
 
 
 CONFIDENTIALITY 
 
Every effort will be made to ensure confidentiality of any identifying information that is obtained in 
connection with this study. 
 
Your name will be replaced with an ID code that will be used throughout the project, including during data 
analysis and presentation. Dr. Stephen Brown and Grace Glofcheskie will be the only people with access to 
identified information. Identifying information will be stored in a secure location (locked filing cabinet) for a 
period of two years after the completion of the study. 
 
All data recording and written records will be stored in a secure laboratory area and on computers locked with 
passwords for a period of at least two years after the completion of the study. Identified data will not be 
distributed to any other party. 
 
 
 PARTICIPATION AND WITHDRAWAL 
 
You can choose whether to be in this study or not.  If you volunteer to be in this study, you may withdraw 
at any time without consequences of any kind.  You may exercise the option of removing your data from 
the study.  You may also refuse to answer any questions you don’t want to answer and still remain in the 
study.  The investigator may withdraw you from this research if circumstances arise that warrant doing 
so. 
 
 
 RIGHTS OF RESEARCH PARTICIPANTS 
 
You may withdraw your consent at any time and discontinue participation without penalty.  You are not 
waiving any legal claims, rights or remedies because of your participation in this research study.  This 
study has been reviewed and received ethics clearance through the University of Guelph Research Ethics 
Board.   If you have questions regarding your rights as a research participant, contact: 
 
 Director Research Ethics                              Telephone: (519) 824-4120, ext. 56606 
              University of Guelph        E-mail: sauld@uoguelph.ca 
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 SIGNATURE OF RESEARCH PARTICIPANT 
 
I have read the information provided for the study “Comparison of characteristics of trunk muscle 
activation patterns as a result of postural perturbations and proprioceptive ability between male athletes 
and non-athletes” as described herein.  My questions have been answered to my satisfaction, and I agree 
to participate in this study.  I have been given a copy of this form. 
 
 
 
 ______________________________________       ____________________________________   

Name of Participant (please print)             Email (If you would like to receive a summary of  
     the research findings) 

 
  
 
 ______________________________________   ________________________ 
 Signature of Participant      Date 
 
 
 
 SIGNATURE OF WITNESS 
 
 
 
 ______________________________________ 
 Name of Witness (please print) 
 
 
 
 
 ______________________________________   _________________________ 
 Signature of Witness                    Date 
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General Health Questionnaire for screening potential participants

 

 

 

Height: ___________________  Participant Number: ________________ 

Weight: ___________________                                                                                     Collection Date: ________________ 

Age: _____________________ 

 
COMPARISON OF TRUNK PROPRIOCEPTIVE ABILITY AND 

TRUNK MUSCLE RESPONSES TO POSTURAL PERTURBATIONS 
BETWEEN MALE ATHLETES AND NON-ATHLETES 

 
General Health Questionnaire 

 
1. Have you ever experienced pain in the low back region that has caused you to miss school, work or any regular 

activity? Do you suffer from any low back issues, such as morning stiffness in your low back region, or any 
issues that you have not received treatment for? (Yes or no; if yes please describe) (exclusionary)  

 
 
 

 
 

2. Have you ever received medical treatment (from a physician, physiotherapist, chiropractor or any health care 
provider) relating to your low back region? (Yes or no; if yes please describe) (exclusionary) 

 
 
 
 

3. Do you have any musculoskeletal or neuromuscular disorders? (Yes or no; if yes please describe) (exclusionary) 
 
 

 
 
 

 
4. Have you ever experienced skin sensitivity or an allergic reaction to adhesives? (Yes or no; if yes please 

describe) (exclusionary) 
 
 
 

 
 

5. Have you ever sought medical treatment relating to a skin condition? (Yes or no; if yes please describe) 
(exclusionary) 
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Athlete Activity Questionnaire for long distance runners and golfers 

Participant Number: ________________ 
Collection Date: ____________________ 

 
 

COMPARISON OF TRUNK PROPRIOCEPTIVE ABILITY AND 
TRUNK MUSCLE RESPONSES TO POSTURAL PERTURBATIONS 

BETWEEN MALE ATHLETES AND NON-ATHLETES 
 

Athlete Activity Questionnaire 
 

1. How many hours per week do you perform your sport? (eg. games, races) 
 
 
 

2. How many hours per week do you train for your sport? (eg. team practices, individual 
training) 

 
 
 

3. How long have you played your sport? 
 
 
 

4. At what level do you play your sport? How long have you played your sport at this level? 
Please describe (eg. varsity, provincial, national competition) 

 
 
 
 

5. How long have you received coaching for your sport? Please describe. 
 
 
 
 
 

6. Describe the type of training you complete for you sport in as much detail as possible. 
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The Questionnaire of Baecke et al (1982) for Measurement of a Person’s Habitual 
Physical Activity: 

  

The Questionnaire of Baecke et al for Measurement of a Person's Habitual Physical Activity 

Overview: 

Baecke et al developed a questionnaire for evaluating a person's physical activity and separating it into three 
distinct dimensions. The authors were from the Netherlands. 

Indices for physical activity: 

(1) work activity 

(2) sports activity 

(3) leisure activity 

Work Index 

Question Response Points 

What is your main occupation? low activity 1 

  moderate activity 3 

  high activity 5 

At work I sit never 1 

  seldom 2 

  sometimes 3 

  often 4 

  always 5 

At work I stand never 1 

  seldom 2 

  sometimes 3 

  often 4 

  always 5 

At work I walk never 1 

  seldom 2 

  sometimes 3 

  often 4 

  always 5 
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At work I lift heavy loads never 1 

  seldom 2 

  sometimes 3 

  often 4 

  always 5 

After working I am tired very often 5 

  often 4 

  sometimes 3 

  seldom 2 

  never 1 

At work I sweat very often 5 

  often 4 

  sometimes 3 

  seldom 2 

  never 1 

In comparison of others of my own age I think my 

work is physically 

much heavier 5 

  heavier 4 

  as heavy 3 

  lighter 2 

  much lighter 1 

where: • The work activity is according to the Netherlands Nutrition Council with (1) low activity including 

clerical work driving shopkeeping teaching studying housework medical practice and occupations requiring a 

university education; (2) middle activity including factory work plumbing carpentry and farming; (3) high 

activity includes dock work construction work and professional sport. 

work index = ((6 – (points for sitting)) + SUM(points for the other 7 parameters)) / 8 
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Sport Index 

Question Response Points 

Do you play sports? yes then calculate sport score (see below) 

  • sport score >= 12 5 

  • sport score 8 to < 12 4 

  • sport score 4 to < 8 3 

  • sport score 0.01 to < 4 2 

  • sport score = 0 1 

  No 1 

In comparison with others of my own 
age I think my physical activity during 
leisure time is 

much more 5 

  More 4 

  the same 3 

  Less 2 

  much less 1 

During leisure time I sweat very often 5 

  Often 4 

  sometimes 3 

  Seldom 2 

  Never 1 

During leisure time I play sport Never 1 

  Seldom 2 

  sometimes 3 

  Often 4 

  very often 5 
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Data on Most Frequently Played Sport Finding Value 

What sport do yo play most frequently low intensity 0.76 

  medium intensity 1.26 

  high intensity 1.76 

How many hours do you play a week? < 1 hour 0.5 

  1-2 hours 1.5 

  2-3 hours 2.5 

  3-4 hours 3.5 

  > 4 hours 4.5 

How many months do you play in a year? < 1 month 0.04 

  1-3 months 0.17 

  4-6 months 0.42 

  7-9 months 0.67 

  > 9 months 0.92 

where: • The sport intensity is divided into 3 levels: (1) low level (billiards sailing bowling golf etc) with an 
average energy expenditure of 0.76 MK/h; (2) middle level (badminton cycling dancing swimming tennis) with 
an average energy expenditure of 1.26 MJ/h; (3) high level (boxing basketball football rugby rowing) with an 
average energy expenditure of 1.76 MJ/h 
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Data on Second Most Frequently Played Sport Finding Value 

What sport do you play most frequently low intensity 0.76 

  medium intensity 1.26 

  high intensity 1.76 

How many hours do you play a week? < 1 hour 0.5 

  1-2 hours 1.5 

  2-3 hours 2.5 

  3-4 hours 3.5 

  > 4 hours 4.5 

How many months do you play in a year? < 1 month 0.04 

  1-3 months 0.17 

  4-6 months 0.42 

  7-9 months 0.67 

  > 9 months 0.92 

simple sports score = ((value for intensity of most frequent sport) * (value for weekly time of most frequent 
sport) * (value for yearly proportion of most frequent sport)) * ((value for intensity of second sport) * (value for 
weekly time of second sport) * (value for yearly proportion of second sport)) 

sport index = (SUM(points for all 4 parameters)) / 4 
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Score = sum (work index + sport index + leisure index) 

Higher score = more physically active 

Leisure Index 

Question Response Points 

During leisure time I watch television never 1 

  seldom 2 

  sometimes 3 

  often 4 

  very often 5 

During leisure time I walk never 1 

  seldom 2 

  sometimes 3 

  often 4 

  very often 5 

During leisure time I cycle never 1 

  seldom 2 

  sometimes 3 

  often 4 

  very often 5 

How many minutes do you walk and/or cycle per 
day to and from work school and shopping? 

< 5 minutes 1 

  5-15 minutes 2 

  15-30 minutes 3 

  30-45 minutes 4 

  > 45 minutes 5 

leisure index = ((6 – (points for television watching)) + SUM(points for remaining 3 items)) / 4 

References: 
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