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Abstract 

 

In older adults, risk of fall has been associated with poor muscle quality, dysfunction and 

reduced muscle thickness. Research has typically focussed on muscle quality through capacity 

tests and the identification of sarcopenia. However, little is understood about the quality of 

the torso muscle in older populations and particularly torso muscle onset when recovering 

from an unexpected perturbation. Recovery from unexpected perturbations like a slip, 

require fast and efficient motor control. However research that has focussed on torso muscle 

onset, have used tasks that are self-initiated which, if repeated, can lead to modulated motor 

control responses. Therefore, the aim of this study was to develop a test that would reveal 

torso muscle thickness and onset responses to an unexpected lower body perturbation event 

that mimicked a unilateral slip, in younger, trained and older participants. Developing a test 

that could identify deeper and superficial torso muscle onset simultaneously required the 

synchronisation of two methods of onset detection; a perturbation device and motion 

capture to orchestrate the synchronised timing. 

Reliability of Rehabilitative Ultrasound Imaging (RUSI) B-mode to capture muscle thickness 

revealed very good to excellent agreement for sonographer reliability (ICC, 0.796 to 0.995) 

and measurement method (0.995 to 0.9997). The perturbation device was monitored 

throughout testing to assess the factors that affect the force and velocity of the perturbation. 

RUSI M-mode was used simultaneously with sEMG to assess deeper and superficial torso 

muscles onset. Reliability of onset detection methods were assessed using erector spinae 

sEMG signals. The addition of a TKEO application within signal processing improved accuracy 

and reliability of computerised algorithm detection methods on the sEMG signals (ICC 0.8152 

95% CI 0.723 to 0.875). In order to use RUSI to measure TrA and IO muscle onset, the 
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agreement between EO tissue deformation via RUSI with EO onset via sEMG was determined 

using Bland Altman Limits of agreement (LOA). The LOA for RUSI and sEMG were calculated 

separately for older (4.45 ms, 95% CI; -7.25 to 16.15), younger (-9.65 ms 95% CI; -5.91 to -

13.38) and trained (– 7.87 ms, 95% CI; -23.26 to 7.52) participants and applied to muscle onset 

values for final comparison. Older participants revealed significantly later onset times than 

younger participants (p<0.05). Older adult muscle onset was not significantly different to 

trained participants.  Older and younger individuals appeared to recruit torso muscles within 

a narrow window (44 ms and 24 ms), however trained participants revealed a wider 

timeframe with sequential recruitment (80 ms).  Older males had significantly greater IO 

thickness than younger males (p<0.005) and trained participants had significantly greater 

LAW thickness than older and younger participants. TrA thickness in trained participants was 

significantly correlated with TrA and IO muscle onset (r=0.739, p<0.05) suggesting that Yoga 

and Pilates may yield positive results for torso muscle function, However, further study with 

larger sample sizes and matched controls is required to discern this. Using RUSI M-mode as a 

measure of muscle onset is a promising development and is worthy of further exploration 

particularly with in musculoskeletal assessment of older adults.  
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Chapter 1 - Introduction 

 

Risk of falling and sustaining an injury increases with age in the community or in hospital 

settings (Drootin, 2011). National Institute of Health and Care Excellence (NICE, 2013) report 

that people aged 65 and older have the highest risk of falling, specifically 30% of people older 

than 65 years and 50% of people over 80 years falling at least once per year. There is a human 

cost of falling, including pain, injury, loss of confidence and thereby independence and 

functional capacity. Falling can also affect carers, family members and in the UK falls 

attributed to older adult populations are estimated to cost the NHS approximately 

£2.3billionper year (NICE, 2013). NICE (2013) summarise that falling can affect health, quality 

of life and ultimately healthcare costs. The global burden of disease study (2010) reported 

that falls had increase in rank from 24th to 15th as the leading cause of US disability adjusted 

life years (DALY’s) indicating that risks of falling are not just a national problem (Kenny, 

Romero-Ortuno and Kumar, 2017).  Furthermore, the United Nations report (2013) suggest 

that the proportion of older adults within the population has increased from 9.2% in 1990 to 

11.7% in 2013 and is forecast to continue to increase, reaching 21.1% by 2050. The global 

impact expected, is that the older population (60+ years) will more than double from 841 

million people in 2013 to more than 2 billion in 2050 (United Nations, 2013). With populations 

living longer and susceptible to the risks of falling, the economic cost is arguably likely to 

increase.   

The world health organisation (WHO, 2021) define a fall as an event which leads to a person 

coming to rest inadvertently on the ground, floor or lower level. The causes or precipitants of 

a fall are broadly categorised as intrinsic (muscle weakness, balance, gait disorders, cognitive 
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impairments such as dementia, neurocardiovascular instability, visual deficits or infection) 

and extrinsic (very active lifestyle, surface irregularities, poor lighting, lose carpets items on 

floor, environmental hazards) (Kenny, Romero-Ortuno and Kumar, 2017). The interaction 

between the intrinsic and extrinsic risk factors contribute to what Kenny, Romero-Ortuno and 

Kumar (2017) refer to as a perfect storm of risks that could lead to a fall. Therefore, screening 

and risk assessments are advocated to identify risks of falling in order to mitigate against the 

occurrence.  

The NICE (2019) guidelines for the management of falls prevention advocate that risk 

assessments require a multifactorial approach. Including assessments of falls history, gait, 

balance, mobility, muscle weakness, neurological impairments, risk of osteoporosis, visual, 

cognitive and neurological impairments and assessment of home hazards and medication 

reviews. Indeed, the influence of medication, specifically people using five or more prescribed 

drugs (polypharmacology) were signfiicantly associated with a 21% increased risk of fall 

(Dhalwani et al. 2017).  

In 2019, the NICE guidelines were updated (previous version 2013) to include new 

information regarding the effect of exercise and activity. They included endorsement of 

strength and balance training for older adults aimed at reducing the risk of fall. The risk factors 

took into account the notion that the risks (intrinsic or extrinsic) could be reduced with 

training and that challenges to postural control in a slip or trip requires an appropriate 

neuromuscular response for which exercise may be able to enhance.  

Key to this risk reduction may be the ability to regain balance in response to a postural 

perturbation. This is a complex interaction of the central nervous system with the 

musculoskeletal system. The inability to regain control and subsequent dysfunction of these 

processes have been associated with poor torso muscle function and lower back pain (LBP) 
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(Cresswell, Oddsson and Thorstensson, 1994; Granacher et al., 2013; Sawers et al., 2017; 

Gimmon et al., 2018). Indeed, LBP has been attributed to unexpected slips, trips and falls, 

which could result in injuries, (fractures, soft tissue, and ligamentous and head injuries). The 

soft tissues, ligamentous, neurological and skeletal structures, have been implicated in the 

cause of LBP which until recently was termed non-specific lower back pain to reflect the 

various, but unknown direct causes (Panjabi, 2003). The importance of the torso skeletal 

muscles in reducing incidence of falls is relatively new. Although it is as widely accepted that 

enhancing stability to the lumbar area is desirable to  prevent unwanted peripheral (or 

central) movement that will offer the mechanical advantage of proximal stiffness in order to 

facilitate distal mobility and has been found to reduce pain when lumbar stiffness has been 

improved (Kibler et. al. 2006).     

Co-ordinated torso muscle activity is one of the mechanisms that underpins the theory of 

spinal stability (Panjabi’s 1992, 2003). Transversus abdominis (TrA) is one of several muscles 

that will purportedly act to provide lumbar stability  (Hodges and Richardson, 1997). The 

intense focus on TrA and lumbar multifidus (LM) emerged from evidence that found aberrant 

motor patterns in people with chronic lower back pain (CLBP) (Hodges, 2001; Ferreira, 

Ferreira and Hodges, 2004; Kiesel et al., 2008) as well as atrophy and asymmetry of muscles 

(Hides et al., 2008).  As a consequence, the foundation of rehabilitation strategies have been 

based upon isolating the TrA to actively recruit the muscle, as it purportedly acts in a feed 

forward manner by contracting in anticipation of a challenge to stability (Hodges and 

Richardson 1997). However, strategies like the abdominal drawing in manoeuvre (ADIM), 

hollowing and forceful expiration that target TrA recruitment in isolation (Maeo, Takahashi 

and Kanehisa, 2012; Ishida and Watanabe, 2013; Badiuk, Andersen and McGill, 2014; Ha et 

al., 2014; Maeo et al., 2014) have been criticised for the lack of mechanical stability they offer 
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over bracing techniques. The latter of which have been found to create stability through co-

ordinated muscle action (Grenier and McGill, 2007). Furthermore, it has not been established 

that creating a motor control engram which isolates a single muscle, such as the TrA, will 

transfer to an automatic recruitment response when performing daily functional tasks. 

Similarly, it is not established whether this approach to training the torso muscles will 

influence the ability of the musculoskeletal system to respond optimally (by regaining 

posture) when balance is challenged, like that of a lower body perturbation (Grenier and 

McGill, 2007).  

Evidence suggests the TrA contribution to spinal stability is not limited to one mechanism, but 

it remains unclear within the literature how TrA works with surrounding muscles to enhance 

stability, according to Panjabi’s model (Panjabi, 1992, 2003, 2006; Grenier and McGill, 2007). 

MacDonald et al. (2006) noted that theories of lumbar multifidus (LM) and TrA co-contraction 

have only been explored in relation to the ADIM (Arokoski et al. 2001) which implies an 

assumption that LM and TrA must co-contract in asymptomatic populations in order to 

stabilise the spine. However, it does not address whether this is the same in standing as well 

as lying positions and there is a lack of evidence to indicate whether there is a recruitment 

pattern of torso muscle onset that is variable with task demands.  Moseley et al. (2002) and 

Saunders et al. (2004) recorded muscle activity using fine wire electromyography (fEMG) in 

deeper lumbar multifidus (DLM) and superficial lumbar multifidus (SLM) fibres of the lumbar 

multifidus (LM) muscle and suggest that they have different roles in maintaining stability. 

However, isolating observations of the deeper torso muscles without consideration of 

superficial muscles possibly over simplifies the roles that both LM and TrA have in spine 

stability.  Therefore, whilst they may be differentially active in spine loading tasks, there is no 

evidence to date that can quantify ‘if’ there is a pattern of sequential recruitment of deeper 
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muscles like TrA, with superficial torso muscles lumbar multifidus (LM),  erector spinae (ES), 

external oblique (EO) and internal oblique (IO) muscles in response to perturbations of the 

lower body.   

Therefore, understanding torso muscle recruitment during functional tasks will help to 

identify whether optimum recruitment strategies are being employed to regain posture, 

which could confer against a risk of LBP. It is also worthy of exploring if this is different in 

populations who are most at risk (older adults) and in those who train to improve torso 

muscle control, balance and coordination activities (Pilates, yoga, tai chi). This may help 

inform management strategies to improve torso muscle function for daily living. Therefore, 

the purpose of the research will be to develop a test that can identify torso muscle activation 

while experiencing a lower body perturbation that will have unknown and known parameters. 

Furthermore, to use the test to identify if the activation differs in an asymptomatic population 

to that of a trained or at risk population.  
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1.1 Aims of the Thesis 

The overall aim of this study was to investigate the role of torso muscle in maintaining 

postural control during unexpected events, such as a slip or trip. In order to achieve this, the 

aim was also to establish non- invasive methods of measuring deeper and superficial torso 

muscle onset in response to a dynamic postural task that mimicked a slip or unexpected lower 

body displacement requiring a postural recovery strategy. The development of such a test 

could potentially lead to its use in further research to differentiate between populations and 

as more data is revealed, a quick and non-invasive measure for clinicians to use when 

identifying patients who may present with delayed muscle onset and to further understand 

the risks this may pose. Finally, the aim was to identify whether the onset time of torso 

muscles differed in younger, older or trained adults and to identify whether this was related 

to the torso muscle thicknesses revealed using rehabilitative ultrasound imaging. 

1.2 Objectives 

1. To establish sonographer and measurement reliability of rehabilitative ultrasound 

imaging  in B-mode when capturing torso muscle thickness 

2. To develop a device that would deliver a perturbation of sufficient magnitude that 

would elicit a torso muscle response with high level of ecological validity (remain 

unexpected) 

3. To identify reliable surface electromyography methods that will capture myoelectric 

signals from the superficial torso muscles of younger, older and trained participants 

4. To establish agreement between surface electromyography and rehabilitative 

ultrasound in motion mode to capture muscle onset in response to a lower body 

perturbation  

5. To identify whether older adults, and trained participants yield different torso muscle 

responses to sudden unexpected perturbations  

6. To identify whether there are torso muscle thickness variations between older, 

younger and trained participants and if this is related to muscle onset  
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Chapter 2 Literature Review 

 

2.1 Risk of Slip, Trip and Fall 

Slips, trips and falls (STF) on the same level are a major source of work place injury and 

external perturbation (European Agency for Safety and Health at Work, EU-OSHA, 2001, 

Chang et al., 2016). Moreover, falls that are initiated from a slip are of concern for the young 

and elderly as muscular strain or back pain related to slips are not always reported (Redfern 

et al., 2001). Gronqvist et al. (2010) suggested that there are primary and secondary risk 

factors for slipping; primary includes poor grip or friction between footwear and surface. 

Secondary include predisposing factors for example; environment, lighting, uneven surfaces, 

poor postural control, aging, vestibular disease, diabetes, alcohol intake. Gronqvist et al. 

(2010) further suggests that it is not only the interface of floor/footwear that may explain falls 

or slip related injuries, but also the multitude of risk factors and their cumulative effects, 

including the ability to recover from a slip or any type of lower body perturbation.   

Responses of the musculoskeletal system to recover during a slip reflect an attempt of the 

individual to regain equilibrium. Most slips and incidence of falls will happen unexpectedly 

and the strategies to recover posture and prevent fall have been referred to as the grasping, 

the arm swing, or the hip and ankle strategy (Horak and Nashner, 1986; Horak, 1992; Maki 

and McIlroy, 1997). The immediate response of an individual who experiences a balance 

perturbation leading to potential fall will invoke several biomechanical strategies to try to 

prevent falling to the ground. A sudden disturbance to the lower body causes the body to 

sway which requires a motor control strategy to maintain the centre of mass (COM) within 

the base of support (Kandel et al.  2013). In some cases, the response may be proactive, where 

the strategy may be avoidance of a slip or detection of a threat to stability. The recovery 
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strategies may be determined by several factors, one of which is the ability of the torso 

muscles to initiate a response to a perturbation either in anticipation (Van Der Burg, 

Pijnappels and Van Dieën, 2005; Milosevic et al. 2016) or recovery (Pater, Rosenblatt and 

Grabiner, 2015).  

Slipping or unexpected perturbations could lead to injury and lower back pain (LBP) (Pope, 

1989; Gronqvist et al., 2010; Rashedi et al., 2012; Rohrlich et al., 2014, ). In a review of 112 

work compensation patients charts, Rohrlich et al. (2014) found that a slip, trip or heavy lifting 

was significantly associated with lower back pain (odds ratio 5.7, p=0.03). Rohrlich et al. 

(2014) reviewed case notes and, whilst notable links between LBP and slips were found, the 

mechanism underpinning the association could not be determined. One of the mechanisms 

for such injury suggested by Rashedi et al. (2012) was that a slip event produced significantly 

greater lumbar shear forces in the anterior/posterior direction (791 N; p=0.042), lateral (1167 

N; p=0.026) and compression forces (4728 N p=0.0002) than normal walking. The increased 

shear forces were accompanied by elevated anterior and posterior torso muscle activity that 

authors postulated was representative of an antagonist and agonist co-contraction attributed 

to a reflexive stiffening of the torso in early stages of slip recovery. However, Rashedi et al. 

(2012) tested a small sample (n=6) of relatively young participants (27 years) who were 

described as physically active, but did not quantify how active or what that activity was. 

Moreover, the authors quantified muscle activity using normalised surface electromyography 

(sEMG) values that limit observations in two ways; only superficial torso muscles were 

investigated and only muscle activity during the slip was observed. Whilst this provided some 

insight into which muscles were predominantly active during the slip, it did not distinguish 

when they became active in relation to the timing of the slip task or if that was important in 

the recovery strategy. Since delays in motor control of the torso, specifically transversus 
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abdominis (TrA) has been associated with torso muscle dysfunction (Hodges and Richardson, 

1997; Hammill, Beazell and Hart, 2008), it could be argued that the timely response of the 

torso muscles are an important factor in the recovery from slips or lower body perturbations.  

The role of the torso muscles in response to perturbations, like slips or trips, has been 

compared to that of a guy wire system to enhance lumbar stability and optimising function of 

the movement system. Panjabi (1992a, 1992b, 2003) described three subsystems that should 

work together in a normally functioning spine to provide stability in response to changes in 

spinal position and static or dynamic loads; 1. The active (musculotendinous) subsystem 2. 

The neural/feedback control system 3. The passive (ligamentous) subsystem (intervertebral 

discs, joint capsules and ligaments (Figure 1.0). Panjabi's (1992a, 1992b) work has formed the 

basis of research that have since found delayed onset of torso muscles in response to lower 

body perturbations and self-initiated arm raise tasks in participants with LBP and hip or groin 

pain (Newcomer et al., 2002; Cowan et al., 2004; Reeves, Cholewicki and Silfies, 2006; Allison, 

Morris and Lay, 2008; Silfies et al., 2009; Park et al., 2014; Shahvarpour et al., 2015; Hodges 

and Danneels, 2019). However, such delays have not been explored explicitly in older 

populations to identify whether there is a delay or congruent timing to younger populations. 

Moreover, in the aforementioned studies, it has been less clear whether delayed muscle 

onset was because of the pain and injury or if delayed motor control could have caused it. 

This is because it is unclear in the literature whether there is a common strategy of torso 

muscle recruitment when trying to recover from unexpected perturbations to the lower body.    
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Figure 1. The spinal stability system consists of three subsystems: passive spinal column, 
active spinal muscles, and neural control unit (Panjabi, 1992) 
 

2.2 Factors Affecting Slips and Falls 

Perturbations to the lower body through slips, trip or loss of balance occur unexpectedly. 

However, not all slips will result in a fall (Chang et al. 2016), consequently slips have been 

categorised according to the likelihood of fall (Figure 2). Redfern et al. (2001) used the work 

of Standberg and Lanshammar (1981) to categorsie a slip distance of 0.1 m as the threshold 

for a fall to occur. However Brady et al. (2000) revealed recovery was possible with larger slip 

distances at 0.6 m and recovery from slips were approximately 75% likely at 0.2 m and only 

10% likely at 0.6 m. Furthermore, Brady et al. (2000) found that slip displacement was 

significatly greater when resulting in a fall rather than recovery (0.28 m vs. 0.18 m p=0.003), 

they also found that the velocity of slip was significantly greater during a slip resulting in a fall 

rather than recovery (175.85 cm.s-1 vs. 116.44 cm.s-1 , p=0.001) which contradicts the previous 

threshold for velocity resulting in a slip at 50 cm.s-1 (James, 1990). These findings imply the 

assumption that slip related falls are unavoidable, however Brady et al. (2000) suggested that 

the awareness of the factors associated with a risk of slip and fall leading to modification of 
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gait and reflex resposonses, may offer protection against falling as a result of slip.   

 

Figure 2 Taken from Redfern et al.(2001) showing the slipping distance 0.1 m threshold for 
fall. Thick line represents threshold presented by Brady et al. (2000) 
 

Distance and velocity of slipping are also influenced by the frictional properties between 

footwear and floor interface, noted as primary risk factors of falls by Gronqvist et al. (2010). 

The coefficient of friction is a measure of the frictional properties between two surfaces and 

the propensity to slip that then leads to a fall, use models that are based on the difference 

between the available coefficient of friction (ACOF) and the required coefficient of friction 

(RCOF). The ACOF is quantified by the interaction of the floor surface and foot and the RCOF 

is quantified by the interaction of foot surface with the ground which is a function of gait and 

calculated using ground reaction forces during walking (Redfern et al., 2001; Cham and 

Redfern, 2002; Beschorner, Albert and Redfern, 2016). The RCOF needed to reduce the risk 

of a fall from a slip is speculated to be lower and specific factors have been found to influence 

individual RCOF. For example, the RCOF has been associated with step length (Anderson et 

al. 2015) for older adults (80 years) compared to younger adults (23 years) and the RCOF has 

also increased when the quadriceps were fatigued (Parijat and Lockhart, 2008).  
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There is agreement in the literature that the ratio of RCOF with ACOF can help predict the risk 

of a slip to younger healthy adults. However, Anderson et al. (2015) found that there was a 

significantly lower RCOF for older adults when they self-selected gait parameters compared 

to younger participants (13.7% lower in older adults compared to younger, p=0.031).  This 

difference was attributed to 7.5% significantly shorter step length than younger adults 

(p=0.019) even though the speed was not significantly different between age groups 

(p=0.162). Anderson et al. (2015) suggested that this is evidence that older adults are not at 

an increased risk of slipping during walking, moreover that their study showed older adults 

have potentially lower risk of slipping due to lower RCOF as a result of shorter steps. However, 

the known self-selected parameters chosen by participants in their study rather than imposed 

or unexpected, neglects to address the question of, how or if postural responses to 

unexpected perturbations may be modulated and it is not clear whether they are within a 

period associated with a voluntary motor control response or an automatic postural 

adjustment.    

In an earlier study, the anticipation of slip was investigated by Cham and Redfern (2002) and 

it was found that required coefficient of friction (RCOF) was 16-33% significantly (p=0.001) 

lower when participants were expecting a slip compared to when they executed a baseline 

non slip trial. Similar to Anderson et al. (2015), Cham and Redfern (2002) attributed the lower 

RCOF to an altered gait mechanism that changed the shear and compressive forces of the 

lower body through modulation of neuromuscular control.  

Therefore, it is perhaps not surprising that Parijat and Lockhart (2008) found an increase in 

RCOF, thereby increased risk of slipping, when the quadriceps were fatigued. The localised 

muscle fatigue that was invoked on the quadriceps in their study altered the measured gait 

parameters which significantly increased the RCOF (p=0.004) compared to the non-fatigue 
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group. Parijat and Lockhart (2008) further suggested that the changes in gait were potentially 

a result of altered hamstring and quadriceps co-activation that are important in heel contact 

dynamics. However, there were no measures of muscle activity to support this notion and 

arguably the fatigue of quadriceps muscle may not only affect lower limb muscle activation 

but also the torso muscles which have been implicated in altered neuromuscular control as a 

result of pain (Hodges and Moseley, 2003; Paul Hodges et al., 2003).  

For example, Cowan et al. (2004) demonstrated that the transversus abdominis (TrA) muscle 

was significantly delayed (p<0.05) in participants with long standing groin pain (n=10) 

compared with no pain participants (n=12) which they suggest is evidence of a relationship 

between the condition of the lower limb musculature and the torso. However,  Cowan et al. 

(2004) utilised an active straight leg raise (ASLR) as the perturbation task. However, ASLR is 

performed in a supine lying position and arguably defined as a perturbation. Whilst the ASLR 

activity imposes a demand on the torso to control lumbar stiffness, it does not offer any 

challenge to balance or standing motor control demands like kicking, running, changing 

direction which according to the researchers, was when participants also reported the groin 

pain to be more prolific (Australian football players). Furthermore, Cowan et al. (2004) 

measured the onset of external oblique (EO), internal oblique (IO) and transversus abdominis 

(TrA) without any consideration for the onset of posterior torso muscles. Arguably, a supine 

task may not impose any noteworthy demand on the torso muscle to maintain position, but 

the conclusion that TrA is delayed in ‘all’ tasks to stabilise the torso could also be too far 

reaching. Particularly as it has been suggested that TrA does not act as a bilateral stabiliser, 

but is activated in relation to the direction of an arm movement (Allison, Morris and Lay, 2008; 

Morris, Lay and Allison, 2013). 
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Although Allison, Morris and Lay (2008) and Morris, Lay and Allison (2013) utilised a rapid arm 

movement as a perturbation task, a factor analysis revealed significant differences across the 

eight arm movements performed (F=12.79, p>0.001). This suggests that the direction of arm 

movement was the controlling factor for the pattern of muscle onset activity across bicep 

femoris, erector spinae (ES), TrA, EO and IO. This was not bilaterally symmetrical as previous 

co-activation strategies have suggested (Hodges and Richardson, 1996; Hodges and 

Richardson, 1997). Nevertheless, there is some support for the notion of co-activation 

strategies in response to a trip or obstacle to the lower body.  For example, Pijnappels, 

Bobbert and Van Dieën (2005) highlighted the importance of the support limb muscle 

activation when the opposing limb is perturbed. In the support limb, it was found that the 

bicep femoris, semitendinosus, gastrocnemius and soleus muscle onsets were significantly 

shorter than the quadriceps (65, 63, 71 and 73 ms, respectively p<0.002) when the 

contralateral limb was exposed to a small trip hazard. However, this response was observed 

in 12 younger (27 years) healthy participants and it is not clear whether this would yield the 

same responses in older adults, who are potentially at greater risk of falling. 

In a second study, Van Der Burg, Pijnappels and Van Dieën (2005) also investigated rectus 

abdominis (RA), ES, EO and IO) muscle onset from the time point that participants foot hit the 

trip obstacle and then again when the blocked foot landed. The EO and IO muscle onset 

(presented as a single onset 63 ms) was significantly earlier than the ES (74 ms, p<0.001),but 

this was with a  small magnitude of effect  There was a maximum torso torsion of 20o reported 

which suggests that EO onset has a role in regaining postural control. Moreover, the shorter 

onset of abdominal muscles compared to the ES was attributed to the counteraction of torso 

extension experienced when the foot hit the obstacle.  
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Interestingly, Van Der Burg, Pijnappels and Van Dieën (2005) proposed that the co-activation 

of ES, EO,RA and IO at the moment the limb was perturbed would create lumbar stiffness to 

reduce torso flexion. This was followed by torso muscle activity to prepare the torso for the 

perturbed limb to land, which resulted in more activity of the ES muscles to prevent continued 

flexion moments as the foot landed. Such a co-activation strategy is an interesting proposal, 

however there were 70 trials in the study, with eight trials invoking the trip hazard and so 

learning effects could have diluted the onset times in later trials. Instead, few trials or a single 

trial to capture the measurements from an unexpected perturbation would seem beneficial 

to understand whether a common muscle onset strategy exists when exposed to an 

unexpected event. Such events in daily life happen as a single event rather than after repeated 

rehearsed trials. Pijnappels, Bobbert and Van Dieën (2005) further offered that the 

importance of establishing the mechanisms for successful recovery from trips help provide 

insight to improve the recovery capacity of populations who are predisposed to risk of falling. 

 

2.3 Role of the Torso Muscles in the Control of Posture in Perturbations 

Controlling posture in an upright stance requires muscle support against gravity and 

maintaining balance by controlling centre of mass in the horizontal plane (Kandel et al. 2013). 

The nervous system controls muscle force from signals sent via motor neurons in the spinal 

cord to the target muscle. Whether muscles are active to control posture or respond to 

voluntary control, the force exerted by a muscle is not only dependent on how many motor 

units are recruited, but also the contraction speed, maximal force and fatigability. As such the 

nervous system must account for the structural properties of the torso muscles to achieve 

modulated and appropriate responses to imposed tasks (Kandel et al. 2013).  
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Frequently, used nomenclature adopted in the literature to describe the role of torso muscles 

in perturbation studies have alluded to core training, core stiffness or stability. The term 

evolved in the late 1990’s as a result of studies that demonstrated changes in torso muscle 

onset in back injury and delays in muscle onset  in LBP patients (Hodges and Richardson, 1997; 

Richardson et al., 1999;Hodges et al., 2003). Here the term torso is adopted to refer to an 

anatomical region rather than pre-determined category of structures (Lederman, 2010). The 

function of the torso muscles has been outlined as the ability to optimise injury resilience, 

control pain or enhance movement performance (functional or sporting) (Kibler and Press, 

2006; Borghuis, Hof and Lemmink, 2008; McGill, 2016). More specifically McGill (2016) 

suggested that the objectives for a healthy functioning torso include the following:    

 Enhancing distal athleticism through greater proximal (spinal) stiffness. 

 To ensure that the flexible spine can withstand load through a muscular guy wire 

system. 

 To produce muscular co-activation to generates stiffness and eliminates mirco-

movements which could cause degenerative changes and pain in the joints. 

 Ensuring that the needs of people in occupational and combative situations are met 

by understanding and developing an abdominal armour against impact.   

The anatomical site, attachments, cross sectional area (CSA) and fibre orientation and 

arrangement of the torso muscles have been cited as influential in the role they have to 

achieve the aforementioned tasks for a healthy functioning torso (Brown et al., 2011; 

Lieber and Ward, 2011). Therefore, to appreciate the role of the torso muscles in 

perturbation and recovery, the anatomical and physiological structures of the torso 
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muscles are also considered, including, but not limited to, RA, EO, IO, TrA, LM, and the 

Erector Spinae group (ES) (Figure 3, 5 and 6).  

 

 

 

 

 

 

 

 

Cholewicki and McGill (1996) introduced the notion that coordinated torso muscle 

recruitment is key to spinal stability during activities and responses that challenge the torso 

equilibrium. The researchers used a biomechanical model, based on three participants 

performing two trials of three dimensional tasks, they assessed the mechanical stability of the 

lumbar spine in a variety of postures; lateral bend, twisting, standing, pushing, pulling and 

sweeping. The model assumed the contribution of the smaller vertebral muscles (like rotares 

and transversospinalis) to create lumber stiffness, and did not include TrA in the calculations 

of stiffness or its contribution toward lumbar stiffness through intra-abdominal pressure (IAP) 

increases. Cholewicki and McGill, (1996) used the model to try to elucidate a notion that the 

stabilising system structures outlined by Panajabi (1992) are impliated in LBP and injury, even 

in low load tasks, like a involuntary small slip, voluntary event like picking a pencil up from the 

floor.  

TrA 

AAF 

EO 

IO 

Figure 3 Abdominal Musculature (http://www.elevation-fitness-online.com) 
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Cholewicki and McGill, (1996) found average moments around the lumbar 4-5 vertebral joint 

generated 217 Nm in torso extension of lifting tasks, 114 Nm in lateral bend trial, 54 Nm in 

twisting trials and joint compression was 3911 N during the lifting trials. Whilst not statistically 

analysed, Cholewicki and McGill (1996) created a lumbar stability index and concluded that 

increased lumbar stability occurred when compressive forces were increased because of the 

increased demand placed on the torso musculature. Conversely, low load tasks (such as 

standing) exhibited less stability due to less muscle activity. Cholewicki and McGill (1996) 

advocated the importance of the larger torso muscles to induce a greater level of recruitment 

when under compressive force; accompanied by the rationale that this would resist the spine 

buckling and enable muscles to be recruited accordingly as any subsequent error from the 

central nervous system would be detrimental to structures. Cholewicki and McGill (1996) 

speculated that there is less stability during low load tasks because the lumbar spine 

potentially relies on passive tissues and smaller intrinsic muscles like rotares and LM which 

would increase the likelihood of muscle recruitment errors (Solomonow et al. 1998). This is 

an interesting notion but does not address the response of the torso and possible mechanism 

of the torso muscles when responding to unexpected perturbations. For example, during 

walking or momentary change of position that leads to instability would require an 

unconscious reaction to confer the same 

level of stability around the lumbar spine 

to prevent unwanted movement or 

inappropriate postural adjustment that 

could lead to a fall or injury.  

Arguably, the role that the smaller spinal 

muscle structures have when posture is 

Figure 4 Muscles laying closest to the vertebrae, 
rotares, intertransversarii, interpsinalis McGill  
 (2016, p72) 
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perturbed also influence the strategy to confer stability and remain upright. Cholewicki and 

McGill's (1996) assertion that the torso muscles confer stability using the biomechanical 

model they produced was based on estimates of muscle size, fascia and sarcomere length 

available at this time (1996). As such, the models may have under estimated force and 

movement potential by erroneous measures of cross sectional areas of different torso 

muscles taken from ultrasound, Magnetic Resonance Imaging (MRI) or Computerised 

Tomography (CT).  

For example, smaller muscles like the rotares and intertransversarii (Figure 4 McGill 2016 

p72)lie closest to adjacent vertebrae and purportedly to act as vertebral position sensors or 

transducers (sensorimotor control is discussed in more detail in 2.5.1). Since they are small 

muscles with small CSA capable of low axial twisting torque force production. This was 

supported by the investigation of five cadaver specimens where muscle spindles (discussed 

in section 2.5.1 p29 ) presence were 4.5 – 7.3 times higher in rotares than in multifidus and 

semispinalis (Nitz and Peck, 1986) across the cervical, thoracic and lumbar (L4-5) vertebra. In 

all the samples, there were significant differences in mean spindle percentage volumes 

(P<0.001) which suggests rotares brevis muscle performs as a proprioceptive monitor and has 

a feedback role to modulate force. In the lumbar region the Intertransversarii medialis and 

lateralis, are equally rich in spindles and deemed to function as position transducers as the 

spine proprioception system (Middleditch and Oliver 2005, McGill 2016).  

Other studies using biomechanical models have yielded persuasive results regarding the use 

of biomechanical models (Crisco  III, 1989; Kavcic, Grenier and McGill, 2004; Rose, Mendel 

and Marras, 2013) but are based on assumptions, which do not account for the neural 

element of control. For example, studies have found that torso muscles respond by co-

activating in response to perturbations (Granata, Orishimo and Sanford, 2001; Shahvarpour 
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et al., 2015) or act in a feedforward manner (Allison, Morris and Lay, 2008) or by recruiting 

muscles at different times relative to task demands (Hodges and Richardson, 1997; Urquhart 

and Hodges, 2005; Tokuno et al., 2013). 

Attempts to distinguish the role of the torso muscles in postural and motor control has also 

lead to a classification system according to their role. For example, Janda (1983, 1985 and 

cited in Comerford and Motram, 2000) describes stabilising muscles as those which have 

either a postural holding role associated with eccentrically decelerating, or resisting 

momentum and are able to control an extended range of motion. Further classification of 

mobilisers are purportedly given to muscles responsible for movement production and 

associated with concentric acceleration of body segments  (Janda 1983, 1985 and both cited 

in Comerford and Mottram, 2001; Comerford and Motram 2000). Bergmark (1989) attempted 

to classify muscles with categories of local and global muscle systems; describing local muscle 

systems as those which will maintain stiffness of the spine while the global muscles, along 

with intra-abdominal pressure will transfer the forces between thoracic area and pelvis, 

although global muscles may have primary stabilising or mobilising roles. In addition, 

Comerford and Motram (2001) (Table 1) also suggest that these definitions may go beyond 

simple stabilising and mobilising functions, since they suggest TrA is a local stabilising muscle 

which would exhibit activity independent of movement direction. However, more recent 

evidence suggests such classifications may be too simplistic as TrA has been found to activate 

in response and according to upper limb activity (Allison, Morris and Lay, 2008; Morris, Lay 

and Allison, 2013). Moreover, it is still unclear how the deep and superficial torso muscles 

respond to unexpected perturbations and slips and the classification of torso muscles solely 

based on their movement or stability potential may omit the important role of 
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communication (neuromuscular) and recruitment patterns which influenced by muscle 

composition , architecture and neurological connections. 

 

Table 1 Muscle classification proposed by Comerford and Mottram (2001, p22)  
 

Local stabiliser Global stabiliser Global mobiliser 

Muscle stiffness to control 
segmental motion 

Generates force to control 
range of motion 

 

Generates torque to produce 
range of movement 

 

Controls the neutral joint 
position 

Contraction =  eccentric 
length change therefore 
control throughout range 
especially inner range 
(‘muscle active  = joint 
passive’) and hyper–
mobile outer range) 

Contraction = concentric 
length change therefore 
concentric production of 
movement (rather than 
eccentric control) 

 

 

Contraction no/min. 
length 

Change therefore does 
not produce R.O.M. 

 

Low load deceleration of 

Momentum (especially axial 

plane: rotation) 

 

Concentric acceleration of 
movement (especially 
sagittal plane: 
flexion/extension) 

 

Activity is independent of 
direction of movement 

 

Activity is direction 
dependent Shock absorption 
of load 

 

Activity is direction 
dependent 

 

Continuous activity 
throughout movement 

 

 Shock absorption of load 

Proprioceptive input re: 
joint position, range and 
rate of movement 

 

 Non-continuous activity (on: 
off phasic pattern) 
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2.3.1 Anterior and Lateral Abdominal Wall 

Dysfunction and function of the torso in response to perturbations have placed notable 

emphasis on the TrA in the past three decades. This muscle lies deepest of the abdominal wall 

muscles and has been implicated in spinal stability for the following reasons; fibre orientation, 

and the mechanics of the TrA, EO and IO muscles combined have been associated with 

functionally enhancing lumbar stiffness through the hoop like structure that the three layers’ 

form in the posterior converging to abdominal and dorsal fascia. In the anterior area, the 

lateral structures of the abdominal wall (figure 5) 

 

Figure 5 McGill (2016, p.74) Anterior and posterior Fascia Component of the Torso 
 

converge to what is termed anterior abdominal fascia (AAF) (Figure 3 and 5) (Hodges and 

Richardson, 1997, McGill, 2007) and in the posterior region to the fascia structure termed 

lumbodorsal fascia (LDF) also referred to as thoracolumbar fascia (TLF) by some authors 

(McGill , 2007, McGill 2016). In addition, the rectus abdominis assists in the transmission of 

the hoop like stresses around the torso through the lateral tendons (Figure 5).  The TrA muscle 

has a combined mechanical and ventilatory role (Wang and McGill, 2008). The mechanical 

role of TrA has also been attributed to aiding vertebral alignment and torso stiffness during 
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imposed moments on the torso (Shirley et al. 2003). Stokes et al. (2010) suggested that IAP 

unloads the spine, which contributes to stabilisation by exceeding the flexion moments 

generated by the abdominal wall activation. However, Shirley et al. (2003) investigated 

respiratory phase in relation to lumbar spine stiffness and respiratory phases as an indication 

of intra-abdominal pressure (IAP).  

Shirley et al. (2003) found increases of activity in the abdominal and ES muscles (n=8) during 

increased respiratory effort which coincided with increased lumbar stiffness. There was no 

significant differences between the two conditions (p<0.48) which confirmed that this was 

related to EMG patterns and not just a change in lung volume. The mechanism of this action 

has been proposed as transmission of force through tensioning of the TLF and AAF fascia’s 

with which TrA muscle is attached (Stokes et al., 2010; Crommert et al., 2011). However, when 

monitoring torso muscle activity Shirley et al. (2003) utilised sEMG on the anterior torso 

muscles, with electrode placement between the rib cage and iliac crest which they suggested 

would capture actvity of the EO, IO and TrA. However, it is unlikely that TrA and IO actviity 

would be successfully  discerned from EO or possibly RA as a previous study have validated a 

position to estimate IO actviity (Marshall and Murphy, 2003) that is contrary to the anatomical 

location of electrode placement indicated by Shirley et al. (2003).  

Furthermore, (Barker et al. 2006) examined the effect of compressive flexion and extension 

moments on lumbar segments from nine cadaver specimens. They found that an application 

of 20N to the TrA aponeurosis was transmitted via the medial lumbodorsal fascia which 

facilitated a significant increase in the resistance to a flexion moment (p<0.05) and increases 

in lumbar stiffness by approximately 44%. The authors concluded that the tensioning through 

the LDF, specifically medial LDF in this study, permitted the preferable route for transmission 

of force between TrA and lumbar vertebrae, particularly in the absence of paraspinal muscle 
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contraction. One of the more obvious limitations of in vivo studies, whether using cadaver 

samples, biomechanical models or animal studies is the lack of validity to functional tasks, 

positions and real time muscle recruitment strategies in human participants. Furthermore, 

when fascial tensioning of the TrA aponeurosis is combined with increased ventilatory and 

postural demands there were concomitant significant increases in TrA thickness. This was the 

same in young (18-25 yrs.), (p=0.006) (McEvoy et al., 2008) and older participants (40-70yrs) 

(p <0.002)  (Fulton et al. 2009), suggesting that TrA contributes toward maintaining lumbar 

stiffness through its ventilatory role with recruitment. It has been noted that TrA has 

combined role in mechanical ventilation and lumbar stiffness. However, the role that TrA has 

in controlling the torso in response to perturbations has been challenged with a variety of 

tasks that have imposed demand. Notably, differences in upper and lower limb perturbation’s 

and with varying definitions of predictability. Furthermore, understanding the role of TrA in 

torso muscle responses has placed emphasis on it as a single torso muscle, yet it is connected 

through AAF and TLF to other lateral and posterior torso muscles. Therefore the structure and 

position of TrA may be influential in its role that has been reported in the variety of tasks 

presented in the literature. 

For example, the RA, EO and IO (Figure 4 and 2 ) are anterior and lateral torso muscles with 

differing fibre orientation and cross sectional areas (table 2) that permit motion in spinal 

flexion and lateral flexion, with stands external force  at various lengths. Specifically,  Urquhart 

et al. (2005) suggests that IO has regional differences in fascicle orientation, that is suggestive 

of a greater ability to sustain isometric contraction. However, fascicles of EO, were postulated 

to have a greater role in torque production and movement (Urquhart et al. 2005) which 

concurs with Brown et al (2011) who suggest EO can generate active forces across a wide 

range of lengths and velocities, particularly in lateral flexion.  



41 
 

Table 2 Torso Muscle structure and properties taken from cadaveric specimens 
 Muscle PCSA Thickness  Fascicle length  Sarcomere Length 

and numbers 

Brown et al., (2011) TrA 4.7cm2  9.5cm 2.58 µm, 36051 

Urquhart, Barker, et al., 
(2005) N=24 

 Upper-1.2mm 
Mid-0.7mm 
Lower 0.7mm 

Upper -9.0cm 
Mid-11.3cm 
Lower3.6cm 

 

Brown et al.( 2011) IO 8.6 cm2  7.9cm 2.61 µm, 28715 

Urquhart, Barker, et al., 
(2005 

 Upper-1.3mm 
Mid-1.8mm 
Lower 1.9mm 

Upper- 8.8cm 
Mid-10.8cm 
Lower-5.7cm 

 

Brown et al.( 2011) EO 6.6 cm2  17.0 3.18µm,  53893 

Urquhart, Barker, et al., 
(2005 

  Upper- 1.4mm 
Mid-1.7mm 

Upper-10.6cm 
Mid-18.4cm 

 

Brown et al. (2011) RA 3.3 cm2  34.2cm 3.29µm, 
98747 

Delp et al. (2001)  2.6 cm2  28.3cm 2.83 µm 

Zwambag et al. (2014)  LM 

 

   2.36µm 

Cawley et al 2014     4.29 µm 

Zwambag et al 2014 ES(longissimusESL, 
liocostalis) ESI 

   2.43 µm & 2.41 µm 

Delp et al 2001 Thoracis (EST) Longissimus 
Iliocostalis 
 

1.6 cm2 
5.9 cm2 
4.1 cm2 

 5.2cm 
9.6cm 
12.0cm 

2.26 µm 
2.31 µm 
2.37 µm  
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2.3.2 Posterior Muscle Groups 

The main extensors of the spine are the erector spinae (ES) group (longissimus (ESL), iliocostalis 

(ESI), spinalis) and multifidus groups. The ES group are typically categorised as two functionally 

distinct groups (in architecture and thereby function) longissimus thoracis (ELT) and iliocostalis 

lumborum (EIL). ES attach to the lumbar vertebrae (pars lumborum) and the thoracic vertebrae (pars 

thoracis) (figure 6). McGill (2016). Delp et al. (2001) examined muscle characteristics of the ES 

muscles including the fascicle lengths and CSA (Table 2). They determined ES muscles develop 

greater forces during body postures, which elongate the muscles relative to a supine lying position. 

The most medial of the paraspinal muscles, is the multifidus, it extends along the length of the spine 

and is most developed in the lumbar area (Lumbar Multifidus -LM). The LM has an important role in 

intervertebral stability this may be attributed to the suggestion that the deeper and more superficial 

fibres are differentially active (Moseley et al. 2002) during upper limb movements. More specifically, 

Moseley et al. (2002) found that the deep fibres act as controls to intersegmental motion, whilst 

superficial, assists control of spine orientation-movement. Despite relatively low participant 

numbers (n=8) they concluded that superficial and lateral fibres of LM and ES were activated after 

Figure 6 Anterior and Posterior Torso Muscle McGill (2016) P84 
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the activation of the deltoid muscle in response to rapid flexion and deeper LM and TrA activated 

ahead of deltoid muscle. Using fine wire EMG recordings for the torso muscles and deeper and 

superficial LM muscles, they also compared the muscle onset relative to the direction of arm 

movement and found that TrA and deeper fibres of LM were not significantly different (P= 0.76 and 

0.82, respectively), suggesting activation to control segmental stability. In contrast the lateral and 

superficial LM and ES muscles revealed longer time to onset after the deltoid during shoulder 

extension than for flexion and were significantly different in flexion to extension (P=0.03) suggesting 

a role in movement oriented around the spine. The notion that deeper LM muscle fibres and TrA 

act in a similar feedforward manner to perturbations of the upper limb, raises the question as to 

whether that the role may be similar in lower body perturbations, particularly if unexpected.  

The LM muscle has five fascicles that arise from each spinous process and lamina of five vertebrae 

and descend in caudolateral direction. Superficial fibres cross up to five segments and attached 

distally to the ilia and sacrum. In contrast the deeper fibres, attach from the inferior border of the 

lamina and the inferior edge of the spinous processes. Ward et al. (2009) examined cadaveric 

specimens (n=8) and found that the mean length of multifidus sarcomeres between T12 and the 

sacrum were 2.27µm with average fibre length of 5.66cm and mean CSA of 23.9cm2. They also 

established that mean fibre length to muscle ratio was 0.21 with passive mechanical properties that 

are similar to muscles of the limbs (Boakes et al. 2007). This implicates multifidus as a torso stabiliser 

that is also capable of yielding significant forces. Ward et al. (2009) also suggested that LM muscle 

can become stronger as the spine assumes forward leaning posture; this could be useful when the 

torso is required to respond to sudden perturbations in an anterior direction, where LM could be 

implicated in a recruitment strategy to restore posture and balance.  

In addition to CSA, sarcomere length and fascicle length and muscle fibre type can also impact 

muscle recruitment and force generation (Lieber and Ward, 2011). The ES in the lumbar region has 

been found to contain a mix of type I and II fibres which suggest roles in strength and prolonged 
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postural functional tasks (Haggmark and Thorstensson, 1979; Hesse et al., 2013). Thorstensson and 

Carlson, (1987) investigated muscle biopsies in the LM and ESL muscles of 16 participants, (9 males, 

7 females, age 20–30 years). There were no significant differences (p>0.05) between the percentage 

of type I (62 vs. 57%), type IIA (20 vs. 22%) or type IIB fibres (18 vs. 22%) in LM and the ESL muscles. 

However, in females, the type I fibres occupied a relatively larger area (70–75 vs. 54–58% for males), 

but the number of type I fibres was the same in both sexes. This was due to smaller type II fibres in 

the females resulting in higher type I/type II area ratios (1.70–1.90 vs. 0.88–0.92 for males). 

Potentially this infers a different functional capacity of the back muscles between males and 

females. However, the similar histochemical fibre‐type distribution between the LM and the ESL 

muscles in their study does not provide support for the muscles to potentially recruit differently in 

these two areas of the lumbar ES in humans.  

Similarly, in an earlier study on 13 healthy individuals, aged 24-55 years, undergoing gall bladder 

surgery, fibre types of RA, EO, TrA and IO were examined (Haggmark and Thorstensson, 1979). The 

age range may account for some of the large inter-individual variations between participants of type 

I and IIa, IIb and IIc fibre types which were distinguished through myofibrillar ATPases' and pH 

lability. They reported minor or no differences in fibre composition between the muscles and found 

a split of 55-58% type I, 15-12% type IIa and 21-28% type IIb and no type IIc fibres. Haggmark and 

Thorstensson (1979) concluded that the abdominal muscles investigated in this population had 

similar functional capacity. However, the variation they observed could have been attributed to age, 

activity levels, and daily functional tasks that are not recorded in the research, yet have been 

previously shown to influence fibre type (Kalimo et al., 1989; Mannion et al., 1997; Frontera and 

Ochala, 2015).  

2.4 Torso Muscle Thickness (Cross Sectional Area) 

The dysfunction of the torso muscles has been associated with their cross sectional area (CSA). 

Specifically asymmetry of bilateral torso muscles was found ballet dancers with LBP (Gildea, Hides 
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and Hodges, 2013) and in cricketers with LBP (Hides et al., 2008a; Hides et al., 2008b;). The CSA of 

LM, ES (lumborum) and QL were lower in the contralateral side to the dominant arm of cricket fast 

bowlers with LBP (Hides et al. 2008) as measured by magnetic resonance imaging (MRI). In addition, 

the IO muscle was found to be larger on the contralateral side to the bowling arm; a consequence 

perhaps of the force required to offset the contralateral force when bowling (Hides et al. 2008). 

However, of interest in   Hides et al. (2008) study was the suggestion that despite symmetry of TrA 

thickness in the cricketers with LBP, they exhibited poorer motor control as they were unable to 

contract TrA independently of the other muscles. However, it is unclear whether independent 

contraction of TrA offers any mechanical advantage to the lumbar spine in postural control.   

Utilising Rehabilitative Ultrasound Scan Imaging (RUSI), Hides et al., (2008) introduced a novel 

method of measurement to identify the capacity of TrA to activate. The distance of lateral slide of 

the AAF during an abdominal drawing in manoeuvre (ADIM) using RUSI in B-Mode was used to 

compare cricketers with LBP and without LBP to identify if more or less distance of the AAF slide 

was indicative of the ability to activate TrA, or slide the fascia attached to it. However, the motor 

control activity used in their study is also used as an activation strategy to train the abdominal 

muscles (specifically TrA) to reduce pain and improve function of TrA (Pinto et al. 2011; Unsgaard-

Tindel et al. 2012). Hides et al. (2008) used this protocol with participants in a supine lying position, 

attempting to recruit TrA voluntarily; however, the resonance of this strategy with daily functional 

tasks in standing (expected or unexpected) is ambiguous. 

The underlying assumption in the use of the ADIM is that if TrA cannot be preferentially activated, 

then it is also not active under involuntary control for example during respiration or as part of a 

torso muscle strategy to regain posture and balance (Lederman, 2010). Moreover, the 

measurement of fascia slide observed was based on movement of the tissue that are also linked to 

the IO and EO. The aponeurosis of the EO muscle passes anterior to the rectus abdominis and the 

aponeurosis of the IO muscle divides into anterior and posterior layers, which pass, in front and 
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behind the RA muscle respectively. Finally, the TrA fascia on the internal surface serves as the 

epimysium, passes posterior to the rectus sheath, and is described as part of the extra peritoneal 

connective tissue. Therefore, using the AAF slide or movement as an indication of TrA activation is 

subject to erroneous errors due to changes in structure to the surrounding and attached tissues 

(O’Rahilly et al., 2004).   

Hides et al. (2008) associated the asymmetry and size of the torso muscles with dysfunction in 

cricketers, but it is unclear what the range or ideal torso muscle thickness should be for males and 

females across different ages. Rankin, Stokes and Newham (2006) attempted to establish normative 

data for torso muscle thicknesses using RUSI to provide clinicians with a screening tool to help 

identify pathology, atrophy or progress with rehabilitation. However, table three presents some of 

the studies that highlight the variation in thicknesses recorded. Variation could be attributed to a 

variety of factors including training status, gender, age, probe position, RUSI settings, measurement 

methods (location of thickness) respiratory phase and body position. Rankin, Stokes and Newham, 

(2006) found that when muscle thicknesses are recorded as individual muscle thickness relative to 

the overall abdominal wall thickness there was a better framework than individual muscle thickness 

for comparison (TrA, EO and IO combined). They found Rectus Abdominis (RA) to be thickest, 

followed by OI, OE and TrA. In healthy participants the RA, OI, OE and TrA represent 35%, 28%, 23% 

and 14% respectively.   
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Table 3 Previous findings of lateral abdominal wall muscle thickness 
 

 Male  
 

Female 
 

   

Manshadi et al., (2011) N=22 Age 19-44  
IO -   Stand  6.6   SL 6.7 
EO  - Stand 3.7     SL 4.5 
TrA - Stand  3.7    SL 3.06 

N=21 Age 19-44 
IO -  Stand 4.7   SL4.1 
EO -  Stand 3.4   SL 3.1 
TrA - Stand 3.1   SL 2.3    
 

Ishida & Watanabe, (2013) N=30 Age 17-25 
IO -10.0 
EO - 6.9 
TrA - 3.3 
 

 

Rankin et al. (2006) N=55 Age 21-72 
IO - 10.2 
EO - 6.9 
TrA - 5.4 

N=68 Age 20-64 
IO - 7.5 
EO - 5.9 
TrA - 3.6 
 

McGill, Juker & Axler (1996) N=12 Age 24-31 
IO - 12.7 
EO - 7.4 
TrA - 4.9 

N=6 Age 22-28 
IO - 9.1 
EO - 5.4 
TrA - 3.9 

Rhoet al., (2013) N=8 Age 18-50 
IO - 9.5 
 
TrA - 5.5 
 

N=12 Age 18-50 
IO - 7.7 
 
TrA - 3.5 

 

Such measures may have use for clinicians as a screening tool to identify pathology, atrophy or 

progress with rehabilitation. Whittaker et al., (2007) suggest these relative thicknesses to be 

independent of sex, side of measurement (left or right) or site of measurement. However, Rankin, 

Stokes and Newham (2006) only tested in supine lying position as an assumed rested state and 

therefore it is not clear whether these relative thicknesses are consistent through sitting, standing 

or crook lying. Furthermore, the importance of muscle CSA to torso muscle function is enhanced if 

coalesced with the consideration of motor control in functional daily tasks, like those, which aim to 

prevent falling in unexpected slips or lower limb perturbations.     
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2.4.1 Muscle Thickness and Body Position 

In seated tasks performed by healthy participants, the TrA and IO muscles were found to contribute 

toward stability (Ainscough-Potts, Morrissey and Critchley, 2006; Rasouli et al., 2011). Both studies 

expressed the muscle thickness change as a degree of change from supine lying. Supine lying was 

assumed to generate a rested level of muscle activity and therefore a baseline thickness measure. 

Rasouli et al. (2011) further identified that the percentage changes of TrA and IO thickness from 

seated on a chair to seated on swiss ball were reduced in participants with chronic LBP compared 

to non LBP (mean differences of 60% and 24% p=0.001), thereby attributing less muscle thickness 

change to decreased activation. This change was also less notable in IO than TrA, which they 

suggested, contributed toward the rationale for ensuring torso muscle rehabilitation programmes 

incorporated use of instability in rehabilitation. This study also repeats the assumption that changes 

in thickness detected using RUSI are associated with the muscles capacity for activation. Whether 

such a relationship exists in healthy younger, older or trained participants is still not clear and the 

variety of positions adopted within the research make this hard to discern. 

For example, Ehsani et al. (2016) found that participants with LBP performing a standing balance 

task, exhibited less change in TrA thickness (without LBP 143% compared to with LBP 109% 

p=0.001), but an increase in EO thickness (111% compared to 137% p=0.001)  which would, as they 

suggest indicate a mechanism of control that shifted from deeper muscle to superficial. However, it 

remains to be established whether instability training, seated or standing will yield increases in TrA 

or IO CSA (and thickness) and importantly whether these increases will enhance motor control. 

Establishing this association is dependent on the development of tests that can identify whether 

muscle thicknesses are associated with neural control, particularly as the neuromuscular system has 

been associated (in independent studies) with balance, falls (Anderson, et al., 2016) strength and 

postural sway in older adults (Donath et al., 2016; Shahtahmassebi et al., 2017). 
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One such attempt to identify the relationship by McMeeken et al. (2004) revealed a good correlation 

(p<0.005, r2=0.87, n=9) between the finewire electromyography (fEMG) activity of TrA and changes 

in thickness when performing progressive intensities of the ADIM. However, whilst an interesting 

finding in that, increasing thickness was attributed to greater neural activity, RUSI has been noted 

to be less reliable and non-linear in contractions above 30% of maximal voluntary contraction (MVC) 

(Hodges et al., 2003).  Therefore, implementing RUSI to detect muscle activity through changes in 

thickness above a threshold of 30-40% MVC (Hodges et al., 2003) may be problematic. Although 

Hodges et al. (2003) suggests RUSI is a viable tool to assess activation if parameters (eliciting 

contraction thresholds) of activity are known, thereby being able to attribute changes in thickness 

to the activity.  

 In addition, differences of resting measures of muscle thickness have also been attributed to 

training status (see discussion in section 2.6.2 p67) and sex (Sitilertpisan et al., 2011; Rho et al., 

2013) which must be established if a test is to associate thickness with function. Weightlifters were 

compared to matched controls and found to have significantly larger absolute TrA and IO thickness 

(p<0.01, n=32). The authors conclude that this is the result of activity specific muscle hypertrophy, 

and where non-significant differences were found between control and weightlifters for relative TrA 

thickness, it was suggested to be indicative of TrA’s motor control role in stabilization and intra-

abdominal pressure rather than contribute toward the development of force through the strength 

demands of activities. Nevertheless, findings that  TrA and IO were thicker in weightlifters 

(Sitilertpisan et al., 2011), IO was imbalanced in Cricket fast bowlers with LBP (Hides et al., 2008) 

and that LBP participants present with altered responses to balance tasks (Ehsani et al.2016),  

indicates that further investigation to identify possible relationship between muscle thickness and 

motor control are warranted.   
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2.5 Neuromuscular Control of the Torso Muscle  

McGill et al. (2003) and Reeves, Cholewicki and Silfies (2006) have suggested that motor control 

response to sudden loading, like a slip or perturbation will require proprioceptive feedback from a 

variety of mechanoreceptors. These include muscle spindles, Golgi-tendon organs, joint receptors 

and cutaneous receptors that will initiate a coordinated torso muscle response, aimed at preventing 

the lumbar spine from buckling or generating movement to prevent falling. The guy wire system, 

previously described, in such responses help generate stability in the lumbar region (McGill et al., 

2003; Kavcic, Grenier and McGill, 2004; Panjabi, 2006). A sudden disturbance to the lower body 

results in a postural response requiring rapid muscle recruitment (Kandel et al. 2013). Ultimately, 

planned, pre-programmed or reflexive movement of the human body involves a series of 

sophisticated tasks performed by the nervous and musculoskeletal systems.  Therefore, any 

dysfunction of these structures or age related decline in muscle quality and neurological innervation 

could cascade and result in altered muscle recruitment which has been associated with risk of fall 

(Newcomer et al., 2002).  Macpherson and Horak (2013, cited in Kandel et al.  part 6, Ch41, 2013) 

state that automatic postural adjustments or responses to prevent a person falling when balance is 

disrupted, are not simple reflexes, but highly organised, flexible and adaptive patterns of muscle 

activation that are influenced by sensorimotor control.  

2.5.1 Sensorimotor control of Torso Muscles 

Sudden changes in posture that occur from lower limb perturbation can cause changes in muscle 

length that are detected by muscle spindles.  Evidence that supports the effect of muscle spindles 

on postural adjustments include Pyykkö et al. (1989), who found that when vibration was applied 

to the muscle spindles of triceps surae, gluteus, rectus abdominis, ES, tibialis anterior and bicep 

femoris, there was a forward body sway initiated with some evidence of co-contraction from the 

quadriceps and bicep femoris. There were low participant numbers (n-=8), and whilst they found 

that increasing vibration and thus stimulus to muscle spindles (representing perturbation) resulted 
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in significantly different responses to the aforementioned muscles (p<0.001), (Pyykkö et al., 1989) 

the measures of muscle responses were not as onset latencies but as centre point of pressure 

changes on a platform. Therefore, it is difficult to conclude if there were any patterns to the onset 

of muscles that were active because of the stimulus.  

Furthermore, muscle spindles respond to stretch within a muscle, so the response to an externally 

applied (extrinsic) vibration stimulus is arguably different to that of a slip or trip will yield intrinsic 

stimuli requiring interpretation and reaction that are influenced by different sensory receptors. 

Therefore, investigations of postural adjustments in response to lower body perturbations that 

mimic slips and trips should consider the contribution of the sensory nerve fibres (classification of 

nerve fibres presented in table 4) have on the timing and control of the response to remain upright 

and prevent falling. Noteworthy in the study by Pyykkö et al. (1989), was the observation of large 

variability of onset between participants, yet consistency within participants suggesting that 

different participants had different muscle activation strategies to yield the same result under 

proprioceptive control.  

Afferent muscle spindles sense the change of muscle fibre length and the type Ia axon from this 

receptor has direct excitory connections with motor neurons. The afferent axon of a spindle also 

connects to the interneurons that innervate antagonist muscles, which prevents muscle contraction 

that would otherwise resist movements generated as a result of the stretch reflex. This reciprocal 

innervation of antagonist muscles can also be useful if agonists and antagonists need to stiffen a 

joint at the same time (Kandel et al., 2013) for example left and right side EO, IO when the lumbar 

spine is displaced suddenly.  

In some support of this notion, Holm, Indahl and Solomonow (2002)  found that, stimulation of the 

afferent nerves of passive vertebral components (discs, joint receptors and ligaments), elicited a 

reflex response in the LM, all be it in porcine models. They cited this response as evidence of a reflex 

relationship between the afferent nerves of passive structures of the vertebrae and the lumbar 
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muscles. Therefore, the role that nerve receptors have in initialising a co-ordinated neuromuscular 

response when a person is subjected to displacement of the lower limb needs consideration. 

Table 4 Nerve fibre types and speed of conduction of AP (Latash, 1998) 
 

Type Innervated structure Fibre diameter 
(microns) 

Conduction 
velocity (m/s) 

Afferent or sensory (muscle nerve; classification for cutaneous nerves shown in parentheses) 

Ia (Aα) Muscle spindle. Primary endings 13-20 80-120 

Ib (Aα) Golgi tendon organ 13-20 80-120 

II (Aβ) Muscle spindle, secondary endings 6-12 40-80 

III (Aδ) Muscle deep pressure endings 1-5 5-30 

IV (C) Nociceptors (pain) 0.2-1.5 0.5-2 

Efferent or Motor 

Aα Skeletal muscles 18 100 

Aβ Muscles and spindles 8 50 

Aγ Muscle spindle 5 20 

 

 

 

 

Figure 7 Motor Neuron (dreamstime images 2019) 

 

 Responses to sudden perturbation are not simple spinal reflexes, but are under the influence of 

sensorimotor control, although often subconscious (Wolpert, Pearson and Ghez 2013). A simple 

reflex is described as muscle contraction, which is induced by an external stimulus and cannot be 
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changed by a volitional act (Latash 1998). However, the response to perturbations or to challenges 

imposed on postural stability are reported to be organised, flexible and adaptive patterns of 

behaviour, therefore it is unlikely that the motor pathways are monosynaptic pathways, but more 

complex oligo synaptic or polysynaptic reflex pathways (Mühlbeier et al., 2017). The excitation of 

prime movers and inhibition of antagonists to produce an efficient response to a stimulus was first 

presented by Sherrington (1906, cited in Pearson and Gordon, 2013). Usually, termed reciprocal 

innervation (RI, and reciprocal inhibition when describing the process) it is accepted as the 

mechanism underpinning the stretch reflex, and organised motor responses. However, Pearson 

and Gordon (2013) also suggest RI is useful in voluntary movements and in polysynaptic pathways; 

interneurons within the spinal cord, the distribution of other segments of the spinal cord and RI 

will influence the response of the motor control system. Therefore, in healthy individuals, it has 

been suggested that  postural responses of the torso muscles may be in response to afferent 

feedback from distant body segments as well as proprioceptive information resulting from torso 

movement (Hodges, Cresswell and Thorstensson, 2001; Mühlbeier et al., 2017).  

The quantity of time that is described as the reflex latency, is the time of the afferent to efferent 

journey, and has been described in two phases. Forgaard et al. (2015) described the periods of 

muscle activation latency in response to a perturbation as follows; a short latency is the first 

response (M1) (25–50ms), reflects an input from the spinal reflex pathway (Liddell and Sherrington, 

1924). Following this, a longer latency (50–100ms) response occurs (M2), whereby group II afferents 

travelling in a spinal pathway receive input and group I afferents travelling a longer transcortical 

route. Forgaard et al. (2015) also presents the challenge of demarcating an M2 reflex latency 

response from a voluntary response when examining muscle response to perturbations. This is 

pertinent, as the current review will present various findings from studies looking at torso muscle 

responses to perturbations that have utilised varying definitions of predictability and anticipation 

that have been associated with modulation of the reflex latency times. Further to his challenge, 
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Schmidt and Lee (2011) present different duration and classification of latencies that occur between 

30-50ms are classified as monosynaptic stretch reflexes, 50-80ms classified as triggered reactions 

and 120-180ms classified as voluntary reactions. 

 

The longer latency period described by Forgaard et al. (2015) has been found to increase when task 

instructions to participants required them to resist or compensate a perturbation which is then 

followed by voluntary response (Forgaard et al. 2015). Calancie and Bawa (1985) also suggested that 

the latency period of muscle onset could be effected if the task demands of a perturbation are made 

more complex. Therefore, in perturbation trials that have administered instructions for participants 

that require them to resist or compensate a perturbation then longer latency period has increased 

and is followed by voluntary response (Rothwell, Traub and Marsden, 1980). However, when 

participants are instructed to simply let go or not resist then the longer latency period (M2) is 

shorter (Dietz, Quintern and Sillem, 1987; Pruszynski, Kurtzer and Scott, 2008; Shinya, Kawashima 

and Nakazawa, 2016). In the study by Forgaard et al. (2015), observed reflex time in the wrist flexors 

(FCR) and extensor (ECR) carpi radialis muscles and found that a longer latency period was affected 

by the complexity of the task and the instructions or goals given to modulate the response. In studies 

of lower limb perturbation to disturb posture, arguably the desire for participants able to stand on 

both feet would be to remain upright. Therefore, any unexpected lower body perturbation task, 

without any instruction to participants, would augment a desire for participants to remain standing 

and not be confounded by task instructions that would initiate a preparatory or anticipated 

response and optimise replication of a potential slip in daily life.  

 

The time to initiate an effective postural adjustment response to unexpected perturbations are 

important to prevent the incident leading to a fall (section 2.1). When receptors have been triggered 

in such an event, the time the action potential takes to initiate the excitation contraction coupling 
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on the muscle fibres it innervates leading to a single unitary twitch (contraction) could be an 

important factor in whether the event leads to a fall or not. A muscle action potential lasts 10 ms, 

yet depending on the property of the target muscle, the twitch contractions can last from 10’s of 

ms to 100’s of ms. Therefore, the effect of the action potential lasts much longer than the action 

potential itself (Latash, 1998). As discussed in slips trips and falls section (2.1), the likelihood of a 

slip or trip leading to a fall is influenced by anticipation of the fall, displacement and velocity of the 

slip. Therefore, the information that is received from the passive (ligaments) and active (muscular) 

structures about the sudden change to body position potentially influence the rapid response 

required to prevent falling. 

 Milosevic et al., (2016) suggests that the complexity of the CNS control of the torso muscles is 

revealed when perturbations can be anticipated. However, in many instances of trips or slips, the 

event is unexpected, therefore it remains questionable whether the response of individuals to an 

unexpected perturbation can be modulated by a training effect or could be deficient if the 

neuromuscular and sensory structures are damaged or deteriorated through aging.  

 Ting and Macpherson (2005) suggested that there are muscle recruitment strategies adopted by 

the nervous system in response to postural demands that require balance control. They generated 

16 varied surface perturbations and observed the EMG responses in 8-15 muscles of the hind limbs 

of cats. They concluded that the cats reliably produced (>95%) 4 synergies of muscle recruitment 

(patterns of control) to regain balance which they suggest contributes to the notion of an organised 

neural control strategy in order to reduce the degrees of freedom which exists for responding to 

perturbations. Obviously, the comparison between feline response and human response remains 

questionable, but it aligns with the theories of Janda (cited in Bullock-Saxton et al.,2000, p228, and 

Lehman et al., 2004) who also cultivated a theory of  patterned muscle recruitment, more 

specifically that patterns of recruitment occur in response to various tasks and in coordinated 

movement control.  
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The notion of muscle synergies in motor control has received support (Krishnamoorthy et al., 2003; 

Nazifi et al., 2017) and opposition (Valero-Cuevas, Venkadesan and Todorov, 2009). Muscle 

synergies have been described as fixed patterns of multiple muscle activation acting about a 

relevant degree of freedom for a joint or joints (Tresch and Jarc, 2010).  In a study on participants 

with spinal cord injury (SCI) (category A on the American Spinal Cord Injury Association (ASIA) scale) 

and control participants, the reorganisation of sensorimotor control was demonstrated by Ivanenko 

et al. (2003) found that SCI patients produced the same kinematic foot placements as controls, but 

with different activity patterns of individual muscles. Using EMG on multiple axial muscles and of 

the limbs, they found significantly greater activity in axial muscles of controls than SCI (4.86+1.87, 

p<0.05), but significantly smaller levels of activity in leg muscles of SCI than controls (0.29+0.24 

P<0.001). The study utilised gait, stepping behaviour, and whilst they noted the importance of 

afferent input from load receptors in the lower limb in determining leg muscle activity, they could 

only speculate on how this information was then re-organised to confer similar foot kinematics, all 

be it perhaps modulated from the torso muscles. This might suggest that the capacity for 

reorganisation of the neural pathways in motor control, perhaps evidence of a functional restorative 

strategy that is driven by altered sensorimotor control which would link the afferent feedback to 

unit burst generators (controlled network of coupled unit burst generating elements combine to 

produce integrated motor outputs, Danner et al., 2015). 

 

Conversely Valero-Cuevas, Venkadesan and Todorov (2009) highlighted that one of the issues with 

motor control studies, is the focus of muscle synergies between trial variability instead of within 

trial variability. One of the main criticisms of muscle synergy studies is that the tasks are limited, 

therefore invoking limited responses rather than behavioural in which various motor responses are 

analysed in response to tasks. To illuminate this point Valero-Cuevas, Venkadesan and Todorov 

(2009), investigated the variability of outcomes in an index finger tasks using fEMG. Researchers 
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observed the within trial variation and concluded that variability in muscle activity to execute the 

task, is not necessarily poor motor planning, but efficient control where the CNS only corrects the 

variability that would prevent the achievement of a task. The contrast in these two studies clearly, 

distinguished by a fine motor control task of the index finger in Valero-Cuevas, Venkadesan and 

Todorov (2009) and a gross motor control task of locomotion in Ivanenko et al. (2003) somewhat 

conflates the debate on whether muscle synergies exist in all tasks requiring neuromuscular control. 

The tasks were also under voluntary control and therefore unclear whether similar synergies occur 

in involuntary or reaction tasks. Whether common strategies of torso muscle recruitment exist 

when lower body stability is compromised, is of interest to enhance the understanding of possible 

differences among populations at risk of falling when the lower body is perturbed or if particular 

modes of training could lead to enhanced strategies.   

Two strategies of the central nervous system (CNS) have been described to regulate the control of 

posture 1. Postural preparation, occurs in advance of the movement as the body attempts to 

increase the base of support or stiffen joint(s) such as holding handrail when climbing stairs or 

balancing; 2. Adjustments that occur at the time of, or just before initiation of voluntary movement 

are called anticipatory postural adjustments (APA) or feedback (Silfies et al., 2009). The latter, (APA) 

potentially defines what happens when the body is required to respond to a lower body 

perturbation.  Yet in many motor control studies that have examined the role of the torso muscles 

in response to perturbations, a self-initiated arm raise task was utilised. Torso muscle onset was 

measured in relation to the onset of the deltoid muscle and then termed feedforward or delayed (if 

within 50 ms of deltoid activation) (Hodges and Richardson, 1997;  Hodges and Richardson, 1997). 

It is questionable as to whether they are entirely reactive tasks as there is an element of anticipation 

to them.  

Arguably, there will be an element of postural preparation by participants as they will be aware of 

the spatial component in the task, but not timing (Allison, Morris and Lay, 2008; Mannion et al., 
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2008; Silfies et al., 2009; Tokuno et al., 2013). This is important when examining the onset latency 

of the torso muscles as Shinya, Kawashima and Nakazawa (2016) found that when participants knew 

the timing of a task, the latency of the gastrocnemius muscle was shorter than when they did not 

know (72ms versus 58ms, F=34.5, P<0.001, CI:0.67 to 0.90). However, there was no difference in 

latency when participants either knew or did not know the direction (spatial component) of 

perturbation. Since one of the important challenges to the nervous system is to cope with 

uncertainty or unpredictable perturbations in real world environment (Cholewicki et al., 2005; 

Shinya, Kawashima and Nakazawa, 2016), it could be argued that studies which have utilised tasks 

to incorporate self-initiated perturbation, still control an element of certainty or prediction. When 

posture is challenged retaining stability is desirable and the CNS will employ strategies to achieve 

this and co-activation of torso muscles is one of the strategies postulated (Cresswell, Oddsson and 

Thorstensson, 1994). In an upright standing task, participants will aim to remain upright therefore 

retaining ecological validity of task demands, however studies that have observed torso muscle 

responses to rapid arm movements, use an auditory visual signal to cue the movement and 

subsequent torso muscle responses. 

2.6 Factors affecting Torso Muscle Responses to Perturbation  

The response of muscles to prepare the body in anticipation of an unexpected  perturbation to 

correct or maintain postural stability, have also been termed reactive feedback strategies within the 

nervous system (Silfies et al., 2009). Sensory information that is input to the system permits a trigger 

of automatic strategy within 100ms of the disturbance (Silfies et al., 2009). However there is 

disagreement as to whether the torso muscles act in a feedforward manner to perturbations or 

recruit in an optimum strategy to enhance lumbar stiffness irrespective of task demands (Hodges 

and Richardson, 1997; Allison, Morris and Lay, 2008; Silfies et al., 2009). This is because in studies 

that have demonstrated feedforward activity of the torso muscles in healthy populations (Allison, 

Morris and Lay, 2008) and a delay in participants with chronic LBP (Silfies et al., 2009; Tokuno et al., 
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2013) the self-initiated arm raise has been a commonly utilised task. It is also unclear whether LBP 

occurred due to dysfunctional motor control or therefore, the significance of the delays in activation 

on demands posed on the torso muscles have yet to be determined. 

Hodges and Richardson (1997) determined that any torso muscle onset up to 50ms after the prime 

mover is a feed forward muscle activation. This was because of pilot studies in which they 

determined any reflex reaction to a stimulus would not take less than 30ms due to the length of 

time taken for synaptic transmission and nerve conduction. Therefore, any muscle activity before 

this was deemed as feedforward. A feedforward strategy has notable benefits to ensure the torso 

is stable ahead of or during tasks that challenge posture, and aligns with the notion of co-contraction 

or co-activation of the torso muscles in response to sudden perturbations. However, the arm raise 

task requires the participant to respond to an auditory or visual signal and then generate movement 

in a known limb, to a known space and with known force parameters. Firstly, as an upper body task, 

this may augment a different response from the torso muscles than a lower body perturbation, like 

those of slips and trips that will respond to intrinsic information about slip velocity, distance and the 

environment. Secondly, the task has an element of known parameters that as discussed in 2.5.1 (p. 

29) page can influence the longer latency period (M2) of muscles onset times. 

2.6.1 Aging and Torso Muscle Function  

The age related changes to the musculoskeletal system include reduction in the size and number of 

muscle fibres (Deschenes, 2004), elasticity of connective tissue and muscles, and reduced nerve 

conduction velocity. Automatic postural responses (APR) have been described as slower than the 

monosynaptic stretch reflex but faster than a voluntary conscious response (Studenski, Duncan and 

Chandler, 1991). Automatic responses of older adults (age 77-82 fallers n=10 and controls n=24) 

were observed when they were subjected to a moving platform (50.8 mm) (Studenski, Duncan and 

Chandler, 1991). While participants stood on the platform three unexpected perturbations in 

anterior and posterior direction were performed while the muscle onset latency of tibialis anterior 
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(TAn) and gastrocnemius (G), vastus medialis (Q) and bicep femoris (H) was measured using sEMG. 

The TAn muscle onset was significantly slower in participants with a history of falling than controls 

(158.8 ms versus 143.2 ms, p=0.03), but not significantly different in the gastrocnemius muscle (162 

ms versus 159 ms). Furthermore, Studenski, Duncan and Chandler (1991) had pre-determined a 

sequence of normal and abnormal onset in response to the forward and backward platform moving 

tasks. They found that participants prone to falling did not elicit more frequently abnormal 

sequencing than those not reporting a history of falls. The interesting aspect to this study was that 

participants prone to falling exhibited less balance control, strength and range of motion yet only 

significantly slower onset in TAn and not gastrocnemius. Similarly, participants prone to falling did 

not appear to elicit differences in muscle recruitment strategies to retain postural control. The 

researchers noted that the sEMG methods were a potential source of error and uninterpretable 

data collected in some cases  due to presence of tonic activity on the signals, emphasising that 

muscle onset detection requires collection of clear sEMG signals and reliable onset detection 

(Hodges and Bui, 1996; Solnik, Rider and Steinweg, 2010 ).  

More recently Obata et al. (2012) has also implicated the muscles of TAn  and soleus (SOL) in 

postural control, specifically claiming that the TAn stretch reflex is involved in securing ankle 

stabilisation in a standing position during a perturbation.  They determined that the stretch reflex 

in TAn was more pronounced in younger (20-24 years) participants than older (62-75 years). The 

stretch reflex onset latency for SOL was similar for sitting and standing conditions in the older and 

younger participants, but was modulated in the older participants when posture changed from 

sitting to standing in the TAn muscles. Obata et al. (2012) categorised the stretch reflex responses 

as short- (SLR), middle- (MLR), and long-latency stretch reflex (LLR). The onset of MLR was defined 

as 20 ms after the onset of SLR. The onset of LLR was defined 20ms after the onset of MLR, yet the 

timing from perturbation was not indicated and would have provided insight into the time of onset 

from perturbation. The end of LLR was defined as 30ms after the onset of LLR. Whilst the SLR 
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component was larger in SOL during sitting than standing, this was the same for older and younger 

participants, which was different in the TAn muscle where older participants did not appear to 

modulate the stretch reflex response, when they moved from sitting to standing positions. This may 

be indicative of age related changes to the SOL but not TAn. The changes were related to the control 

pathway (SOL) supraspinal or transcortical centre (TAn). The different pathway controls for the 

antagonist muscle pairs are not confirmed in the literature but if under different neural control, may 

explain the differences in the longer latency reflex  (Dietz, Quintern and Sillem, 1987; Dietz, 1992; 

Papegaaij et al., 2014).The authors speculated that is would suggest that  which could have 

implications in APR strategies.  

During voluntary motor control, the CNS has been associated with reduced muscle contraction in 

older participants (age 72-76 years) (Bayram and Siemionow, 2015). In observations of 

corticomuscular connection (CMC) Bayram and Siemionow (2015) identified that the functional 

coupling between central and peripheral motor control systems could be estimated through 

measures of electroencephalogram (EEG) and fEMG which was then compared between older 

(n=28, aged 75 years)  and young participants (n=20, aged 23 years). They found lower CMC in older 

particpants than younger particpants (p=0.07). However there was a significant (p<0.05) correlation 

between CMC and elbow flexion for young and old respectively (r2= 0.811 and 0.784). The 

implications of their findings suggest that there may be impairment in CMC of older particiapnts 

during voluntary contractions and that this may contrbute toward muscle weakness,  loss of motor 

skills and coordination. Whilst voluntary force appears not to be affected, Bayram and Siemionow 

(2015) suggests that this indicates older adults, similar to younger participants, depend on the 

translation of central processing commands to be translated to local signal commands to scale the 

muscle force output. This offers interesting insight durng voluntary muscle action, although whether 

reduced CMC can also be attributed to muscle onset variation as a result of unexpected 

perturbations remains unclear. In such an instance, when automatic postural reponses are required, 
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the time to recover and prevent slip turning into a fall is crucial and whether this would involve 

central motor control processes remains unclear.  

The timely recruitment of the torso muscles during lower body perturbations is also dependant on 

the quality and size of the muscle structures (Frontera and Ochala, 2015). For example, it has been 

demonstrated that torso muscle morphology (RA, measured using RUSI) was associated with 

strength (measured with dynamometer) and a battery of functional performance tests (6 minute 

walk, timed up and go, 30s chair stand test, berg balance scale) (Shahtahmassebi et al., 2017). 

Specifically, RA CSA was significantly (p<0.05) associated with torso strength in flexion (r=0.8), 

extension (r=0.51), lateral flexion (r=0.46) and composite strength (TrA, EO, LM IO and RA r=0.71) 

(p<0.005). The relationships between strength and CSA were cited as moderate to strong however, 

since RA is a torso flexor, it is not surprising that the higher correlation statistic was seen in the 

flexion strength test. Although, Shahtahmassebi et al. (2017) also found weaker, but positive, 

relationships between the functional performance tests and CSA of the torso muscles, the 

researchers also found that higher composite torso strength (EO, IO, RA, LM combined) and RA size 

was associated with better performance in the sitting and rising test. Whilst lower sitting and rising 

test scores have been associated with all-cause mortality (p<0.001) (De Brito et al., 2014), the 

inclusion of muscle thickness in a battery of functional capacity assessments arguably could 

contribute information with less risk of injury. Particularly, as the use of RUSI as a muscle assessment 

tool has been included in a recent review by the European Working group on Sarcopenia in Older 

people  (EWGSOP) (Cruz-Jentoft et al., 2019). 

In contrast, Anderson et al. (2016) found that larger torso muscle CSA was associated with a greater 

risk of fall and larger postural sway in older adults (75-87 years), particularly in men. This was an 

unusual finding and attributed to impaired balance that could result if a muscle with larger CSA is 

not connected to appropriate neuromuscular control. For example, if postural control declines, then 

co-activation of the torso muscles may be a strategy to enhance stability, as seen at the ankle in 
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older adults (Nagai et al., 2011).  Interestingly, measures of muscle density were also taken which 

were higher in the LM muscle and translated to approximately 10-20% lower sway velocity. The 

lower density of muscle indicates increased fat accumulation within the muscle, therefore lower 

density of muscle is observed in older adults compared to younger adults.  Muscle quality describes 

the relationship between muscle strength and muscle size (Russ et al., 2012); in aging populations 

the condition of sarcopenia describes the generalised loss of skeletal muscle mass and strength 

associated with poor muscle function, strength, physical capacity and an increased risk of falling 

(Cruz-Jentoft et al., 2010).   

The passive structures associated with spinal stability have also been implicated in age degenerative 

changes of the torso, which could also affect APR. For example, the Ligamentum Flava (LF) described 

by Gudavalli and Triano (1999) are represented in most anatomical diagrams as a more yellowish 

colour structure as it has been found to be a more elastic structure than other spinal ligaments 

(Ramsey, 1966). With estimates of 80% elastin and 20% collagen, the structures create a degree of 

elasticity, but age related changes to these structures include a loss of elasticity in the pre-tension 

state that assists return to neutral after spinal flexion (Iida et al., 2002).  

In addition, Ramsey (1966) stated that the age related and degenerative changes that effect elastin 

may cause thickening of ligaments. Kashiwagi, (1993) and Zaki, (2014)Zaki, (2014) have found the 

LF at the lumbar levels were subjected to ossification, reduced elastin levels, increases in collagen, 

increase vasculature degeneration (Zaki, 2014). In examination of 10 cadavers (aged 60-70 years) 

the lumbar level vertebrae (L2-5) were stained with haematoxylin and eosin, Masson’s trichrome, 

Orcein and Verhoef to obtain measurements of relative collagen, elastic areas.  

The effects of aging could be compounded by repetitive cyclic loading (low loads or high loads, fast 

flexion) which have been found to alter neuromuscular activation strategies of the torso  (Le, 

Solomonow and Lu, 2007; Ben-masaud et al. 2009).  Le, Solomonow and Lu (2007) and Ben-masaud 

et al. (2009) attributed the altered muscle recruitment strategies to laxity in the passive tissues, 
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which render the lumbar spine vulnerable several hours after exposure and arguably, if occurring 

over long periods, could contribute toward the changes associated with age. However, Le, 

Solomonow and Lu (2007) and Ben-masaud et al. (2009) observed their findings from feline models.  

 

In contrast, Abboud et al. (2018) and Abboud et al. (2018a) invoked spinal creep deformation of 

spinal passive structures on human participants whilst in spinal flexion to observe the effects this 

would have on the motor control strategies of the torso muscles in response to sudden 

perturbations. There was evidence that the creep deformation strategies did increase the activity 

of back ES muscles before the perturbation began, but not once the perturbations were triggered. 

Furthermore, there was a significant reduction in sEMG amplitude in the EO, RA and ES before and 

after rest protocol (p<0.05) which also happened before and after creep protocol (p<0.05). The 

researchers cite this as evidence that the CNS modulates activity when in spinal creep or pain 

conditions and that torso muscle redundancy used by the CNS to adapt neuromuscular responses 

to ensure spinal stability optimised in pain or deformation that is based on previous experience. 

Iida et al. (2002) examined 24 superspinous ligaments (SSLs) and interspinous ligaments (ISLs) at L4–

5 level obtained from posterior surgeries of patients with lumbar degenerative diseases ranging 

from 18 to 85 years of age. The structures were assessed for elastic stiffness and applied loads to 

measure tensile strength. They found a reduction in the tensile strength of the posterior ligaments 

with increasing age and facet joint degeneration. However, the study focused on patients with 

degenerative disease, making extrapolation to non-clinical populations limited. In addition, 

examination of the interfoveolar ligament (of similar properties) in cadavers spanning 76 years of 

age by Quintas et al. (2000), revealed a reduction in oxytalan fibres (which are responsible for tissue 

resistance) and an increase in the content of mature elastic and elaunin fibres which are responsible 

for tissue elasticity and add some weight to their findings.  There is also evidence that  a concomitant 

condition of osteopenia (loss of bone density seen often in aging populations) or gradual loss of 
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mineral content in the lumbar vertebral bone can also reduce the ligament strength (Neumann et 

al. 1994; Palanca et al. 2020) which can contribute toward torso function deterioration associated 

with aging and subsequent LBP.  Therefore, it could be postulated that whilst repeated trials of 

perturbations observed in previous studies suggest the risk of fall could be mitigated; it is the reflex 

latency of the muscles to protect and correct posture (like the torso) that will dictate success or 

failure to recover or fall. 

2.6.2 Impact of Training on Torso Muscle Function  

The impact of training status on torso muscle thickness was briefly discussed in section 2.4 (p49). 

However, the impact if training status on torso muscle motor control warrants further investigation. 

Typically, rehabilitation strategies adopted to address motor control dysfunction have involved 

voluntary activation of TrA, IO and LM in isolation. The popular term given to this strategy was 

hollowing or the abdominal drawing in manoeuvre (ADIM). Akbari, Khorashadizadeh and Abdi 

(2008) compared the effectiveness of two exercise programmes on the TrA and LM implementing 

what they called motor control exercise and general exercise. However, what they describe as 

motor control activity is also described as the ADIM in other studies (Yang and Park, 2014; Hwang 

and Park, 2017). In the study by Akbari, Khorashadizadeh and Abdi (2008), participants were 

instructed to draw in the lower abdomen while maintaining an isometric contraction of the medial 

back muscles, this was to moderately contract TrA and LM for 10s without activation of the global 

torso muscles (IO, EO, ES and RA).  Forty-nine participants with LBP underwent either the training 

utilising the aforementioned motor control strategy or general exercises for eight weeks. The 

distinction between the exercise interventions was the emphasis placed on the ADIM. The exercise 

group named ‘motor control’ required the performance of ADIM along with activities described by 

Richardson et al., (1999). These included four-point kneeling, supine lying sitting and standing with 

gradual incorporation of dynamic limb movement to increase the challenge and general exercises 

were torso flexor and extensor muscle exercises taken from McGill (1998), (for example curl up, 
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cross knee curl up, straight leg raise and side bridge). There was a significant increase in TrA and LM 

thickness in both groups pre and post exercise interventions (p<0.05), but there were no significant 

differences between the interventions (pre–TrA  p=0.77, LM p=0.8 and post TrA p=0.45, LM p=0.61) 

indicating that both motor control based exercise regimes would enhance torso muscle thickness.  

 

As highlighted by Arokoski et al. (2001) activities to recruit the spinal stabilising muscles (IO, TrA and 

LM) independently of the global muscles (EO, RA and ES) are necessary to prevent excessive loading 

on the spine. Increased activity of the RA, EO and ES have been associated with increased spinal 

loading which has been seen to aggravate pain in participants with LBP yet arguably offers little 

mechanical advantage in healthy participants. This point is demonstrated by Grenier and McGill 

(2007) who found that a bracing strategy of the torso muscles (co-activation of all torso muscles to 

stiffen the lumbar torso, flexor and extensor groups) yielded 32% improvement in stability and 15% 

increased lumbar spine compression over a hollowing or ADIM strategy in eight male participants 

(aged 20-33). Grenier and McGill (2007) conclude that if seeking to enhance torso function as ability 

to provide lumbar stability then bracing is preferable over ADIM or hollowing. Yet, more often the 

rationale provided to utilise hollowing and ADIM,  is to retrain the deeper muscles and to encourage 

co-activation thereafter as increased co-activation of the torso muscles has been casual to 

aggravating LBP pain and ADIM is potentially a strategy to alleviate it (Schinkel-Ivy, Nairn and Drake 

2013).  

The contrasting evidence for the benefits of employing ADIM in rehabilitation of the torso is 

arguably a product of the purpose for its implementation. For example, improving recruitment of 

TrA and IO through voluntary activation and repeated contractions has some support through 

observations of increased TrA and IO muscle thickness the during the performance of Pilates 

exercises that employ the ADIM strategy (Endleman and Critchley, 2008). In addition, the myriad of 

enhancements to the strategy have also yielded some improvements to function which included 
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radiation (Hwang and Park, 2017), and breathing control (Badiuk, Andersen and McGill, 2014; Ha et 

al., 2014). Similarly, in participants who experience pain as part of their condition, the ADIM and 

isolating activation strategies have been found to reduce pain more significantly (p=0.015) than 

general exercises (Akbari, Khorashadizadeh and Abdi, 2008). However, it is not completely clear 

whether retraining the deeper torso muscles in this way will improve activation and function with 

other torso muscles when the upright standing posture is challenged with perturbation.  

Performing the ADIM during side lying (plank) has also been found to significantly increase 

recruitment of TrA and IO more than 4 point kneeling, curl up and supine lying lower limb extension 

(TrA, F=30.784, p<0.01, IO F=86.033, P<0.001) in healthy participants aged 18-50 years (n=120) 

(Teyhen et al., 2005, 2008). However, Teyhen et al. (2005, 2008) utilised RUSI to explore differences 

in muscle thickness to infer increased activity of the muscles, which has limitations in terms of 

identifying the magnitude of force and timing. Addressing some of these issues, Urquhart, Hodges, 

et al. (2005) investigated TrA, EO, IO RA using  fEMG recordings while participants performed 

abdominal hollowing during bracing and pelvic tilting, they found that  TrA activity during hollowing, 

was 70%, 100% and 65% greater magnitude than IO, EO and RA respectively (p>0.05). However, 

fEMG is invasive and myoelectric activity recorded is limited to the area of muscle that the fEMG 

electrode is inserted into.  In contrast, during bracing EO displayed significantly greater activity than 

TrA, IO and RA (p<0.05). This supports the notion of EO being integral to providing stability and TrA 

being preferentially recruited during hollowing which led to the use of these strategies in exercise 

programmes that target enhancement of torso muscle function.  

Pilates is one such regimen that has gained popularity in the past two decades for its use of spinal 

stabilisation techniques that resonate with the recommendations to train TrA and IO in isolation to 

regain motor control of these muscles (Endleman and Critchley, 2008). Whilst Endleman and 

Critchley (2008) found evidence of increased muscle thickness when performing pilates exercises 

like the imprint, hundreds and leg circles (p=0.001) compared to resting, the effect of an eight week 
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training programme was found by Critchley, Pierson and Battersby (2011)  to elicit increased TrA 

thickness but only when performing the exercises themselves. Critchley, Pierson and Battersby 

(2011) suggest that the thickness improvements did not reveal in resting or functional postures 

which therefore questions whether the inreases in muscle thickness yield any benefit to muscle 

onset duirng performance of a functional baalance test.  

Critchley, Pierson and Battersby (2011) only measured muscle thickness, in contrast , the study by 

Gladwell et al. (2006) found significant improvements in proprioception of participants with LBP 

(stork stand test performance 30.8 s before and 46.9 s after compared to control 22.1, 23.1 p<0.005) 

after a pilates intervention. This indicates that the pilates exercises yielded an effect over the 

neuromuscular system, although the contribution that the torso muscles specifically made toward 

this improved performance cannot be concluded from the study as there were no measures of torso 

muscle activity during the tests.  

The improvement of balance is an interesting finding, particularly as pilates is described as 

controlled and precise, with attention to breathing and potentially mat based (supine/prone/lateral 

floor position) which would be of interest to populations at risk of falls or balance issues (Wells, Kolt 

and Bialocerkowski, 2012) . Yoga is also an exercise form described as mind body which has 

produced favourable results in older adults when a 12 week programme yielded reductions in fear 

of falling and increased balance although these were not statsitcally significant (Schmid, van 

Puymbroeck and Koceja, 2010). However, Tiedemann et al.( 2013), did find significantly greater 

improvements in standing balance (mean difference = 1.52 seconds, 95% CI 0.10–2.96, p =0.04), and 

one-legged stand with eyes closed (mean difference = 1.93 seconds, 95% CI 0.40–3.46, p = 0.02). 

Such findings are promising for populations who are at risk of falling however, whilst balance may 

improve in this type of exercise, it is unclear whether these improvements would confer protection 

from an unexpected perturbation. The tests of balance  that were implemented have known spatial 
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and temporal characteristics in which participants could utilise sensorimotor control that may not 

be available in unexpected events.  

2.7 Measuring Torso Muscle Structure and Function 

Timely recovery to perturbations of the lower body can reduce the risk of a slip, leading to a fall. In 

unexpected perturbations a delay in torso muscle reflex response significantly increases the chances 

of sustaining a fall or lower back injury (Cholewicki et al., 2005), indeed participants with LBP, 

activation exhibit delays in muscle onset. However, it is not clearly understood whether delays in 

older participants can also contribute toward the risk of falling or if the risks can be mitigated with 

exercise. Perturbation tasks have varied making comparisons between findings challenging; for 

example delays in TrA, IO, LM and ES in anticipation of a rapid arm movement (Moseley, Hodges 

and Gandevia, 2002; Allison, Morris and Lay, 2008; Silfies et al., 2009) used the timing of the onset 

of the deltoid muscle as the point from which the torso muscle onset was calculated. Studies that 

have utilised standing surface support translation have recorded muscle onset in relation to the 

time of the surface movement (Carpenter et al., 2008; Tokuno et al., 2013). Myoelectric responses 

of the torso muscles are identified as changes in electrical activity of the muscles. Changes in activity 

have been investigated in the context of identifying either the role of individual torso muscles in 

lumbar stability (recovery strategies to prevent falling) or to invoke a torso muscle reflex response 

in standing or seated positions when the torso is entirely displaced.  

Electromyography has remained a popular method to record the time of torso muscle onset due to 

its ability to collect temporal information on the electrical activity within the muscle delivered via 

the motor neuron in dynamic conditions (Hodges and Bui, 1996, Reaz, Hussain and Mohd-Yasin, 

2006).  EMG  is a biomedical signal that records electrical activity generated in muscles 

(depolarisation of muscle cells during a muscle contraction and the nerve impulses that initiate the 

depolarisation of a muscle) and this information represents neuromuscular activity of the muscle 

(Reaz, Hussain and Mohd-Yasin, 2006; Najarian, Splinter, 2012). Surface EMG (sEMG) has been used  
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as a non-invasive method to examine the torso muscle activity during imposed demands on the 

torso and posture ( Hodges and Bui, 1996, Cholewicki and VanVliet Iv, 2002; Ferreira, Ferreira and 

Hodges, 2004; Carpenter et al., 2008; Mannion et al., 2008; Boccia and Rainoldi, 2014; Olson, 2014). 

Whilst is has reportedly good reliability to record the onset of superficial torso muscles, (Dankaerts 

et al., 2004; Cholewicki et al., 2005; Silfies et al., 2009; Huebner et al., 2015; Shahvarpour et al., 

2015; Ludvig and Larivière, 2016) it cannot reliably record activity in the deeper torso muscles like 

TrA. Although attempts have been made to validate surface electrode placement site for TrA based 

on its location immediately underneath IO and their dual connection to the AAF (Marshall and 

Murphy, 2003) the ability to accurately discern IO activity from TrA will be affected by what Merlo 

and Campanini, (2010) refer to as volume conductor. This term alludes to the soft tissues, fat layers, 

skin layers and intersections of fascia that act as low pass filters on the sEMG signal. Therefore, the 

thicker the volume conductor the lower the sEMG amplitude and less reliable the sEMG signal.   

2.7.1 Using Rehabilitative Ultrasound Imagiing to capture muscle activity   

Rehabilitative Ultrasound Imaging has been used in brightness mode (B-mode) to capture changes 

in muscle thickness to infer muscle activation. Interestingly, Hodges et al. (2003) suggest that the 

relationship between TrA, IO and EO geometry and activity will depend on the length of the muscle. 

It is known that force generation of a muscle is dependent on its initial length (Brown, Ward , Cook, 

2011; Lieber & Ward, 2011; Ward et al., 2009). Since the fibre orientation of TrA, IO, and EO differ 

overall, the initial length (and thereby thicknesses) of these muscles could differ in varying positions 

(sitting, standing or lying) which could arguably alter the force generating capacity and subsequent 

observations and inferences from RUSI. For example, if TrA isometrically contracts the muscle 

thickening and shortening will be dependent on tendon stretch (AAF and TLF) (Richardson, Snijders 

and Hides, 2002; Barker et al., 2006; Duchateau, 2007).  This underpins the notion of reduced 

reliability of RUSI to detect morphological change in MVC’s over 40% (Hodges, 2003), but supports 
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use of observing changes in TrA and IO thickness at low levels of contraction and degree of 

tensioning or slide of the AAF (Hides et al., 2007). 

RUSI images of EO muscle thickness have reported conflicted levels of reliability in relation to muscle 

activity.  Rabello et al. (2015)  found negative non-significant correlation between EO thickness and 

EMG measures in torso flexion (n=18, p=0.979 r=0.01) but significant positive correlation in rotation 

(p<0.001,, r=0.898). They found great variability with the EO muscle thickness measures and lack of 

relationship in flexion lead them to advise caution with using RUSI in isolation to measure activation 

using B-mode. Similarly, Hodges et al., (2003) did not find a significant relationship between EMG 

activity and thickness changes (r=0.23, p=0.413 ), or rather they observed little change in EO 

thickness. Hodges et al., (2003) attributed this to the oblique orientation of the fibres and possibly 

a different profile of contraction that will happen in 3D therefore may not be picked up by the 2D 

images in B-mode.   

However, Hodges et al. (2003) employed isometric contractions in a semi reclined position, which 

was in contrast to a later study in which John and Beith (2007) found EO to be thicker and activated 

in torso rotation, but not in the ADIM condition. It is postulated that the fibre orientation of EO, the 

level of activity and the use of isometric contraction in the tasks of these studies led to this finding. 

Hodges et al. (2003) found changes in thickness at lower levels of MVC and there was notable 

change from resting thickness to a contracted thickness. Therefore, RUSI may not be able to 

determine force and level of activation through activation changes, but notable changes in thickness 

from a rested state are arguably indications of activity (Koppenhaver et al., 2010).  

 Several studies have assessed torso muscle function as relative percentage thickness changes from 

supine lying, inferring it is a ‘rested’ state (Vasseljen and Fladmark, 2010, Ehsani et al., 2016) and 

therefore any change or increase in thickness is greater recruitment of TrA or IO. However, regional 

differences in fascicle orientation need consideration when exploring the role of the torso muscles 

in the control of lumbar spine and pelvis (Whittaker et al., 2007; Teyhen et al., 2008).  Furthermore, 
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the attachment of the upper region of TrA to the rib cage, the lower region to the pelvis and the 

circumferential fibre orientation in the middle are of TrA suggest the TrA could have different roles 

dependent on task and position. For example, the middle TrA fibres have greatest potential to 

modulate the intra-abdominal pressure (IAP) due to their cylindrical shape and position. Similarly, 

IO has the potential to contribute toward IAP increases, which has been attributed to assisting 

lumbo pelvic control and stability through tensioning TLF (Barker et al., 2006; Hides et al., 2007). 

Whilst EO has had some reports of a similar role in stability, the role of EO has been more widely 

attributed to torque generation and movement control (Tokuno et al., 2013). Non the less, 

contribution of TrA , IO and EO toward torso movement and lumbo pelvic stability are important to 

assess in vivo. Therefore, the position of the transducer during testing is recommended to be 

appropriately positioned to consider the anatomical variations of the torso muscles under 

investigation and the task developed in later chapters.      

Koppenhaver (2009) and McMeeken et al. (2004) stated good to excellent reliability for RUSI 

measures of TrA thickness that obtained the mean of two measures by single examiners, therefore, 

identifying a reliable sonographer and consistent method of image measurement is of substantial 

importance when using RUSI to investigate torso muscle particularly when inferring the role of 

specific muscles to functional tasks.  
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Table 5 Previous studies reporting Reliability of RUSI in morphological and muscle activation 
studies 

TrA = transversus abdominis, IO = internal oblique, EO = external oblique, EMG = electromyography. 

Study Results Estimates, Measures of reliability 

Muscle size compared to 
MRI 

Hides et al., (2006) 

 

 
 
High level of agreement between RUSI and 
MRI measurements 
 

 

ICC - TrA = 0.84 to 0.94,  

IO = 0.91 to 0.95 

TrA slide = 0.78 to 0.91 

Hides, Richardson and Jull, 
(1995) 

No significant difference between US and 

MRI measurements of LM at any level 

Mean difference 

L5 = 0.03 cm2,  S1 = 0.21 cm2   

Timing of activation compared to EMG 

Mannion et al., (2008) 

 

Significant correlation between RUSI (TDI) and 

fEMG, but RUSI measured earliest muscle onset 

consistently later than fEMG 

r = 0.47, p < 0.001 

95% LOA =(-40 to 80 ms)  

Mean difference = 20 ms 

 
Vasseljen et al., (2006) 
 

 
Strong correlation between RUSI and EMG, but 
RUSI measured LM onset consistently later than 
fEMG 

 
ICC = 0.89 to 0.93 
LOA= ± 43 ms 
Mean difference 16 ms  
(27 to -59 ms)  

 

Vasseljen et al., (2009) 

 

 

Except for M-mode of EO, both M-mode US and 

TDI US consistently measured muscle onset 

later than EMG for TrA, IO, and EO 

 

Mean difference M-mode TrA = 7 ms, 
M-mode IO = 2 ms M-mode EO = 54 ms 
(earlier).  TDI TrA = 7 ms, TDI IO = 15 ms, 
TDI EO = 12 ms 

Intrarater and Interrater 
Koppenhaver et al., (2009) 

 

 

Using mean of two measures, intra-examiner was 
highly reliable and  inter-examiner measures 
adequately reliable when different examiners 
scanned LM and TrA thickness 

 

 

Intra-rater (ICC3,2 ) 0.96-0.99 

Inter-rater (ICC2,2)  0.88-0.94 

Sions et al., (2014) Thickness of LM at rest and during a contra lateral 
limb lift was assessed in young (18-40yrs) and older 
adults (60-85yrs). Reliability older adults was less 
than younger, suggest single rater for older adult 
population 

Intra - Younger group, ICC =0.90-0.92, 
Older ICC=0.86-0.90 

Inter  - Younger group ICC =0.84-0.94 

Older group = 0.86-0.93 

 

Teyhen et al., (2005) 

 

Thickness of TrA was recorded in LBP participants. 
Supine lying. Two measurements of same image 
identified measurement reliability, second image 
taken and total abdominal wall thickness measures 
to identify error of procedures to obtain 
standardised image location.  Stated reliability as 
good and clinically useful. 

 

Intra image reliability - ICC3,1 =0.98, 95% 
CI 0.96-0.99. SEM 0.013cm, CoV 5% 

Inter image reliability - ICC3,1 =0.75-0.99 
95% CI 0.75-0.99, SEM =0.0031CM, CoV 
11% 

Bunce, Moore and Hough, 
(2002) 

Single operator measured TrA thickness in supine 
lying, standing and walking using MMode RUSI 
images. Described RUSI as a reliable tool to measure 
TrA thickness is nominated positions. 

ICC (1,1)   Supine =0.94 SEM 0.35mm 

Stand = 0.88, SEM 0.66mm , Walking = 
0.88  SEM 0.56mm 
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Whilst RUSI B-mode can offer a reliable non-invasive method for the assessment of torso muscle 

morphology (table 5), the ability for B-mode to capture muscle onset through thickness changes is 

confounded by the orientation of the torso muscle fibres, the type of muscle action being assessed 

and the position of the participant. More specifically the inferior oblique angle of EO and superior 

oblique angle of IO, as well as the horizontal fibre arrangement of A (Hodges et al., 2003; 

Koppenhaver et al., 2010). Furthermore, RUSI scans in B-mode capture grayscale images of 

underlying structures of the anatomical region that the transducer is placed across the length of the 

transducer. Alternatively, RUSI in motion mode (M-mode) captures information on those structures 

at the midpoint of the transducer as a continuous image over time. Therefore, potentially making it 

a useful tool for clinicians to monitor activation of deeper muscle structures over time while 

performing a dynamic task and without the invasive techniques of FEMG (Vasseljen et al., 2006; 

Whittaker et al., 2007, Mannion et al., 2008a; Dieterich et al., 2017). 

RUSI M-mode has been introduced as an alternative non-invasive method to assess the onset of 

deep muscle activation. RUSI M-mode can monitor deformation of the tissues, or motion of the 

tissues and therefore be used to assess the time to deformation or motion while being tested under 

voluntary or unexpected conditions  (Vasseljen et al., 2006; Mannion et al., 2008; Dieterich et al., 

2017). Vasseljen et al., (2009) recorded lumbar multifidus onset using RUSI M-mode whilst 

simultaneously recording fEMG during a rapid arm flexion movement task. Whilst they determined 

RUSI to be able to detect muscle activity with accuracy relative to FEMG, they noted that there were 

systematic delays using M-mode that require correction; for example, M-mode recorded activity on 

average 16ms later than fEMG. Mannion et al., (2008) also reported similar systematic differences 

between RUSI M-mode and FEMG when recording TrA onset; M-mode recorded onset 20 ms on 

average later than fEMG. Mannion et al., (2008) attributes some of these differences to the time 

delays in ultrasound systems, which are related to specific mechanisms of data capture. For 

example, even in high frame rate capture, the temporal features of recorded scans are a product of 
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the transducers array, field of view, frequency settings and line density (Stoylen 2016). Therefore, 

to assist measurement of deeper torso muscles, the current study proposes to utilise RUSI M-mode 

as a novel non-invasive method of torso muscle onset. The aim of the current study, was to identify 

if there is an order to torso muscle activation in response to anterior horizontal translation and 

whether this differs among healthy populations, young, older and those who regularly train in 

Yoga/Pilates activities.  
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Chapter 3 General Methodology 

 

3.1 General Participation Preparation  

Participants visited the laboratory once for all studies, testing was completed in a single session. 

Before arrival to the laboratory, participants completed health-screening forms, informed consent 

and were made aware of the right to withdraw at any time (Appendix C). Upon completing the forms 

the following exclusion criteria were applied; injury to the lower limb, vestibular disturbances, 

history of dizziness, chronic clinical conditions including heart disease history of heart disease or 

heart events, musculoskeletal injury within the last year (LBP) or surgery, pregnancy in the last 2 

years, postural deformity (spinal), respiratory disorders. Before testing all participants were 

required to be postprandial (2 hours). Sample sizes and power calculations are described as relevant 

in each study. Upon arrival to the laboratory for every single testing session, participants height (m) 

and body mass (Kg) were measured (Seca 213 Stadiometer to record height - Seca, Birmingham, UK; 

Seca 813 Robusta Electronic Scale - Seca, Birmingham, UK). Ethical approval for this research project 

was sought and gained through the Institute of Sport and Physical Activity (appendix G) and all 

procedures performed in studies involving human participants were in accordance with the ethical 

standards of the institutional and/or national research committee and with the 1964 Helsinki 

declaration and its later amendments or comparable ethical standards.  

3.2 Rehabilitative Ultrasound Scanning Imaging (RUSI) B-mode 

3.2.1 Testing Procedure to Capture Torso Muscle Thickness  

All testing took place in a single testing session, one visit to the laboratory. Participants were asked 

to adopt 1) standing (STD)  2)sitting (SIT) 3)crook lying (CL) 4)supine lying (SL) positions (see figure 

3.1) depending on the order of their allocated testing. Images were captured using the Mindray M7 

http://www.habdirect.co.uk/seca-813-electronic-scale-with-large-platform
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(10MHz) ultrasound DU L14-6s (7LS) linear transducer (Shenzhen Mindray Biomedical International 

Ltd, Shenzhen, China).  

For crook lying and supine lying positions, the participant lay on a massage couch while the 

researcher stood on the right side of the participant. During standing and sitting protocols the 

researcher adopted a position (depending on height of the participant) that allowed optimum 

control of the transducer, seated or standing the participants right side (figures 8a-d).  Optimal 

scanning position was determined when angled laterally toward the linea alba between the rib cage 

and anterior supra iliac crest and optimised for image quality (Figure 8). This ensured the interface 

between the TrA muscle and AAF were always in the field of view along with the hyperechoic fascia 

lines to the left side of the image on screen (as described by Rankin, Stokes and Newham, 2006). 

This formed an essential part of the measurement process and so images were standardised in 

preparation for the measurement requirements.  Participants were asked to take a “relaxed breath 

in and out” and pause briefly at end of inhalation (IN) and end exhalation (EX) and the images were 

captured at the end of inhale and then exhale. The transducer was not removed during the point of 

capture (at inhale and subsequent exhale images), but was removed between the capture of each 

pair (inhale and exhale) of images and replaced within a minute. Therefore, capture in each position 

took less than five minutes and no more than 15 minutes. In each position (sit, stand, crook lying 

and supine lying) three pairs of images (inhale and exhale) were captured, resulting in 24 scans per 

participant. Images were captured and saved for off line measurements using Mindray.  
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Figure 8 scanning position and probe placement a) supine lying b) standing c) sitting d) crook lying 
 

 3.2.2 Measurements of TrA, IO and EO Muscle Thickness 

 

Figure 9 B-mode RUSI image showing fascia lines and borders used for image capture 

a b 

c d 

TrA 

 

AAF Fascia 

Internal Obliques 

External Obliques 
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Measurements of muscle thickness were made on the RUSI images and saved offline using the 

Mindray M7 ultrasound scanner in built system software. The on screen callipers were used to draw 

a straight line parallel to the midline of the TrA 1cm from the aponeurosis of where the TrA emerged 

from the AAF through the belly of the TrA muscle (Figure 9). A cursor was then taken superiorly and 

inferiorly of this marker to measure TrA thickness at this point of the muscle within the inner edges 

of the upper and lower fascial borders (Figure 10).  During reliability analysis (Chapter 4), this 

measurement of TrA, IO and EO muscle thicknesses were performed twice (one month apart) on 

each image (blind), and results were recorded for analysis. The results in Chapter 4 informed  

measurement methodology for subsequent studies. Therefore three images were captured to 

record torso muscle thickness and the mean of three images were used in analyses.  

3.3 Using Surface Electromyography to Measure Torso Muscle Onset in Response to 

a Lower Body perturbation 

3.3.1 Skin Preparation and Electrode Placements 

Chapters 6, 7 and 8 utilise surface electromyography to capture torso muscle onset. The following 

procedures describe the preparation for electrode placement, sEMG signal data capture, analysis 

and methods used to detect muscle onset. The skin was cleaned and prepared at the electrode sites 

(locations described in table 6) using 3M Red Dot TM Trace Prep tape, (Model 55144 3m Healthcare, 

Canada), hair was removed with a disposable razor and alcohol wipe to remove hair and skin 

moisture residue. Bipolar surface electrodes (Model SX230, Biometrics, Gwent, UK) consisted of two 

37 millimetres (mm) long by 20 mm wide plates placed 10 mm apart and were placed at the 

anatomical sites relevant to each study in table 6 for left and right side rectus abdominis (RA), 

lumbar multifidus (LM), external oblique (EO) and erector spinae (ES). Electrodes were placed 

bilaterally in the direction of the muscle fibres according to SENIAM recommendations and 

supporting research (Dimitrova, Dimitrov and Chihman, 1999; Hermens et al., 2000; Dankaerts et 
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al., 2004; Cram, 2010; Milosevic et al., 2016). A reference electrode was placed around the lateral 

epicondyle of the elbow in study 2 (chapter 6) and radial styloid of the wrist for later studies (table 

6, chapters 7 and 8) to facilitate equipment and signal quality and participant comfort.  

During study three (Chapter 7) the addition of EO sEMG electrode placements was implemented to 

assist the establishment of limits of agreement between sEMG and M-mode RUSI to detect muscle 

onset. Since the subject unit used to connect sEMG electrodes and wires has eight channels and one 

of the channels was also needed to synchronise the equipment (see section 3.3 and 3.5), RA was 

omitted from subsequent studies (three and four, chapters 7 and 8). As such, the skin was prepared 

at EO electrode placement site and electrodes placed on the anatomical location in table 6 based 

on the methods used by (Marshall and Murphy, 2003; Huebner et al., 2015). Electrode signals were 

checked for baseline noise prior to the start of each trial, participants performed simple movements 

of torso extension, rotation and flexion before stepping on the platform to ensure a clear signal was 

obtained. 

Table 6 Showing Anatomical Landmarks for Electrode Placement 

 

Electrodes were attached to the subject unit which was secured in a belt above the participant’s 

pelvis in study two (chapter 6) but held by the participant in studies three and four (chapters 7 and 

8) when M-mode RUSI was added to the protocol. The subject unit was connected to the amplifier 

Muscle Location 

Rectus Abdominis (RA) 10 mm above umbilicus and 30 mm lateral to the midline  

Erector Spinae - Longissimus (L) Placed at 2 finger width lateral from the proc. spin of L1  

Multifidus (MF) L5 level , parallel to the line between posterior superior iliac 
spine (PSIS) and L1-2 interspinous space 20-30 mm from midline  

External Oblique 12-15cm laterally from umbilicus, upper electrode border 
placed below inferior pointy of costal margin (position had to 
allow  RUSI transducer to be placed in the local area, optimum 
position was located for each participant and was within 2-4 
cm of the specified area) 

Reference/ground Study 2 (chapter 4) Lateral epicondyle of the elbow, study 3  & 
4 (chapter 6 and 7) placed on radial styloid 
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(Datalink, Biometrics Ltd, Wales) and EMG data was recorded using Biometrics software (version 

8.6) which was channelled through the Cortex motion capture system described in section 3.4. 

Sampling rate of EMG signal collection was set at rate of 2000 Hz with channel sensitivity set at 3V 

(Hermens et al., 2000; Dankaerts et al., 2004, Cram, 2010, SENIAM). 

 3.3.2 Signal processing 

Optimising the accuracy of muscle onset determined using sEMG was important aspect of all studies 

as it was pivotal in establishing levels of agreement between two different methods used to 

determine onset of superficial (sEMG) and deeper torso muscles (RUSI M-mode) in older and 

younger participants. Since signals with high levels of background activity consistently revealed 

delayed muscle onset times using TH methods compared to VIsD (Paul W. Hodges and Bui, 1996), 

the signal processing methods were developed to enhance accuracy of muscle onset detection. 

Therefore, two processing methods were completed on the same signals and are described fully in 

Chapter 6. The results from chapter 6 informed signal processing methods in subsequent studies 

(chapters 6, 7, 8) and are summarised in the following. 

After sEMG signals were collected through biometrics and channeled through cortex as described 

above (3.3.2), all EMG data were exported from cortex in *.c3D format for analysis in Visual 3D (C-

motion Research Biomechanics, Maryland, USA). The EMG signals were first corrected for zero 

offset by subtraction of the signal mean value (Robbins cited in Naik, 2014). Subsequently, signal 

processing methods were applied to the sEMG signals, following the process outline by Solnik, Rider 

and Steinweg, (2010). The signals were processed as outlined in figure 11 with the application of the 

Teager Kaiser Energy Operator (TKEO) to improve signal quality prior to onset determination.  The 

following processes were applied to the sEMG signals:  

 Bandpass filter 30Hz, TKEO; Full wave rectification; low pass filter 50Hz 

The High pass filter reduces low frequencies while retaining high and low pass filters will attenuate 

high frequencies and retain low (Robbins cited in Naik, 2014). The TKEO was applied using the Visual 
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3d software and is based on the algorithm presented in Solnik, Rider and Steinweg, (2010). The TKEO 

application measures instantaneous energy changes of the signals composed of single time-varying 

frequency. The calculated energy is derived from instantaneous amplitude and instantaneous 

frequency of the signal. Therefore, TKEO enhances the ability to analyse EMG bursts of muscle 

activity that arise due to the rapid fluctuations that occur in a signal amplitude and frequency as a 

result of depolarisation of a muscle cell.  

The discrete TKEO (Ψ) was defined as: 

Equation 1 

    
 
Where TKEO = (Ψ), and x is the EMG value and n is the sample number (Solnik, Rider and Steinweg, 2010) 

One bidirectional pass was applied to each filter to remove a lag in the signal created by a single 
pass. 
 
 
 

 

 

 

 

 
 
Figure 10 Example of signal without TKEO applied (left) and with TKEO applied (right) 
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Figure 11 Procedure for processing sEMG signals with the TKEO applied and without, prior to 
detection of muscle onset.  
 

3.3.3 Detecting Muscle onset on sEMG Signals 

Surface EMG measured muscle onset (changes in electrical activity) of the torso muscles described 

in 3.2, in chapters 6, 7and 8. To determine muscle onset in response to a lower body slip event, the 

perturbation device described in Chapter 5 was used to deliver lower body perturbations. The time 

point at which the plate initiated movement was recorded using motion capture equipment (section 

3.3.4 and 3.5.1). The point at which the plate started to move was the point from which muscle 

onset was determined on the sEMG signals. Chapter 5 fully described the equipment and methods 

used to develop the perturbation device and section 3.3.4. 

 After the aforementioned signal processing methods were completed, onset was determined using 

computerised method with threshold (TH) determined; Reliability of muscle onset measurements 

and results of chapter 6 informed the following methods. Computer algorithm to determine onset 

using TH methods was determined as five standard deviations (SD) for a minimum of 40ms with 

baseline activity recorded 200ms prior to the perturbation onset based on considerations presented 

Analogue 
raw EMG

LES signal with 
High pass 30Hz 

filter applied

With TKEO 
applied and full 
wave recitfied 

Low pass 50Hz 
filter applied 
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by  Hodges and Bui, (1996) and set to achieve maximum accuracy. The results of threshold-

determined onset were also visually checked in order to ensure EMG onset was not obscured or 

affected by movement artefact, background noise or electrocardiogram signal (EMG traces in 

appendices B). It was determined that without the application of TKEO to sEMG signals, the TH 

parameters were not sensitive enough to detect onset in all sEMG signals. Therefore, to optimise 

onset detection accuracy, TKEO was applied in all studies to all sEMG signals otherwise; the sample 

sizes would have been affected.  Once the parameters TH method was input to Visual 3D software, 

event markers were created on the sEMG signals. This enabled the onset of perturbation to be 

highlighted on the EMG signals (section 3.4.2) as well as muscle onset. Once both event markers 

were ascertained in Visual 3d, the data was exported for each time point to Excel (2016 Microsoft 

office) and used in further analysis (the perturbation onset was deducted from muscle onset to give  

time to onset from perturbation). 

3.3.4 Using Motion Capture to Monitor Perturbation for sEMG and RUSI  Onset Determination 

Procedures 

The detection of the first temporal instance of plate movement in each trial was recorded using 

motion capture system described in section 3.4.1. The data was exported in *.C3d format to visual 

3D imaging software that then allowed the movement to be visually checked on the plate sagittal 

graph [x] for accuracy and exported to Excel (2016 Microsoft office) . The plate movement was 

deemed the onset of perturbation from which onset of muscle activity in sEMG and tissue 

deformation in RUSI was then calculated. The time difference between plate onset and muscle onset 

were then exported to excel and used in statistical analyses. In chapter 5, the calculation of velocity 

was based on the event markers placement on the sagittal graph [x] at the start and end of the 

movement, these were visually checked for accuracy. 
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3.4 Rehabilitative Ultrasound Scanning Imaging (RUSI) M-mode to capture Torso 

Muscle Onset 

 To asses TrA, IO and EO activation, tissue deformation as an indication of muscle activation, a 

Mindray M7 (1000Hz) rehabilitative ultrasound imaging system (RUSI) including a 7LS DU linear 

probe (Mindray Med Int Ltd, Shenzhen, China) was used. Scanning permitted image capture in M-

mode and B-mode simultaneously. The M7 Mindray ultrasound machine captures cine at a 1000 Hz 

sampling frequency and scans for the studies in Chapters 7 and 8 were set to 45-46 mm depth and 

a frequency of 7.5 MHz, dynamic range (Db) 90. The frame rate of the captured cine video was 

influenced by field of view, depth, frequency and line density settings (Støylen, 2016). Therefore, 

preliminary investigations found with this model of RUSI the following settings yielded optimised 

scanning view: the depth of 45 to 46 mm, field of view medium 2, line density medium and 

frequency 7.5Hz. Subsequent frame rate of 77 frames per second collection rate (1 frame = 13 ms 

of information). Focus position was adjusted to ensure both M-mode and B-mode captured EO, IO, 

TrA muscles and the anterior abdominal fascia structures (figure 13-17). The identification of the 

AAF formed an essential part of the measurement process, therefore images were standardised in 

preparation for the measurement requirements.  

Probe position during testing was placed on the right anterolateral side of the torso probe marker 

oriented obliquely toward the linea alba and optimised for image quality (established in chapter 3). 

Probe position was verified in initial scans to also capture muscle thickness before electrodes were 

placed on the skin (Teyhen et al., 2007). The torso was marked to allow accurate repositioning when 

testing commenced (as the probe was removed between perturbation trials and repositioned) and 

to ensure there was limited interference between sEMG and RUSI transducer. The transducer was 

located a minimum of 20mm away from the electrode in order to minimise any signal disruption. 

Although it was located as close to the EO electrode to provide accurate comparison of the 
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activation location to acknowledge homogeneity of muscle area, as determined in a prior 

habituation trial on separate participants. 

3.4.1 Motion Capture Preparation and Synchronisation of Equipment 

During the development of the perturbation device (chapter 5) and subsequent studies (chapters 

6,7,8), seven cameras (3D Motion Analysis System - 3 Hawk digital real time cameras HWK-200RT, 

California USA, and 4 kestrel cameras 4200, California USA, C-Motion Analysis Corporation, Santa 

Rosa, California) captured movement of the plates and participant. The cameras were set to 200 

frames per second (fps) and detected movement of the high-visibility motion capture markers that 

were placed on the perturbation device and participant within the testing area. This information 

was then transmitted to the Cortex Motion Capture Software (Cortex 3D Imaging Software, version 

6.0.0 1645, model HPzbook14 G2, Stanford University). Using (Van Sint, 2007) guidelines as a 

reference for anatomical landmarks, 40 motion capture markers were placed on the participant and 

14 on the perturbation board (Figure 12 and appendix F). Calibration of the cameras before every 

testing session minimised the effect of subtle movement of clothing on motion captured, the 

markers were either placed directly on skin or where appropriate participants wore body stockings 

(lycra) and markers placed on the surface. Markers placed on the perturbation device and 

participant foot were used for analysis in this study.  

When entering the testing area, participants were instructed to step onto the perturbation device 

with toes placed on a marked line. The perturbation device was placed on a marked out space for 

every study to optimise capture for cameras and space for all operators. Data collected with the 

motion capture system was synchronised with RUSI via the ECG channel that was connected to a 

single channel on the sEMG subject unit that simultaneously recorded during the perturbations 

(previously described section 3.2). Instructions to participants were the same throughout, informing 

them to remain upright, keeping their head up and to focus on a green light at eye level directly in 

front of them. 
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Figure 12 Marker placements on participants and perturbation device 
 

The sEMG and RUSI measurement devices operate on separate software and instrumentation, 

therefore a national instruments (NI) device (national Instrument - NI USB-6343 X Series DAQ; 

Analogue to digital board - USB 6218 national Instruments, Texas, USA) was used to synchronise to 

the temporal elements of the sEMG equipment, (DLK 900 Data Link system - Biometrics, Gwent, 

UK), 3D motion capture and RUSI scanning system simultaneously. The NI device was set to deliver 

10 ms pulsed time waves through the ECG module of RUSI to display on screen and into the sEMG 

subject unit simultaneously to synchronise a common temporal record across all devices (Figure 13 

and 14). The onset of perturbation was defined as the start of the plate movement. This was marked 

as an event on the NI pulse wave graph (section described later in data analysis) which was then 

used as a temporal reference as a point from which to then determine muscle onset using both RUSI 

and sEMG.   
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3.4.2 Detecting Tissue Deformation (onset) RUSI M-mode 

The RUSI scans B-mode and M-mode cine loop videos were saved for off line measurement. 

Scanning permitted B-mode and M-mode to be viewed and recorded simultaneously; to improve 

visual acuity of the scanned tissue structures, muscle structures and the fascia that separates them, 

(AAF, EO, IO TrA) the M-mode scan was colourised which could also be changed in analysis to 

enhance visual quality, this was an important aspect of visually determining tissue deformation. 

Onset of EO, IO and TrA were visually determined by deformations of muscle tissue along the 

scanned fascia lines, the change from baseline smooth image quality to definite deformation as per 

the methods outlined by  Vasseljen et al., (2006); Dieterich et al., (2017), but without additional 

signal processing for purposes of maintaining clinical and ecological validity. Whilst pixilation 

occurred before tissue deformation in some images, activation was determined as the point at 

which the tissue deformed or changed thickness to maintain consistency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 13 Ultrasound images: M-mode image (right) and B-mode (left). The ECG signal with 10ms 
pulse wave located at the bottom was used for temporal reference of perturbation, blue line 
indicates plate movement 
 

ECG signal receiving 10ms Pulse Wave 
from National Instruments device 
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Figure 14 Analogue signal of the 10 ms Pulse wave signal from National Instruments; Blue line 
indicates the initiation of plate movement 
 

The National Instruments device described in section 3.5 that generated a 10ms pulse wave signal 

which could be visually observed on M-mode RUSI and sEMG signals provided the common 

temporal information to compare right side EO sEMG onset with right side EO tissue deformation 

(RUSI) (Figure 14). The signal was exported to Visual 3D and was highlighted with a colour marker 

to highlight the perturbation event which was also obtained using Visual 3d software. This temporal 

information was then viewed on the cineloops and specific time recorded (Figure 15 and 16). A 

vertical line was generated on the image using the Mindray measurement callipers within the 

software and saved on the scans.  Figure 6.4 shows the final image of onset timing relative to the 

calculated onset of plate device derived from the NI device. The NI device delivered a 10 ms pulse 

wave (one peak every 1 ms, with 10 peaks in total) every 7 ms (flat line); the image seen on the EMG 

(figure 14) trace reflected the same temporal information on the ECG signal on the captured RUSI 

cine loops. Therefore, the perturbation timing was accurately aligned on the images and from timing 

information taken from the NI signal to calculate onset of tissue deformation.  

A single researcher used onscreen callipers to indicate the onset of TrA, IO and EO. Onset was 

determined visually using Mindray RUSI software, which has the facility to measure distance and 
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timing. The timing callipers were used to indicate the point of perturbation previously described and 

the deformation of muscle fascia lines. The time displayed on the NI signal exported in the *.C3d 

data format (Figure 14) facilitated visual allocation of perturbation time point on RUSI through the 

electrocardiogram (ECG) module. The ECG module allowed for input of the NI timed pulse wave 

which gave a visual display of the 10ms time pulses on screen when recording the perturbation 

trials, which was then later identified using a vertical marker with on screen callipers (Figures 15 and 

16) when all cineloops were measured. Muscle onset was determined as the first visual detection 

of tissue deformation at the point after (or before) the plate-initiated movement (recorded with 

motion capture, section 3.4.1) revealed through the NI signal (figure 14). The same NI signals were 

used to calculate sEMG and RUSI onset.The time difference between plate onset and tissue 

deformation was recorded in Excel (2016 Microsoft office) and used in analyses.  

 

 

Figure 15 B-mode and M-mode images used to capture muscle onset 
 

Field of view, cross section 
viewed in M-mode  

Perturbation 
timeline 
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Figure 16  Image showing the calliper lines and example of measures obtained for onset   
 

3.5 Perturbation Experimental Procedures  

After participants were prepared with markers and electrodes, they stood on the perturbation 

device without being told what would happen or when. The verbal instruction was repeated to every 

participant ‘please look ahead at the green light above the door and remain upright’. This ensured 

the same visual input for each participant and unambiguous instruction for intent to prevent 

extraneous motor control commands. First trial was unexpected and subsequent trials were 

expected with regards to direction and velocity but not timing or side (left or right). Several 

operators worked to activate equipment and deliver the perturbations in a timed manner. All 

perturbations were delivered within 10 minutes. After each perturbation the equipment was reset 

and participant positioned back on the device. Motion capture cameras and sEMG recordings were 

initiated by the same switch and the perturbation device was released by an operator when a signal 

from the sonographer was given that was detected by the participant (foot tap) between 2-5 

seconds after the cue. This signal remained unknown to the participant. Prior to the delay, all 
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investigators and participant remained in situ for up to 10 seconds to ensure baseline values to be 

observed on RUSI and SEMG. The variation of limb perturbation sequence was established using a 

Latin Squares, and remained blind to participants, but all operators were aware. Resulting in 

combinations of left and right plate perturbation measurements being available for further analysis.  

3.6 Grip strength and SARC-F measures 

Handgrip strength was measured using the Takei handgrip dynamometer (Grip-D TKK 5401, Japan). 

Participants stood in the anatomical position, with hands facing upper thighs (at their sides) and 

were instructed to grip with maximal exertion for 3 seconds three times alternating right and left 

side (Collerton et al., 2010; Roberts et al., 2011; Dodds et al., 2014). The best of three trials was 

recorded as grip strength measurement with dominant arm being compared against recommended 

normative data (Dodds et al., 2018; Cruz-Jentoft et al., 2019) (Table 27). In addition the SARC-F was 

included in the initial screening and medical questionnaire given to older adult participants using 

the guidance set out by Malmstrom and Morley (2013) and Malmstrom et al. (2016). Participant 

scores equal to or greater than 4 is predictive of sarcopenia and therefore such participants would 

be omitted from this study, as asymptomatic older adults were required.  
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Chapter 4 Using Rehabilitative Ultrasound Imaging to Measure Muscle 

Thickness in a Healthy Population   

 

4.1 Introduction to Rehabilitative Ultrasound Imaging Scanning 

Rehabilitative Ultrasound Imaging (RUSI) has gained popularity in research and for clinicians who 

have sought to find non-invasive methods to assess torso muscle function. RUSI has been used 

successfully to assess torso muscle morphology (size, shape and structure) and function (level and 

timing of activation) (Crommert et al., 2011; Hides et al., 2008; Hides et al., 2007; Hodges & 

Richardson, 1997; Whittaker et al., ,2007, Koppenhaver et al., 2010, Watanabe et al., 2013). 

Specifically, LM and TrA thickness changes were measured and used as indicators of success of a 

lumbar stabilisation programme (Hebert et al., 2010) and as evidence of altered recruitment of TrA 

and LM in response to pain (Kiesel et al., 2008). Similarly, RUSI has been used to compare TrA, EO 

and IO muscle thicknesses between male and female participants (Rankin, Stokes and Newham, 

2006; Manshadi et al., 2011), between groups of athletes (Sitilertpisan et al., 2011) and between 

older and younger participants as an indicator of age related atrophy (Ikezoe et al., 2012).  

Changes in muscle thickness have been associated with muscle activity and whilst muscle 

contraction should result in changes to muscle size or thickness. However, Koppenhaver et al 

(2009b) suggests that using RUSI to monitor changes in muscle thickness that are associated with 

activation will depend on the architecture of the muscle under observation as well as the type and 

level of contraction. The sensitivity of RUSI to detect changes in muscle thickness can offer clinicians 

and exercise specialist’s opportunities to investigate effectiveness of rehabilitation strategies and 

morphological variations among different populations which have been related to the neurological 

function of the muscle ( Hides et al., 2008a;  2008b). Therefore, the purpose of this Chapter is to 
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identify the reliability of RUSI in relation to sonographer skills (intra-ratter) (Chapter 3a) and identify 

differences in thickness measurements across the sample population tested (Chapter 3b).   

4.1.1 Reliability of RUSI 

The importance of minimising measurement error in data collection is critically important in sport, 

health and medicine studies. Bartlett and Frost, (2008) suggest that error is present in 

measurements which are prone to some sort of inaccuracy causing the true value to be slightly 

different to that measured. Sources of error when using RUSI to examine muscle thickness could 

occur from the equipment (for example the RUSI scanner), procedures (probe placement, position 

of sonographer/rater and participants for scanning) or from the sonographer (inadequate scanning 

experience leading to position and probe pressure errors) (Whittaker et al., 2007; Whittaker, 2008). 

Hopkins, (2000) suggests that the measurement error derived between assessing the agreement 

between observed values and the true values (concurrent validity) is important. In addition, the test 

retest reliability is also important to establish, which is the reproducibility of the observed value 

when measurements are repeated.  

Concurrent validity of RUSI was explored in comparisons of torso muscle morphology, using 

magnetic imaging resonance (MRI) and rehabilitative ultrasound Scanning Imaging (RUSI). Good 

agreement has been reported between MRI and RUSI for measures of TrA, IO, cross sectional area 

(CSA) (r=0.84-0.95, 0.97-0.95) (Hides et al., 2006). This addresses the notion that RUSI measures of 

torso muscle morphology can be compared to an established level of accuracy (Hides et al., 2008), 

but the body position in MRI scans are limited to stationary supine lying. Therefore, in studies that 

have measured muscle thickness in positions other than supine lying using RUSI, will arguably have 

limited capacity to state that these are the true values, rather have some error related to their 

accuracy. Since B-mode, scanning is reliant on the accurate positioning of the RUSI probe (also called 

transducer) as well as consistent pressure of contact between body and probe, studies utilising RUSI 

will refer to the retest reliability. The test re-test reliability will indicate the intra-ratter (single 
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sonographer consistency) and inter-ratter (if more than one sonographer) reliability that will enable 

an evaluation of consistency of the measurements taken by different sonographers or by a single 

sonographer in repeated measurements (see table 5).  

Reliability of measures are reported as intra class correlation (ICC), which are a statistic that is 

considered on a scale of zero to one (Atkinson and Nevill, 1998). A value of one is described as an 

indication of zero measurement error and a value of zero would mean all variability in 

measurements were due to errors (Bartlett and Frost, 2008). Deciding which value would constitute 

poor, good or excellent reliability is often made subjectively, although Koo and Li, (2016) suggest a 

value of 0.5 or less is very poor, 0.5-0.75 is moderate and 0.75-0.9 indicates very good reliability and 

above 0.9 is excellent. Koo and Li, (2016) also suggest reporting the ICC in relation to the calculated 

confidence intervals (CI) is more appropriate. Furthermore, Atkinson and Nevill, (1998) also suggest 

that ICC can be affected by sample heterogeneity and variance within individuals which would result 

in a seemingly high correlation, but unacceptable measurement error for some analytical goals and 

therefore, ICC should not be the only statistic employed to report reliability.  

Analyses that reveal absolute reliability of a measurement will provide an indication of the degree 

to which repeated measurements vary for individuals (Atkinson and Nevill, 1998; Rankin and Stokes, 

1998a). One such measure is the standard error of measurement (SEM) which estimates how the 

repeated measurements (scans or repeated measurement of thickness on the same scanned image) 

of a participant are distributed around their true score. Whilst it has the same margin of absolute 

error for participants who score very high or very low, it is commonly reported in reliability measures 

of muscle thickness. For example Bunce, Hough and Moore, (2004) established SEM of the torso 

muscles (EO, IO and TrA) were 0.35 mm in supine, 0.66 mm in standing and 0.56 mm during walking 

which they state are acceptable as changes in muscle thickness during function can exceed 1mm 

and therefore potential would exist for them to detect changes beyond the range error. Coefficient 

of variation (CoV), standard error or measurement (SEM) and in some studies limits of agreement 
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(LOA) were used to determine this. Each measurement has clinical advantage and limitations that 

offer insight for reliability of measurements in this study.  

 Hopkins, (2000) advocates the use of Coefficient of Variation (CV) as an expression of the typical 

error (TE) can be more applicable to every participant than the TE figure alone. Since the statistic is 

to compare the reliability of measures regardless of calibration or scaling, it can therefore allow for 

comparison of reliability between types of measurements e.g. RUSI, EMG and repeated 

measurements that may otherwise be subject to individual variation, like muscle thickness. 

Although cognisant that one of the limitations to the use of CoV is that the within subject variation 

measure will assume that the largest test-retest variation occurs in the individuals recording the 

higher values (Atkinson and Nevill, 1998), it is recommended to use CoV.  

Rankin and Stokes, (1998b) advocate caution when applying CoV as between subject’s standard 

deviation that are often used and therefore conflate dispersion with reliability. Instead, they suggest 

using within subject’s standard deviation to calculate CoV which could be applied on multiple images 

of the same person to estimate error of scanning by the same sonographer on the same participant. 

Similarly the values attributed to good, moderate, poor CoV, ICC value, have been criticised as being 

set at an arbitrary level (Atkinson and Nevill, 1998). For example, they cite studies that have chosen 

an analytical goal of 10 %, which could lead to the suggestion that (assuming a normal distribution) 

68% of the differences between the tests actually lie within 10 % of the mean of the results. Nevill 

and Atkinson (1998) point out that this could be unrealistic as the true variation may be 

underestimated for some ‘new individuals’ and moreover 32% of the variation is not described for.  

Therefore, CoV will contribute toward understanding the reliability of the measures, which will be 

used along with ICC to establish the reliability of RUSI to capture muscle thickness in this study.  

4.1.2 Effect of Respiratory Phase and Position on Torso Muscle Thickness in Young Adults  

Measurements of torso muscle CSA have been associated with function, specifically motor control 

(Hides, Miokovic, et al., 2007; Hides et al., 2008; Kiesel et al., 2008; Stetts et al., 2009). Torso muscle 
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thickness has been found to vary in static and dynamic conditions. For example, TrA, IO and EO 

muscle thickness has increased when in seated positions with  instability imposed (Ainscough-Potts, 

Morrissey and Critchley, 2006; Rasouli et al., 2011), greater in standing than crook and supine lying 

(Mew 2011) and greater in standing when imposed postural demands invoked through weighted 

upper body movements (Crommert, Ekblom and Thorstensson, 2011).  Therefore, the second 

purpose of this study is to explore variation of muscle thickness at rest in different postural stances 

and identify differences in muscle thickness relative to sex or respiratory phase that will be taken 

forward in the development of the test to identify torso muscle responses to lower body 

perturbations. 

Whether a demand is placed on the TrA and surrounding musculature or not, TrA will continue to 

rhythmically contract to assist breathing during expiration (Wang and McGill 2008, Hodges 1999, 

Stokes et al 2010). Therefore, establishing whether this will have impact on measures of muscle 

thickness is important to understand.  This idea was demonstrated by Mesquita Montes et al., 

(2016) who found that when inspiratory loads were added to tasks that were intended to activate 

TrA muscle, the activity was greater in inspiration and expiration, although TrA was more active in 

expiration, whether the respiratory load was added or not (Brown and McGill, 2008; Mesquita 

Montes et al., 2016). Thereby implicating TrA in a respiratory role as well as stabilising or movement 

role. Assessing the impact that respiratory phase has on TrA, EO and IO thickness in varying positions 

is warranted for consideration in future, studies to examine whether respiratory phase will add 

significant contribution to changes in thickness observed when assessing torso muscle morphology 

in different populations.  

Rankin, Stokes and Newham, (2006) attempted to establish normative data for muscle thickness in 

a healthy population. They found that when individual muscle thicknesses of TrA, Rectus Abdominis 

(RA), IO and EO are recorded as percentages relative to the overall lateral abdominal wall (LAW) 

thickness, the RA, OI, OE and TrA represent 35%, 28%, 23% and 14% of the total abdominal wall 
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respectively.  The age range was rather wide (21-72 years males and 20-64 years female) but such 

measures may have use for clinicians as a screening tool to identify pathology, atrophy or progress 

with rehabilitation, particularly as research has found asymmetry in IO and LM of cricketers (Hides 

et al., 2008) and among people with LBP (Hides et al., 2008a, 2008). Whittaker et al., (2007) suggest 

these relative thicknesses to be independent of sex, side of measurement (left or right) or site of 

measurement. However, Rankin, Stokes and Newham, (2006) only tested in supine lying position 

and therefore it is not clear whether these relative thicknesses are consistent through sitting, 

standing, crook or supine lying positions and will be of interest to investigate in a healthy population.  

In seated tasks performed by healthy participants asymptomatic of LBP, TrA and IO have both been 

found to contribute toward stability (Ainscough-Potts, Morrissey and Critchley, 2006; Rasouli et al., 

2011). In the studies by Ainscough-Potts, Morrissey and Critchley, (2006), Rasouli et al., (2011) the 

muscle thickness changes were expressed as a degree of change from supine lying which was 

assumed to provide a resting level of muscle activity and therefore a baseline. Rasouli et al., (2011) 

further identified that the percentage changes were far less in participants with chronic LBP, thereby 

attributing less muscle thickness change to less tone and capacity for activation. This change was 

also less notable in IO than TrA which Rasouli et al., (2011) reinforces the rationale for rehabilitation 

programmes to incorporate the use of instability for managing LBP.  

In addition, Ehsani et al., (2016) found that when performing a standing balance task, there was a 

trend for reduced thickness changes in TrA in LBP participants which was accompanied by an 

increase in EO thickness. They concluded that this suggests a mechanism of torso muscle control 

that shifted from deeper muscle to superficial. However, it remains to be established whether 

instability training will yield increases in TrA or IO thickness and thereby enhance motor control in 

unexpected perturbations. Establishing such associations is dependent on the development of tests 

that can identify whether muscle thicknesses are associated with torso muscle neural control both 
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of which have been associated (in independent studies) with balance, falls strength and postural 

sway in older adults ( Anderson et al., 2016, Donath et al., 2016; Shahtahmassebi et al., 2017)..   

In addition, differences of resting measures of muscle thickness have also been attributed to training 

status and sex (Sitilertpisan et al., 2011; Rho et al., 2013). Therefore, understanding the affect that 

types and levels of physical activity and sex have on muscle thickness (if any) must be established if 

a test is to associate thickness with function. Weightlifters were compared to matched controls and 

found to have significantly larger absolute TrA and IO thickness (p<0.01, n=32). The authors 

conclude that this is the result of activity specific muscle hypertrophy, and where non-significant 

differences were found between control and weightlifters for relative TrA thickness, they suggest is 

evidence of TrA’s role in motor control function and intra-abdominal pressure rather than the 

contribution of force through the strength demands of activities.  Never the less, findings that  TrA 

and IO were thicker in weightlifters (Sitilertpisan et al., 2011), that IO was imbalanced in Cricket fast 

bowlers (Hides et al., 2008) and that LBP participants present with different thickness changes 

during balance tasks (Ehsani et al., 2016) warrant further investigation and clarity.   

4.1.3 Skill Development in Ultrasound Sonography  

Notwithstanding the considerations which should be made to transducer placement and 

sonographer skill, there has been good to excellent reports of reliability using RUSI in B-mode. RUSI 

B-mode views a cross section of muscle at instant moments and in motion mode (M-mode) which 

views over time (Hodges et al 2003, McMeeken et al 2004, Teyen et al 2005, Teyen et al 2008,). 

Scanning site is also of importance when measuring muscle thickness. Rankin et al. (2006) found 

significant differences in thicknesses of TrA, OI, and OE when applying the RUSI transducer on two 

different sites on the anterior abdomen (n=123, p0.01). Since TrA, OI and OE fibres have unique 

pennation angles which determine their role in varying tasks, Rankin et al., (2006), Teyhen et al., 

(2008), Whittaker et al., (2007) suggest that choosing one site for scanning would be most practical 

and should be determined by the task and optimised for image capture.  
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Therefore, the objectives of this section were: 

1. To establish the reliability of the sonographer scanning technique through capture of multiple (6) 

images   

2. To establish test –retest reliability of the measurement process of TrA, IO and EO muscle thickness 

using anatomical landmarks  

3. To identify whether the relative contribution of each muscle thickness to the total thickness 

of the lateral abdominal wall in a healthy young population will be resonant with that 

previous literature has defined.  

The hypotheses for Chapter 4 are:  

Table 7 Experimental and Null Hypotheses Chapter 4  

H1 There will be a significant increase in TrA, IO and EO muscle thickness at exhalation 

compared to inhalation.   

H0 There will not be a significant increase in TrA, IO and EO muscle thickness at exhalation 

compared to inhalation 

H2 Males will have significantly greater TrA, IO and EO muscle thickness than female 

participants 

H0 Males will not have significantly greater TrA, IO and EO muscle thickness than female 

participants 

H3 There are significant differences in TrA, IO and EO muscle thickness between supine lying, 

crook lying, standing and seated positions,  

HO There are no significant differences in TrA, IO and EO muscle thickness between supine 

lying, crook lying, standing and seated positions,  
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4.2  Methods 

4.2.1 Study Design 

A repeated measures cross over design was implemented to assess the reliability of RUSI as a tool 

to measure TrA, IO and EO thickness. A single testing session took place with one examiner taking 

repeated ultrasound scans of the TrA, IO and EO abdominal musculature within the same day. 

Participants were randomly assigned one of 16 possible conditions to randomise the order of 

positions adopted for scanning using Latin square arrangement.  

 4.2.2 Sample Size Estimation and Particpciant Information 

General participant preparation, screening ethical approval and informed consent procedures are 

described in Chapter 3 General Methods (section 3.1 and 3.2).  A statistical power analysis was 

performed for sample size estimation, based on data from (Sitilertpisan et al. 2011) (N=16) which 

compared IO, EO and TrA muscle thicknesses between control and weightlifting participants. The 

effect size (ES) in this study between all muscle thicknesses was 1.46, which was considered 

extremely large using Cohen's (1988) criteria. With an alpha = 0.05 and power = 0.80, the projected 

sample size needed with this effect size (GPower 3.1) is approximately N=12 (six in each group) for 

this simplest between group comparison (ANOVA described in statistics section). Therefore, the 

recruited sample size of N=17 will be more than adequate for the main objective of this study and 

should also allow for expected attrition and our additional objectives of controlling for subgroup 

analysis. 

Table 8 Descriptive Statistics participants included. Values represent mean (SD) of participant 
characteristics 

 

 

 

 

Description Males (n=7) Females (n=10) 

Age(yrs.) 21.2 ( 1) 21.3 ( 1) 

Height (cm) 176.7 (4) 165.1 ( 6) 

Body Mass (kg) 67.9 (5.4) 59.8 (7.3) 

Waist Circumference (cm) 74.2 (5.6) 76.4 (4.8) 

BMI (Kg/m2) 21.8 (1.96) 21.9 ( 2.1) 

Activity per week (hours) 4.7 (1) 2.4 (1.8) 
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Seventeen participants were recruited through email and verbal presentation for studies 1 and 2 

from a University undergraduate population. Seven males and 10 females (Table 8) volunteered.  

4.2.3 Testing Procedure 

For this study participants were asked to adopt 1) standing (STD) 2)sitting (SIT) 3)crook lying (CL) 

4)supine lying (SL) positions (see figure 8) depending on the order of their allocated testing (section 

3.2). Testing in future studies will require accurate transducer position in a single testing session 

that will take place within an hour. The transducer will be removed from the abdomen and replaced 

within minutes of each trial (lasting up to, but no more than 15 minutes). Therefore, reliability was 

investigated to ensure reliable relocation of the transducer by the sonographer after each scan was 

captured. In addition, the reliability of the measurements were assessed to ensure accuracy and 

reliability of the manual procedures required to navigate the anatomical landmarks, the keyboard 

rollerball and Mindray software that utilises callipers and onscreen measurements to calculate 

thickness. The scanning procedure described in Chapter 3 section 3.2 was then applied.  

 4.2.4 Measurements of TrA, IO and EO Muscle Thickness 

The procedures for obtaining measurements of muscle thickness from the RUSI B-mode scans are 

described in Chapter 3.2. To provide measurement reliability, the measurement procedure of torso 

muscle thickness on the scans was performed twice (one month apart) on each image (blind), and 

results were recorded for analysis (4.2.5). Measurement reliability was assessed through 

standardising the measurement method of TrA, IO and EO thickness on all images captured in all 

positions (stand, sitting, crook lying and supine lying) whilst respiration was controlled (captured 

three images at inhale and three at exhale).  
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4.2.5 Statistical Analyses for Reliability 

Three images at inhalation respiratory phase and three at exhalation were captured in each position 

stand, sitting, crook lying and supine lying (18 scans in total per participant). Intra-rater reliability of 

the captured images was assessed in each respiratory phase and posture with Coefficient of 

variation (CoV) using Microsoft Excel. In addition, the intra class correlation coefficients were 

obtained (ICC) to assess the absolute reliability, mixed effects of muscle thickness measured in the 

images captured at inhale (3) and exhale (3) in each position (4). Interpretation of ICC statistics and 

CoV were analysed using criteria of Atkinson and Nevill, (1998); Rankin and Stokes, (1998b) and Koo 

and Li, (2016). Standard error of measurement (SEM) was calculated using equation 2. Where σ is 

standard deviation and µ is mean. 

Equation 2 

CoV = σ / µ *100  

 
Equation 3 

SEM =  𝑺𝑫 √𝟏 − 𝑰𝑪𝑪 
 

To examine the reliability of the thickness measures using the mindray software, anatomical 

landmarks and online calipers, the reliability between the first and second measurements were also 

analysed. Intraclass coefficients (ICC) were obtained to assess the absolute reliability, mixed effects, 

SEM and CoV differences between first and second measurements. 

4.2.6 Statistical Analysis for TrA, IO and EO Thickness differences  

Effect of position and Respiratory phase (Inhalation and Exhalation) 

To investigate the difference between TrA muscle thickness at inhalation and exhalation (2) in all 

four positions (4) a 2 x 4 repeated measures ANOVA was performed.  This was repeated for IO and 

EO muscle thickness. All data for TrA, EO and muscle thickness was normally distributed as assessed 

by Shapiro Wilk test (P>0.05) and Mauchlys test of Sphericity indicated that the assumption of 

sphericity has been met for the two-way interaction χ2(5) 3.903, p = 0.564 for TrA muscle thickness. 
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This was the same for IO thickness χ2(5) 9.938, p = 0.078 and EO thickness χ2(5) 4.839, p = 0.437. 

Where significant main effects were found pairwise comparisons were made with Bonferonni 

adjustments. Finally, Cohens effect sizes (d) with qualitative interpretations (0–0.19, trivial; 0.2–

0.59, small; 0.6–1.19, moderate; 1.2–1.99, large; ≥2.0, very large) are reported (Cohen, 1988; 

Hopkins, 2000) (where µ = mean and σp = pooled SD). Confidence intervals are presented where 

appropriate and two tailed alpha level of significance testing was set at p<0.05.  

Equation 4 
 
Effect size calculation  

Cohens d = µ1 -  µ2 
                        σp 

 

Differences Between Male and Female Participants 

To investigate the muscle thickness differences of TrA, EO and IO (3) between male and female 

participants (2) at inhalation and exhalation (2) during standing, sitting, crook lying and supine lying 

(4) a 3 x 2 x 2 x 4 mixed ANOVA was performed.  The data was normally distributed as assessed by 

Shapiro Wilk test (p>0.05) and there was homogeneity of variance for all groups as assessed by 

Levene’s test of homogeneity of variances (p=0.108, p=0.117, p= 0.195, p=0.166, p=0.176 p=0.515).  

Finally, to compare thickness of the LAW at inhale and exhale (2) during standing and supine lying 

(2) in male and female (2) participants a 2 x 2 x 2 mixed ANOVA was performed. Data was normally 

distributed as assessed using the Shapiro-Wilk test (p>0.05). There was homogeneity of variance for 

all groups as assessed by Levene’s test of homogeneity of variances (p=0.26, p=0.125, p= 0.171 

p=0.779).  Data was analysed using a statistical software package (IBM SPSS Statistics for Windows, 

Version 26.0. IBM Corp.). Values are reported as mean + SD and the alpha level of significance was set 

at P < 0.05. Effect sizes (ɳp2 values) and Bonferonni post hoc analyses were performed to identify any 

interaction effects.  
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4.3 Results 

4.3.1 Image Capture Reliability  

Table 9  ICC, Confidence Intervals (CI) and Standard Error Measurement (SEM) for repeated  
image capture (6 scans in each position for n=17) of TrA, IO, and EO thickness at inhale and 
exhale (n=17).  

Position TRA IO EO 

 ICC1,1 CI SEM 
(mm) 

ICC1,1 CI SEM 
(mm) 

ICC1,1 CI SEM 
(mm) 

Standing 
Inhale 

0.910 0.933-
0.988 

0.16 0.937 0.861-
0.975 

0.41 0.908 0.796-
0.964 

0.39 

Standing 
Exhale 

0.995 0.989-
0.998 

0.09 0.969 0.93-
0.988 

0.35 0.961 0.911-
0.985 

0.32 

Sitting 
Inhale 

0.991 0.979-
0.996 

0.09 0.978 0.949-
0.992 

0.23 0.988 0.973-
0.995 

0.17 

Sitting 
exhale 

0.994 0.987-
0.998 

0.11 0.966 0.925-
0.987 

0.32 0.978 0.952-
0.992 

0.26 

Crook 
lying 
inhale 

0.983 0.962-
0.993 

0.12 0.980 0.956-
0.992 

0.17 0.966 0.924-
0.987 

0.23 

Crook 
lying 
exhale 

0.974 0.94-
0.99 

0.16 0.967 0.927-
0.987 

0.28 0.978 0.95-
0.991 

0.23 

Supine 
lying 
inhale 

0.986 0.968-
0.994 

0.08 0.989 0.975-
0.995 

0.13 0.941 0.868-
0.977 

0.28 

Supine 
lying 
exhale 

0.993 0.985-
0.997 

0.07 0.985 0.966-
0.994 

0.20 0.988 0.974-
0.995 

0.14 

 

The reliability of a single sonographer to capture RUSI images of TrA, IO and EO in a single testing 

session are reported in tables 9 and 10 as ICC and CoV. These are the first measurements of a single 

session of image capture recorded three images at inhalation and three at exhalation. There appears 

very good agreement for muscle TrA, IO and EO thickness across three images at inhale and three 

at exhale as demonstrated with ICCs ranging from 0.908 to 0.995. In addition, coefficient of variation 

was calculated using within participants mean and standard deviation of muscle thickness across 
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the three scans at inhale and exhale. Good reliability in CoV below 10% (Atkinson and Nevill, 1998). 

Images captured within the same day for each participant, revealed good levels of reliability (range 

CoV is 2.6-5.6%) with SD ranging between 1.14mm and 5.8mm throughout the measurements. 

Standing appeared to elicit slightly greater variation in TrA and EO thickness (table 10). 

Table 10.  The mean Coefficient of Variation (%) between three scans of TrA, IO and EO muscle 
thickness in each phase of respiration (n=17, total number of images 408) across four positions. 

 TrA IO  EO  

Stand Inhale 5.14 +4.83 5.13 +4.04 5.03 +2.64 

Stand Exhale 3.42 +2.37 5.26 + 3.16 4.71 +2.57 

Sitting Inhale 3.50+1.64 4.15+2.94 2.94+1.78 

Sitting exhale 2.80+1.99 4.03+2.69 4.11+3.64 

Crook Lying Inhale 4.05+2.71 2.80+1.91 4.63+2.79 

Crook Lying Exhale 3.48+2.90 2.99+3.69 3.8+2.41 

Supine Lying Inhale 3.15+2.09 2.80+1.08 4.23+5.84 

Supine Lying Exhale 2.44+1.14  2.60+2.28  3.34+1.94 

  

 

Figure 17 Mean (+ SD) muscle thickness (mm) of TrA, EO and IO in each position and both phases 
of respiration (n=17) 
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When between group mean and standard deviations were calculated for Coefficient of variation, 

there appeared large variation (Atkinson and Nevill, 1998). For example, TrA muscle thickness in 

image 1, 2 and 3 at inhale revealed 27.9%, 27.3% and 24% CoV respectively across 17 participants. 

Therefore, the calculated differences between this variation in table 10 below reveals that whilst 

large variability exists between participants in each image (which is explored in section 4.3.2), the 

differences within them (their own repeated scans) is very small, with the largest variability seen 

between images 1 and 3 in standing position during inhalation (3.86%).  

4.3.2 Measurement Reliability 

Table 11 Coefficient of Variation (%) between Six images (1-6) in each position at Inhalation and 
Exhalation in the first measures of TrA thickness (n=17)  
 

Position Images 1-2 Images 1-3 Images 2-3 

 TrA IO EO TrA IO EO TrA IO EO 

Stand 

IN (%) 

EX (%) 

 

0.24 

0.19 

 

1.1 

1.8 

 

1.8 

4.2 

 

3.86 

0.51 

 

0.0 

3.0 

 

4.3 

0.1 

 

3.61 

0.33 

 

1.0 

1.1 

 

2.4 

4.1 

Sitting 

IN (%) 

EX (%) 

 

1.13 

0.43 

 

2.8 

0.6 

 

1.1 

1.3 

 

0.23 

1.39 

 

1.1 

1.1 

 

0.2 

2.1 

 

0.90 

1.82 

 

1.6 

1.7 

 

1.3 

0.8 

Crook Lying 

IN (%) 

EX (%) 

 

0.48 

3.64 

 

0.5 

0.5 

 

0.1 

0.6 

 

0.25 

2.10 

 

0.3 

1.7 

 

2.0 

0.5 

 

0.73 

1.54 

 

0.2 

2.2 

 

2.0 

0.1 

Supine Lying 

IN (%) 

EX (%) 

 

1.69 

0.20 

 

1.3 

0.0 

 

1.4 

0.2 

 

1.83 

0.88 

 

0.2 

0.7 

 

2.0 

2.4 

 

0.14 

0.67 

 

1.5 

0.7 

 

0.6 

2.2 

 
 

As the measurement method was completed twice one week apart and revealed good agreement 

with ICC for images measured at inhale and exhale at 0.997 and 0.995 respective. Both values also 

sit within confidence intervals and a very small measurement error 0.05mm and 0.08mm can 

attribute error to other factors (table 13).   
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Table 12 Coefficient of Variation (%) between Six images (1-6) in each position at Inhalation and 
Exhalation in the second measures of TrA thickness (n=17)  

Position Images 1-2 Images 1-3 Images 2-3 

 TrA IO EO TrA IO EO TrA IO EO 

Stand 

IN (%) 

EX (%) 

 

1.41 

1.17 

 

1.1 

1.8 

 

1.8 

4.2 

 

3.65 

0.03 

 

0.0 

3.0 

 

4.3 

0.1 

 

2.17 

0.22 

 

1.0 

1.1 

 

2.4 

4.1 

Sitting 

IN (%) 

EX (%) 

 

0.47 

1.69 

 

2.8 

0.6 

 

1.1 

1.3 

 

0.72 

0.77 

 

1.1 

1.1 

 

0.2 

2.1 

 

0.72 

0.32 

 

1.6 

1.7 

 

1.3 

0.8 

Crook Lying 

IN (%) 

EX (%) 

 

0.01 

2.74 

 

0.5 

0.5 

 

0.1 

0.6 

 

0.05 

1.33 

 

 

0.3 

1.7 

 

2.0 

0.5 

 

0.63 

1.47 

 

 

0.2 

2.2 

 

2.0 

0.1 

Supine Lying 

IN (%) 

EX (%) 

 

0.04 

1.75 

 

1.3 

0.0 

 

1.4 

0.2 

 

0.63 

0.78 

 

0.2 

0.7 

 

2.0 

2.4 

 

0.67 

1.18 

 

1.5 

0.7 

 

0.6 

2.2 

          

 
 
Table 13 ICC with 95% Confidence Intervals and SEM (mm) to examine reliability between first 
and second measurements (n=17, inhale scans = 204, exhale scans =204)  

 ICC CI SEM (mm) 

TrA measurements 1 & 2 Inhale 0.997 0.996 - 0.998 0.05 

TrA measurements 1&2 Exhale 0.995 0.992 - 0.997 0.08 
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4.3.3 Effect of Respiratory Phase and Position 

 

Figure 18 Mean TrA Muscle Thickness (mm) in 4 positions at inhale and exhale (Standing, sitting, 
crook lying, supine lying)  * Pairwise comparisons significant difference between inhale and exhale 
across all positions (p<0.0.5,  n=17)  

 

A repeated measures two-way ANOVA (2 X 4) was conducted to investigate the effect of the 

respiratory phase on TrA muscle thickness in four positions (Standing   sitting, crook lying, supine 

lying).  Figure 18 shows mean +SD of TrA muscle thickness in all positions and both respiratory 

phases.  There was no statistically significant two-way interaction between TrA muscle thickness 

and respiratory phase F(3,48) = 2.759, p=0.0.52, partial ɳp
2 = 0.147. There was no significant 

difference between positions of TrA muscle thickness F(3,48) = 1.263, p=0.298, ɳp
2 = 0.073.  There 

was a significant within subjects effect for TrA muscle thickness and respiratory phase F (1,16) = 

48.048, p<0.005, partial ɳp
2 = 0.750. Pairwise comparisons revealed that TrA muscle thickness was 

significantly greater in exhalation compared to inhalation in standing (mean difference 0.68 mm, 

95%CI – 0.993 to 0.667, ES=0.6), sitting (mean difference 0.984 mm; 95%CI 0.583 to 1.385 , ES=0.8), 

crook lying (mean difference 0.586 mm; 95%CI 0.366 to 0.806, ES=0.6) and supine lying (0.538 mm, 
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95%CI 0.272 to 0.804, ES=0.7). All significant differences revealed a moderate magnitude of 

difference (Cohen, 1988).  

 

Figure 19 Mean IO Muscle Thickness (mm) in 4 positions at inhale and exhale (Standing, sitting, 
crook lying, supine lying) * Pairwise comparisons significant difference between IN and EX across 
all positions (p<0.05  n=17)  

The two-way ANOVA (2 X 4) test was repeated to investigate the effect of the respiratory phase on 

IO muscle thickness in four positions (Standing   sitting, crook lying, supine lying).  Figure 19 shows 

mean +SD of IO muscle thickness.  There was no statistically significant two-way interaction between 

position tested and respiratory phase for IO muscle thickness F(3,48) = 0.629, p=0.600, partial ɳp
2 = 

0.038. There was no significant difference between positions of IO muscle thickness F(3,48) = 2.260, 

p=0.093, ɳp
2 = 0.124.  There was a significant within subjects effect for IO muscle thickness and 

respiratory phase F (1,16) = 77.085, p<0.005, partial ɳp
2 = 0.828. Pairwise comparisons revealed that 

IO muscle thickness was significantly greater in exhalation compared to inhalation in standing (mean 

difference 1.096 mm, 95%CI 1.585 to 0.608, ES=0.6), sitting (mean difference 1.104 mm; 95%CI 

1.432 to 0.776 , ES=0.7), crook lying (mean difference 0.897 mm; 95%CI 1.270 to 0.524, ES=0.7) and 
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supine lying (1.209 mm, 95%CI 0.824 to 1.593, ES=0.8). The differences were of moderate 

magnitude. 

 

Figure 20 Mean EO Muscle Thickness (mm) in 4 positions at inhale and exhale (Standing, sitting, 
crook lying, supine lying) (n=17)  

Finally, the two-way ANOVA (2 X 4) test was repeated to investigate the effect of the respiratory 

phase on EO muscle thickness in four positions (Standing   sitting, crook lying, supine lying).  Figure 

20 shows mean +SD of EO muscle thickness.  There was a statistically significant two-way interaction 

between position tested and respiratory phase for EO muscle thickness F(3,48) = 4.881 p=0.05, 

partial ɳp
2 = 0.0.234. There was no significant difference of EO muscle thickness between positions 

F(3,48) = 1.328, p=0.276, ɳp
2 = 0.077.  There was a significant within subjects effect for EO muscle 

thickness and respiratory phase F (1,16) = 39.092, p<0.005, partial ɳp
2 = 0.710. Pairwise comparisons 

revealed that EO muscle thickness was significantly greater in exhalation compared to inhalation in 

sitting (mean difference 0.344 mm; 95%CI .043 to 0.644, ES=0.3), crook lying (mean difference 0.409 

mm; 95%CI 0.243 to 0.575, ES=0.4) and supine lying (0.676 mm, 95%CI 0.457 to 0.894, ES=0.6). There 

was no significant difference in EO thickness at inhalation compared to exhalation while standing 

(p>0.05). There were no significant differences of EO muscle thickness across all positions adopted 
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during image capture, although EO was the only muscle not significantly thicker at exhalation during 

standing.  

4.3.4 Male and Female Muscle Thickness  

 

 

 

 

 

 

 

 
 
 
 

Figure 21 Male and Female TrA thickness in all positions and respiratory phase. There was a 
significant difference between male and TrA thickness in sitting exhale only (*p>0.05, male n=7 
and female n=10).  
 

A 3 x 2 x 2 x 4 mixed ANOVA was performed to investigate the muscle thickness differences of TrA, 

EO and IO (3) between male and female participants (2) at inhalation and exhalation (2) during 

standing, sitting, crook lying and supine lying (4). There was a significant effect between male and 

females for TrA thickness at inhalation F (1,60) =4.195 p=0.045, Partial ɳp
2 = 0.065, exhalation F 

(1,60) =5.816 p=0.019, Partial ɳp
2 = 0.088, IO thickness at inhalation F (1,60) =31.083, p<0.05, Partial 

ɳp
2 = 0.341 and exhalation F (1,60) =22.780, p<0.05, Partial ɳp

2 = 0.275. Pairwise comparisons 

revealed TrA was significantly greater in males while sitting during exhalation than females (mean 

difference 1.157 mm; 95%CI 0.018 to 2.297, ES=0.8) (Figure 21).  
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Figure 22 Male and Female IO thickness in all positions and respiratory phase. *Pairwise 
comparisons significant differences between male and female IO thickness in all postures and 
respiratory phase apart from Crook lying during exhalation (p<0.05).  
  
 
 

In addition, IO thickness was significantly greater in males than females at inhalation when standing 

(mean difference 1.919 mm; 95%CI 0.735 to 3.104, ES=1.7) sitting (mean difference 1.987 mm; 

95%CI 0.802 to 3.172, ES=1.6)  crook lying (mean difference 1.297 mm; 95%CI 0.113 to 2.482, 

ES=1.3) and supine lying (mean difference 1.401 mm; 95%CI 0.216 to 2.586, ES=1.3) (Figure 22). 

During exhalation IO was also significantly greater in males than females when in standing (mean 

difference 2.163 mm; 95%CI 0.672 to 3.654, ES=1.6) sitting (mean difference 1.735 mm; 95%CI 0.244 

to 3.226, ES=1.2) and supine lying (mean difference 1.775 mm; 95%CI 0.0.284 to 3.266, ES=1.2) but 

not in crook lying. 
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Figure 23 Male and Female EO thickness in all positions and respiratory phase. There were no 
significant differences across male and female, respiratory phase or position (p>0.05). 
 

There were no significant EO muscle thickness differences between males and females across all 

positions and respiratory phases. 

4.3.5 Muscle Thickness Relative to Abdominal Wall Thickness 

Table 14 Relative thickness as a percentage of total lateral abdominal wall thickness Mean (n = 
17) * denotes significant differences 

Position Sum 
inhale 
(mm) 

Sum 
exhale 
(mm) 

TrA In 
% 

TrA Ex 
% 

IO In 
% 

IO Ex 
% 

EO In 
% 

EO ex 
% 

Standing *18.06 *21.04 20 20 43 42 38 38 
Sitting  17.98 21.17 20 22 40 39 40 39 
Crook 
Lying 

17.91 20.28 19 20 40 40 40 40 

Supine 
Lying 

*14.41 *16.83 23 23 47 48 30 30 

Mean  17.09 19.83 20 21 43 42 37 37 
TrA – Transversus abdominis, IO internal oblique, EO – external oblique 

 

A mixed 2 x 2 x 2 ANOVA assessed the differences between lateral abdominal wall (LAW) thickness 

in standing and supine lying at inhalation and exhalation respiratory phases. There was a significant 
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between subjects effect (male and female) F(2,15) =7.221, p=0.017, Partial ɳp
2 = 0.325. Pairwise 

comparison revealed that LAW muscle thickness was significantly greater in males than females 

during standing (mean difference 3.168 mm; 95%CI 0.577 to 5.759, ES=1.4) and supine lying (mean 

difference 2.373 mm; 95% CI 0.068 to 4.678, ES=1.3). Of interest was the effect in change of position 

which for females did not reveal any significant difference in LAW thickness, but males LAW 

thickness significantly increased in standing compared to supine lying (mean difference 1.789 mm, 

95% CI .119 to 3.458, ES=1.7) (Table 13).   

Table 15 Muscle thickness expressed as a percentage of total lateral abdominal wall (LAW) Male 
(n=10) and Female (n=7)  

 TrA In % TrA % Ex IO % In  IO % Ex EO % In EO % ex 

Stand Male 20 20 47 46 33 33 

Stand Female 22 22 45 45 33 33 

Sit Male 23 27 49 48 28 24 

Sit Female 23 24 43 44 34 32 

SL Male 23 23 50 49 27 27 

SL Female 22 22 46 46 32 32 

CL male 22 23 50 50 28 27 

CL Female 23 25 47 47 30 29 

Mean male 22 23 45 45 32 31 

Mean female 22 23 49 48 29 28 

Stand-standing position, CL- crook lying position, SL- supine lying position and Sit – seated position  
 

Results suggest that there are consistent relative contributions of TrA, IO and EO muscle thickness 

in each position. Whilst the thickness changes in each position, the relative contribution remains 

constant. Least variation between participants was indicated in standing position overall TrA 

represents 22-23%, IO; 47% and EO; 30-31% of total abdominal wall thickness. Finally, pairwise 

comparisons revealed that during standing males had significantly greater LAW thickness at 

exhalation compared with inhalation (mean difference 2.311 mm; 95%CI 1.201 to 3.422, ES=1.5) 

and in supine lying (mean difference 2.943 mm; 95% CI 1.991 to 3.895 ES=1.3). Similarly, females 

had significantly greater total LAW thickness at exhalation than inhalation during standing (mean 
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difference 1.578 mm, 95% CI 0.649 to 2.507, ES=0.5) and in supine lying (mean difference 2.057 

mm; 95% CI 1.260 to 2.854, ES=0.9). 

4.4 Discussion 

4.4.1 Reliability 

There was very good agreement for muscle TrA, IO and EO thickness across three images at inhale 

and tree at exhale as demonstrated with ICCs ranging from 0.908 to 0.995 (Table 9), which is in 

agreement with previous research (Rankin and Stokes, 1998a; Bunce, Moore and Hough, 2002). 

Whilst standing appears to produce more variability than sitting, crook and supine lying positions, 

the reliability are within the accepted ranges of good to excellent reliability (Table 10) (Koo and Li, 

2016). Calculating SEM of TrA IO and EO muscle thickness in conditions that may alter thickness 

(inhalation and exhalation phases) will identify the acceptable levels of error in a perturbation study 

that may not be able to identify exactly which part of inhalation or exhalation the participant may 

be in, but nevertheless may be observed in changes on the RUSI scans. Koppenhaver et al (2009a), 

found good reliability in resting SL and contracted (ADIM) TrA thickness (ICC of 0.98 and 0.96 

respectively) and in CL relaxed and contracted (ICC 0.96 and 0.97 respectively). They also reported 

low standard error of measurement (SEM) values ranging from 0.1-0.3mm in all measures. Atkinson 

and Nevill (1998) suggest many researchers speculate 10% CoV as good variation; therefore, all 

values are below this threshold (highest 3.61% and 3.86%) and indicative of good reliability. 

The reliability of the image capture (consistent transducer placement) is an important consideration 

for the reliability of the measurements taken from the images. Rankin, Stokes and Newham, (2006) 

examined the effect of the RUSI probe position on muscle thickness and found some variability of 

measures taken at two different sites. The current study used one probe site with the main aim for 

ensuring the image capture could optimally view the muscles and AAF structure (merging of TrA, IO 

and EO). This was then utilised as an anatomical landmark for more reliable measurement purposes 

rather than an arbitrary calliper placement in the centre of the screen seen in previous studies 
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(Hides et al., 2008, 2008). The very good reliability of both image capture and measurement reflects 

this process and will be utilised as the project moves forward. Maintaining standardised 

measurement method is will be important to ensure comparisons to other studies are not 

problematic.   

4.4.2 Effect of Respiratory Phase, Body Position and Sex on Torso Muscle Thickness 

There were significant increases of TrA, and IO muscle thickness at exhalation compared to 

inhalation in all positions but not EO (Figures 18 and 19). Therefore, the first null hypothesis is 

rejected with regard to IO and TrA muscle thickness and respiratory phase, but there is caution 

applied with the EO muscle. EO thickness did not increase in crook lying at exhalation compared to 

inhalation although this position will not form part of testing in future studies and therefore is not 

explored further. The significantly greater thickness of TrA, IO and EO are of moderate magnitude 

(Cohen, 1988), therefore in order to minimise the error in future differentiation studies, 

comparisons of torso muscle thickness should control and consider respiratory phase. TrA and IO 

have been found to increase in thickness when respiratory efforts are increased (McEvoy et al., 

2008). The TrA muscle has been described as an accessory muscle in mechanical respiration. 

Furthermore, in the current study participants were instructed to breath normally without forceful 

expiration, yet there were still significant increases in thickness for TrA and IO in all positions 

scanned. Therefore, the comparison of torso muscle thickness in future studies will capture images 

at quiet inhalation and exhalation as conducted in this study. Furthermore, the findings of the 

current study and by those of Whittaker, (2008) that implicates disrupted respiratory function 

(hypocapnia) to reduced TrA thickness and possible function, suggests the requirement for 

screening and excluding participants with respiratory disorders from future studies.  

Male TrA thickness was significantly greater than females in sitting exhalation condition with a 

moderate effect size (Figure 21). There were no other significant differences of TrA thickness 

between males and females in any position but males showed significantly greater IO torso muscle 
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thickness than females at inhalation and exhalation when standing, sitting and supine lying, with 

large magnitude of differences (Figure 22) (Cohens 1988). However, there were no significant 

differences in IO thickness during exhalation in crook lying. Therefore, the second null hypothesis is 

also rejected with regard to TrA and IO muscle thickness differences. However, not for EO thickness 

as it was not significantly different between males and females across position or respiratory phase. 

When the torso muscle thicknesses were combined for lateral abdominal wall (LAW) comparisons, 

males displayed significantly greater LAW thickness than females in and supine lying, both 

differences revealing large effect sizes (Tables 12 and 13). This is in agreement with Rankin, Stokes 

and Newham, (2006), Manshadi et al., (2011), Rho et al., (2013) and Tahan et al., (2016) who also 

found differences between males and female torso muscle thickness, specifically IO and TrA.  

 

Although the current study did not find any statistically significant differences between male and 

female in TrA thickness in standing posture (figure 21), when  TrA is combined with EO and IO,  males 

had significantly greater LAW thickness in standing and supine lying than females (Table 14, section 

4.3.4). Therefore, since future studies will adopt standing positions, an effective comparison 

between populations of IO and TrA thickness should consider the effect of male and female 

differences in analysis. These differences have been attributed to larger muscle size observed in 

males (Rankin, Stokes and Newham, 2006; Rho et al., 2013; Tahan et al., 2016). Since Kuehne et al. 

(2021) found no difference in muscle thickness changes throughout the menstrual cycle in females, 

subsequent studies in the thesis did not consider menstrual status of female participants.  However, 

differences in torso muscle thickness between older and younger participants in subsequent studies 

was one of the main aims, irrespective of sex. Therefore, the differences observed in this study were 

taken forward, but neither sex was excluded or singled out in the recruitment processes.  
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There was large variability between subjects as evidenced in the error bars of graphs displaying 

mean muscle thickness (figures 18-20); this is also in agreement with Rankin (2006) which may 

explain the lack of significant effect of position alone. There were no significant differences in muscle 

thickness across all four positions of sitting, standing crook lying and supine lying, thereby accepting 

the third null hypothesis. Torso muscle thickness has been associated with activity types, for 

example, weight lifters had significantly greater TrA and IO muscle thickness (Sitilertpisan et al., 

2011). Whilst it is not clear in the literature the volume of activity or various types of activity that 

will elicit significant changes in torso muscle thickness, the varying levels and types of activity that 

particiapnts engage in may contribute toward resting thickness levels of torso msucle. In the current 

study, some qualitative information was obtained from participants to ensure they were not in elite 

athlete status, however the type and quantity of activity did not reveal specificity which may 

influence torso  muscle  thickness (Sitilertpisan et al., 2011; Rho et al., 2013). This has importance, 

as there have been observations of torso muscle asymmetry in sports specific populations that 

involve repetitive loading to bilateral muscles that are asymmetrically activated repeatedly. For 

example golfers (Izumoto et al., 2019) cricketers (Hides et al., 2008) and tennis (Sanchis-Moysi et 

al., 2010) players have all been found to exhibit significant differences between left and right side 

of their torso muscle thickness. Moreover, in normal populations, this asymmetry is not apparent 

in bilateral torso muscles irrespective of limb dominance (Rho et al. 2013). Therefore, screening the 

types of activity participants engage in, as well as the duration and level of participation will be 

important data to gather for screening and exclusion.  

An important feature of scanning the lateral abdominal muscles is probe position on the torso, as 

the LAW muscles do not have homogeneous thickness. The upper areas may be thicker than the 

lower (Urquhart, Barker, et al., 2005) and the inferior and superior oblique angles of the muscle 

fibres have resulted in some erroneous scans with the AAF anatomical landmark used for 

measurement method being absent. This has importance for reporting the location of the 
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ultrasound probe on the torso. The position of scanning adopted in this study allowed optimisation 

of the probe position to encounter all the structures under investigation, but conclusions about LAW 

muscle thickness in future studies will be limited to these areas (directly under the probe) as the 

study progresses. 

Rankin, Stokes and Newham, (2006) found abdominal muscle thickness of the rectus abdominis 

(RA), IO, EO and TrA represent 35%,28%, 23% and 14% respectively of the total abdominal wall 

compared to 47% 30% 23% in the current study. Rectus abdominis was not considered in the current 

study as the muscles considered lateral rather than anterior formed the focus of RUSI scanning. 

Nevertheless, the sequence of thickness remains the same in this study as Rankin, Stokes and 

Newham, (2006) also found (IO, EO and TrA). However, the thickness obtained in this study were 

slightly smaller for EO and IO in this study compared to those reported in Table 16. The TrA muscle 

thickness is consistent with the findings across all studies reported for females in Table 16 but IO 

and EO are more varied. However, the studies (Table 16) below did not report respiratory phase 

which may account for some of the different thicknesses seen in other studies. Furthermore, the 

ages in these studies were varied and age has been found to have a negative correlation with muscle 

thickness (Tahan et al., 2016). The impact of food intake was considered in the current study (Kordi 

et al. 2011) and participants were asked to be 2 hours postprandial. However, variations in thickness 

seen in other studies could also be a result of food intake, specifically the timing of food intake 

relative to scanning. Therefore, establishing these criteria needs to remain an essential part of the 

information forms given to participants as well as screened prior to testing in future studies. 
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Table 16  Previous findings of lateral abdominal wall muscle thickness  

 Male  
 

Female 
 

Current study 

  

N=-17 N=7, Age 21 - 25 

IO -   Stand  8.85  SL 7.62 

EO  - Stand 5.0     SL 4.4 

TrA - Stand  3.8    SL 3.62 

 

N=10 Age 21-25 

IO -  Stand 6.94   SL 6.22 

EO -  Stand 4.56   SL 4.30 

TrA - Stand 3.35   SL 2.99    

 

Manshadi et al., (2011) N=22 Age 19-44  

IO -   Stand  6.6   SL 6.7 

EO  - Stand 3.7     SL 4.5 

TrA - Stand  3.7    SL 3.06 

N=21 Age 19-44 

IO -  Stand 4.7   SL4.1 

EO -  Stand 3.4   SL 3.1 

TrA - Stand 3.1   SL 2.3    

Ishida & Watanabe, (2013) N=30 Age 17-25 

IO -10.0 

EO - 6.9 

TrA - 3.3 

 

Rankin et al. (2006) N=55 Age 21-72 

IO - 10.2 

EO - 6.9 

TrA - 5.4 

N=68 Age 20-64 

IO - 7.5 

EO - 5.9 

TrA - 3.6 

McGill, Juker & Axler (1996) N=12 Age 24-31 

IO - 12.7 

EO - 7.4 

TrA - 4.9 

N=6 Age 22-28 

IO - 9.1 

EO - 5.4 

TrA - 3.9 

Rhoet al., (2013) N=8 Age 18-50 

IO - 9.5 

TrA - 5.5 

N=12 Age 18-50 

IO - 7.7 

TrA - 3.5 

IO-internal oblique, EO-external oblique, TrA- transversus abdominis 
 

The mean TrA thickness was greater in SIT and STD than in SL and CL, which is in agreement with 

previous studies (Ainscough-Potts et al 2006), but this was not statistically significant in the current 

study. Lack of statistical significance of muscle thickness differences between positions may be 

attributed to horizontal fibre arrangement of TrA that may appear differently in a supine lying 

resting position compared to standing. The upright position arguably appears to place low-level 

demand on TrA (phasic activation) because of force (gravity) through the body, which is not 
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apparent in horizontal supine lying. Future studies will incorporate standing posture within the 

procedure; therefore, the current study has discerned some factors that provided insight for future 

testing in this position and comparisons between populations.   

4.5 Conclusion  

Reliability 

 The results suggest the method to capture images measure TrA, IO, and EO muscle thickness using 

RUSI to be reliable (CoV 0.19-3.86%). Whilst reliability of the sonographer would have been 

enhanced with additional measurements (same protocol one week later to capture images again) 

to observe intra-rater reliability, the subsequent studies in the thesis utilised the same sonographer 

and so the levels of reliability observed here were deemed acceptable. Similarly, Rankin and Stokes, 

1998a and Wilson et al.,( 2015) also measured inter-rater reliability in their assessment of torso 

muscle thickness, however this study was focused on the ability of a single rater to capture images 

in a single testing situation.    

 The use of the Mindray M7 off line software to measure thickness was reliant on accurate 

placement of the callipers, navigation of rollerball and anatomical landmarks to record 

measurements. Therefore, establishing reliability of this process by repeating this process one week 

apart, was also important.  Measures of TrA, IO and EO thickness values, revealed lowest CoV values 

at inhale and exhale in the supine position exhale in standing and low values in sitting at inhalation 

and exhalation. Crook Lying produced similar values to SL, but showed consistently higher variation 

at exhale and so this position was omitted from future studies. Slightly higher than expected values 

for one participant in exhale STD position may be explained through forcible exhalation or perhaps 

due to intestinal movements which are suggested as a possible source of error in measures of 

muscle thicknesses (Kordi et al. 2011). Therefore, timing of food intake will be controlled in future. 
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Effect of Body Position, Respiration and Sex on Torso Muscle Thickness 

To control for some of the variation in torso muscle thickness and reduce measurement error the 

control of respiratory phase in RUSI image capture was applied in subsequent studies to enable 

comparisons of torso muscle thickness in different populations. In addition, the application of a 

standardised probe position will enable capture of all the lateral abdominal wall (LAW) structures in 

single scans, capturing information at the same time (in three separate scans) will reduce error 

attributed to measurement in differentiation studies. Finally, since standing posture yielded 

significant differences of IO muscle and total LAW muscles between male and female, then in 

subsequent studies, the effect of sex on torso muscle thickness should be considered. 

Summary 

 The image capture within same day testing session and repeated transducer placement 

reflects excellent reliability to be taken forward in future studies 

 Good reliability between images captured enable the use of 3 captured images at inhale and 

3 at exhale to be used to derive the mean of inhale and exhale measures for analyses as per 

recommendations of (Rankin and Stokes, 1998b; Rankin, Stokes and Newham, 2006; 

Koppenhaver et al., 2010). 

 Torso muscle thickness measurement methods used in this chapter (described in detail in 

chapter 3) will be adopted to minimise measurement error and optimise ability to 

differentiate between populations (incorporating inhale and exhale respiratory phases). 

 Ultrasound probe position adopted in this study will be taken forward. Future studies 

utilising standing positions will optimise position to capture the AAF and all three lateral 

muscle structures will govern exact position.   

 Comparisons of torso muscle thickness between populations should consider the differences 

in TrA and IO thickness in standing between male and female participants in future studies. 

Therefore, recruitment of both male and female participants would be recommended rather 

than avoided.  
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Chapter 5.0 Reliability and Validity of a Unique Perturbation Device   

 

5.1 Introduction  

The occurrence of slips, trips and falls (STF) on the same level has been described a major source of 

work place injury that can lead to chronic musculoskeletal conditions and pain (European Agency 

for Safety and Health at Work (EU-OSHA) 2001, Chang et al 2016). In addition, slips associated with 

falls in older adult populations are costly to those injured and to the NHS (approximately £2.3billion 

per year) (Natonal Institute for Health and Care Excellence, 2019). In order to retain validity in the 

planned tests, the complexity of causal factors of slips trips and falls both intrinsic and extrinsic) 

discussed in chapter 2 were important to incorporate into the development of the perturbation 

device. 

Lower body perturbations in previous studies have been delivered using surface support translation 

via treadmill (Carpenter et al., 2008; Tokuno et al., 2010, 2013; Milosevic et al., 2016) and as 

obstacles during normal gait cycle (Owings, Pavol and Grabiner, 2001; Pijnappels, Bobbert and Van 

Dieën, 2005; Van Der Burg, Pijnappels and Van Dieën, 2005; Pater, Rosenblatt and Grabiner, 2015) 

and using a purpose built ankle tilt device (Mitchell et al., 2008; Thain, Hughes and Mitchell, 2016). 

However, treadmill and walking perturbations have required participants to be connected to a 

harness in case the perturbation lead to a fall and lateral tilt could produce a heightened response 

from older participants that could lead to injury. Arguably, the inclusion of such harness devices 

reduce the ecological validity of an unexpected perturbation as participants would be anticipating 

an event. Anticipation of an event has been found to influence muscle onset time (Latash et al., 

1995; Milosevic et al., 2016). Therefore, the design of a device that would be able to elicit a response 

from the torso muscle while retain the unexpected element to the test was required.    
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The distance of the movement generated by the perturbation device considered the categories 

outlined by Leamon and Li,  (1990) who proposed the following: a ‘microslip’ is shorter than 3 cm, a 

‘slip’ is as long as 8-10cm and a ‘slide’ is an uncontrolled movement of the heel when the slip exceeds 

10cm.  

Slipping with motion can occur when contact between the shoe sole or foot and floor surface 

provides insufficient resistance to counteract anterior or posterior forces that occur during the 

step/gait process (Chang et al., 2016). However, the loss of balance that can occur as a result of a 

slip or slide can also occur when there is unexpected forcible contact with something or a forcible 

movement of the floor surface, such as the experience of standing in a moving vehicle which 

suddenly stops (Chang et al., 2016).   

Quantification of slips have utilised displacement and velocity parameters that incorporated human 

perception of a slip to yield classifications of slip. For example, Standberg and Lanshammer (1981) 

developed categories of slips that did not develop into falls: Mini slip; participants did not detect 

slipping motion or no-slip, midi-slip; slip-recovery where participants regained posture without 

major gait deviation, maxi-slip; slip recovery that resulted in large corrective responses or near fall 

trials, slip-falls. Intuitively they found that as slip distance and peak anterior slide velocity increased, 

so did severity of the slip. Redfern et al (2001) further classified trials as falling into two cases 1) heel 

did not come to stop after heel contact (as indicated through kinematic data) 2) Participant lost 

postural control and eventually fell into a safety harness.  

Responses of the musculoskeletal system to recover during a slip reflect an attempt of the person 

to regain equilibrium. As such, the responses to the possibility of falling invoke several 

biomechanical strategies to actually prevent falling to the ground. These responses may be 

protective, reactive, reflexive or volitional. In some cases, the response may even be proactive, 

where the avoidance of a slip or detection of a threat to stability is encountered. (Redfern et al., 

2001; Chang et al., 2016). In trials conducted by Cham and Redfern (2001a) the anticipation of a slip 
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reduced the required coefficient of friction (RCOF) which was attributed to the loading rate on the 

supporting foot, the lower limb joint moments and foot floor angle at heel contact. According, to 

Hall (2015) the coefficient of friction describes the interaction between two surfaces and if one 

surface is misinterpreted or not anticipated with a correct pressure and position response then 

participants need to respond to prevent falling. 

Indeed, most slips occur unexpectedly, with recovery strategies including grasping, arm swing, 

compensatory stepping and torso motion. Whilst large disturbances in standing balance can seldom 

be restored without a participant taking a step, the stepping response still has a unique function 

(Horak and Nashner, 1986; Maki and McIlroy, 1997; Redfern et al., 2001). As discussed in Chapter 

2, (p6) recovery strategies may be determined by several factors, including ability of the torso 

muscles (abdominals and paraspinals) to respond to the perturbation. An individual’s ability to 

control their equilibrium, or balance, is influenced by several mechanical factors. For example, the 

more mass an object or person has the greater the force required to produce an acceleration; the 

greater amount of friction between an object and surface, the greater the force required to 

accelerate or maintain motion; finally, the base of support and influence this has with an individual’s 

centre of mass (COM) is also influential in balance and stability. If the line of action, like that of a 

slip results in COM moving outside the base of support then a torque is created that disrupts stability 

(Hall, 2019). Therefore, the device created in the current study needed to be able to disturb base of 

support through appropriate consideration of the interaction of coefficient of friction, force 

required to move the plate and offset (alter) the base of support to trigger a reaction.          

Sudden loading to the torso has been associated with acute low back pain and may be a primary risk 

factor in development of chronic low back pain (CLBP) (Rashedi et al., 2012) which has also been 

associated with slips trips and falls at work leading to work place compensation (Rohrlich et al., 

2014).  Shahvarpour et al., (2015) has shown that unexpected loading of the spine can increase 

reflex latencies and spinal forces. They found that a 50 N increase to 100 N in sudden load increased 
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the L5-S1 compression force by 1327 N when under a 5 N preload condition (load applied to the 

torso instigate an activation level in preparation) and by 1374 N under 50 N preload. However, they 

utilised a biomechanical model, all be it a validated iterative finite element model (FE), but did not 

utilise a device that could deliver a perturbation in a more ecologically valid manner. They concluded 

that the increase in sudden forward loading when the magnitude of sudden load increased could 

lead to increased forces and potential risk of failure of the spinal structures.  

 When the body is displaced, in expected or unexpected conditions, the motor control response is 

targeted to ensure the individual regains balance. Despite efforts to reduce risk of falls and minimise 

injury to individuals in a variety of situations and tasks, such incidence still occur  (Scuffham, Chaplin 

and Legood, 2003; Chang et al., 2016; Lusardi et al., 2017). Therefore, in order to understand the 

role of the torso muscles in situations of unexpected lower body perturbation, the design and 

implementation of a device was required that imposed appropriate challenge to augment a 

response from the torso muscles. The purpose of this study is to illustrate the design and the 

preliminary investigations that describe the effect the perturbation device had on participants.  

Moreover, since the perturbation device was required to elicit the same perturbation reliably 

through hundreds of perturbation trials, the factors that contributed toward the consistency of the 

perturbation were monitored to identify possibly effects on results, for example, the tensile 

strength and compression capacity of the spring release was one such factor. 

Table 17 Chapter 5 Experimental and Null Hypotheses 

H1 The compression and release test of the springs used in the trials will not result in significantly 

different height (cm) of the springs throughout three studies 

H0 There will be significant differences in the height of the springs as a result of compression and 

release tests on the springs during three studies  

H2 Mass applied to the plate will have a significant negative relationship with the velocity of the 

perturbation  

H0 There will be no significant relationship between the mass of the applied plate and 

perturbation velocity 
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5.2 Design and Materials  

A device was created to initiate an ipsilateral lower limb perturbation in an anterior sagittal 

translation (x) (figure 25).  Comprising of oak wood casing, vinyl covered medium density fibreboard 

(MDF) base and four sets of appliance rollers or castors (Appendix A) were attached to two oak 

wood footplates permitting movement in an encased platform. This facilitated movement within a 

known distance and created a stop point. In order to induce loss of balance and initiate regain of 

postural control in naive unexpected (unknown) and known trials the device was constructed to be 

sturdy enough for body mass in excess of 50 kg to stand on, yet permit slide in an anterior direction. 

A high tensile spring and release clip held the plate in place, which when released provided the initial 

force to move the plate. 

The perturbation device was designed to allow participants to stand quietly initially with as little 

information as possible given about the impending slip action by the researchers as well as a release 

clip that was unseen by participants to initiate the movement of a plate.  This resulted in a left or 

right foot translation in an anterior direction through a release mechanism. The design considered 

the maximum and minimum body mass that an acceleration and displacement would occur to 

ensure it created a perturbation reliably through several hundred trials and with some ecological 

validity to mimic a slip sensation.  

The design required the coefficient of friction between foot and plates to remain constant. Since a 

slip usually occurs between the foot (with shoe or without) and floor interface, when the friction 

required (required coefficient of friction RCOF) exceeds the friction available (available coefficient 

of friction ACOF). Therefore, the device underdevelopment had to elicit a horizontal translation on 

one of the footplates in which the kinetic coefficient (µk) of friction will reduce in order to overcome 

the static friction (µs). The initiation of this force occurs when a high tensile spring that was held in 



129 
 

a compressed form, was released to move the plate in a horizontal translation. Since the release 

mechanism and force applied to the moving plate is reliant on the high tensile spring placed 

between the plate and casing, spring compression tests took place prior to use, during and after 

testing to discern any notable differences. This information was required to identify notable changes 

to perturbation velocity and results not affected by any alteration of the perturbation device itself.  

 

 

 

 

 

      

 

 

 

 

 

Figure 24 Dimensions of the perturbation device 
 

Dimensions; the exterior was 0.59 m length, each plate measured 0.44 m in length with a mass 2.2kg 

each. When the spring was compressed it pulled the plate back to a start position which was 0.09 

m distance from the inside perimeter (plate end and internal perimeter of the box). Internal 

perimeter length of the box was 0.53 m. Subsequently the displacement of the plates exert a 

displacement that equates to 0.09 m; previously described displacement needed to elicit a response 

(Leamon and Li , 1990) and be detected as a slip condition in over 50% of humans. 
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  Figure 25 Perturbation device features  
 

5.3 Methods 

 5.3.1 Surface Interaction 

The coefficient of friction described for this device was the measurement of the interaction between 

the Vinyl base and Nylon Rollers, which were held static until the spring clip was released (manually) 

and permits the deflected spring to decompress and exert a force in an anterior direction in the 

sagittal plane. The interaction between base of the platform and the nylon castors was considered 

to ensure friction was consistent and did not affect motion on the perturbation device; it was kept 

dust free and clean for the duration of testing. Therefore, static (μs) and dynamic (μk) (kinetic) 

coefficient friction between the surface of the platform and rollers are presented below.   

According to the Engineers Handbook (2006) the nylon furniture castors that were fitted to the 

wooden plates, have a static coefficient of friction between 0.15-0.25 (interpreted as 0.2 below for 

calculations). To initiate motion of the plate (with rollers attached) the applied force must exceed 

force of maximum static friction; the resultant kinetic coefficient of friction was determined using 

High tensile compression 

Oakwood foot plate   

Vinyl covered MDF 
base 

Release clip 
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the following formula and implemented in the formulas below to calculate force required in three 

different conditions, where F = force, μk = kinetic coefficient of friction, R= normal reaction force: 

Equation 5 
 F = μ R  
 

5.3.2 Moving the plates 

In order to ensure the applied force would be sufficient to move the plates with participants of 

varying mass, the heavy-duty spring had to provide sufficient force upon release from compression 

(deflection). The springs used with this perturbation device were heavy-duty compression springs. 

According to the spring specification (appendix A), the spring stiffness or spring constant was 

calibrated to 2.1 N/mm. The spring at free length was 190.5mm and when in pre perturbation mode 

in the device, the spring was compressed to 111mm. Therefore, displaced by 79.5mm when in pre 

perturbation mode. The following equation taken from Chabay and Sherwood (2011) was used to 

calculate the spring force;   

Lo – length of relaxed spring or free length 

L – length of spring when compressed 

Ks – Spring stiffness or spring rate 

Equation 6 

F spring =  Ks  (L - Lo) 

 

Therefore: 2.1 x (111 – 190.5) = 166.95N 

Once the compressed spring was released, the plate (with participants standing on it) was propelled 

in an anterior direction in the sagittal plane (x). The magnitude of force was dependent on the spring 

however, the acceleration of the plate with participant standing on it, was dependent on their body 

mass. Therefore, to examine this relationship, a preliminary test took place. Three trials of 

perturbation (spring clip release) took place on the left plate and three on right plate for each of the 

following conditions; 1) without any additional load on the plate 2) with a 57 kg participant standing 
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on the plates and 3) a 70.5 Kg participant standing on the plates. A female aged 26 with mass 57 Kg 

and height   1.4 m and a male aged 36 mass 70.5 Kg Height 1.5 m volunteered for the trials.  Body 

mass and ratifying plate mass was recorded using Seca 813 robusta electronic scales (Seca, 

Birmingham, UK). Participants were part of the research and development team and knew the aim 

of the thesis and operation of the perturbation device. Therefore, participants were made aware of 

the risks and could withdraw at any time. Four perturbation trials were performed and the order of 

perturbation was randomised to ensure participants were not informed about which side would be 

released to retain the unexpected nature of the event. Up to three minutes rest between each trial 

allowed the equipment to be reset and participant repositioned. Therefore, each test was 

completed within 30 minutes on the same day.  To capture velocity for all trials, the reflective 

markers for motion capture were placed on the perturbation platform (figure 26) and the 

information was captured using the motion capture methods described in chapter 3, section 3.3.4 

and 3.4.1.   

The applied force required to move the plate without a participant standing on it and then with a 

57 kg and a 70.5 kg Participant were calculated as follows: 

Equation 7   
Formula: F = (m x mag) * μ R  
Where Coefficient friction (µs) =  0.2) 

Mass (m): Plate mass = 2.2kg, Participant a (m) = 57Kg, Participant b (m) = 70.5Kg 

Acceleration: (mag)  

To verify this relationship further, the effects of the participants body mass on the velocity of the 

perturbation was also examined on a larger population during the first muscle onset study (chapter 

6) and are presented in the results section of this chapter, figure 30 section 5.5.2. The participants 

are fully described in chapter 6 section 6.2.1, and procedures are fully detailed in chapter 6, section 

6.2.3. As Indicated in the previous paragraph, motion capture procedures used to detect plate 

movement are detailed in chapter 3, sections 3.3.4 and 3.4.1.  
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Velocity was calculated as: 

Equation 8 Velocity Calculation (m.s) 
Formula: V=d/t  
Where d is the change in plate position (0.09 m) and t is the change in time (s) 

 

 

Figure 26   Perturbation device with motion capture markers positioned on left plate only here, 
but all four corners of the device and right plate had markers placed.   
 

5.3.3 Monitoring Effects of Spring Compression and Release  

At three different stages of the research, the spring compression and release test was performed to 

identify any changes in the tensile quality of the spring (figure 27). A device was constructed to allow 

the spring to sit at free length and gradually permit the addition of 2.5 Kg weights to the board and 

create compression. A second researcher placed a spirit level on the board to ensure it was level 

(Samsung phone App “Spirit level”) while the primary researcher measured the height of the spring 

using a standard tape measure. This was repeated five times as each new weighted plate was added 

(to compress) and a further five times to measure the release height as each plate was removed. 

Total mass on compression was 14.4 Kg (mass taken for each plate and the wooden board and 

phone). The starting length was recorded (190.5 mm) and as each new mass was added or removed, 
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the height of the spring was recorded. A table summarising the difference between the start of the 

compression and end; as well as the start of release and end is presented in the result section.  

 

Figure 27 Spring Compression Measurement Device 
 

5.4 Statistics  

Effects of spring compression and release between repeated trials over three years was analysed 

using an independent T-test to identify any differences between left and right plate using SPSS (IBM 

SPSS Statistics for Windows, Version 26.0. IBM Corp). Data was normally distributed as assessed with 

Shapiro Wilk (p>0.05). Mean and standard deviation were calculated using Excel (2016, Microsoft 

Office). To establish the relationship that body mass would have on the velocity of the plates, a 

Pearson correlation and linear regression was performed using Excel (Excel 2016, Microsoft Office) 

on the initial data acquired in this chapter’s preliminary investigations. However, to identify the 

aforementioned relationship with a larger sample size and enhanced statistical power a Pearson 

correlation was performed on data acquired from Chapter 6 using SPSS (IBM SPSS Statistics for 

Windows, Version 26.0. IBM Corp). Velocity data was calculated in Vis3d exported to Excel and then 
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input to SPSS. Qualitative interpretation of the correlation statistic was based on (Cohen, 1988, 

Schober and Schwarte, 2018) 0.00–0.10 Negligible correlation, 0.10–0.39 Weak, 0.40–0.69 

Moderate, 0.70–0.89 Strong, 0.90–1.00 Very strong. Data for the latter analyses were normally 

distributed as assessed by Shapiro Wilk test (p>0.05).  

5.5 Results 

5.5.1 Evaluating and Monitoring Design Features: Spring compression 

Table 18 Reliability of the spring force demonstrated through identification of spring length 
when compressed and released under known loads through the period of testing.  

Date  Trial 1 Right Trial 2 Right Trial 2 Left Trial 2 left 

April  

2015 

Compression 54 mm 57 mm 56 mm 55 mm 

Release 54 mm 55 mm 56 mm 55 mm 

August 
2016 

Compression 53 mm 53 mm 52 mm 54 mm 

Release 52 mm 53 mm 51 mm 55 mm 

December 
2018 

Compression 47 mm 47 mm 51 mm 48 mm 

Release 47 mm 47 mm 51 mm 48 mm 

 

A t-test to identify any significant differences between the left and right plates for compression 

revealed no significant difference t (10) =-0.41, p=0.69 and no significant difference between left 

and right sides for spring release t (10) =-0.69, p=0.503, d=0.22. The differences across compression 

and release are not statistically significant between left and right sides and visually appear small; in 

addition the effect size value verifies that there is a small difference between the plates (Lakens, 

2013). Therefore the effect that spring compression had on the resultant force applied through 

spring release calculated in section 4.3.2, (66.95 N) was acceptable.  
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5.5.2 Effect of Body Mass on Velocity 

With a plate mass of 2.2kg the applied force required to move the plate without a participant 

standing on it and then with a 57kg and a 70.5kg Participant were calculated as follows using the 

equation 3:  

F = (m x mag) * μ R 

To ensure the plate moves the applied force must exceed the force of maximum static friction:    

Plate only    2.2kg x 9.81 = 21.52 N  
     21.52 x 0.2 = 4.30N 

 

Plate + 57 Kg participant (2.2+57) x 9.81 = 580.75 N  
    580.75 x 0.2 = 116.15N 
 

Plate + 70.5 Kg participant  (2.2+70.5) x 9.81 = 711.22N  
     711.22 x 0.2 = 142.24N 
 

Table 19 Trials recording velocity (m.s) of left and right side plates (n=3) 
 

No weight/person left Side Plate (m.s) Mean (sd) Right Side Plate (m.s) Mean (sd) 

Plate only 2.5kg 1.60 (+0.11) 1.60 ( +0.07) 

Participant A  57Kg 1.23 ( + 0.04) 1.26 (+ 0.05) 

Participant B  70.5Kg 1.21( +0.06) 1.22 (+ 0.06) 

 

  

Figure 28 Linear relationship between Velocity (m.s) and body mass(Kg) on the right and b) left 
plate 

a b 
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The variation in mass that were implemented in the trials accounted for 91% of the variation of 

velocity for the right plate and 86% for the left plate. The regression equations for right (Y=-

0.0058x+1.6103) and left (y=-0.006x+1.6038) show a negative linear relationship between body 

mass and velocity; Predictions were made for increases of body mass up to 95 Kg (Figure 29).  

 

 
Figure 29 Predicted velocity (m.s) with participants of increased mass (Kg).  
 

The regression calculations displayed in Figure 29 demonstrate the effect of increasing body mass 

of participants standing on the left and right plates would decrease velocity; there is a linear 

relationship that can be interpreted within selection and inclusion criteria that would maximise the 

effect of the perturbation.  
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y = -0.0091x + 1.3987
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Figure 30 Correlation between A) right plate perturbation velocity and body mass (n=12, males=7, 
females =5) B) Left plate perturbation velocity and body mass (n=17, males =9, females =8). 
 

For right and left plate perturbations there was a statistically significant (p=0.026 and p=0.02) 

negative correlation (right side, r= -0.636 and left side r= -0.685) which are categorised as moderate 

relationships (Cohen, 1988, Schober and Schwarte, 2018).  

5.6 Discussion 

The aim of this chapter was to summarise design features and ensure that the factors affecting the 

velocity and acceleration of the perturbation were consistent across studies. This device displaced 

the participant’s lower limb by moving either the left or right foot position in an anterior direction 

over 0.09m. Peak velocity of the plates in trials without participants standing on the plate reached 

1.6 m.s-1 and reduced to 1.21 m.s-1 and 1.22 m.s-1 with a 70.5 Kg mass participant standing on the 

left and right plate respectively (Table 16). Furthermore, results from chapter 6 (figure30) suggest 

the relationship continues in larger samples of participants for both left and right participants. 

Although a moderate correlation, the relationship is statistically significant and so the second null 

hypothesis is rejected. The slip distance (0.09 m) is within the category recommended for 

participants to perceive a slip (Leamon and Li  1990) but less than 0.1 m which Redfern et al., (2010) 
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suggests is the distance at which a fall from slip would typically happen, therefore reducing risk of a 

fall, but within the parameters that would require postural adjustment. However, Redfern et al., 

(2010) also suggest the distance combined with a velocity of 0.5 m.s-1 are most likely to result in a 

fall. Therefore, whilst the velocities in the preliminary trials (1.6-1.21 m.s-1) were faster, the distance 

and stop boundary of the perturbation device did not yield any occurrences of falling in the two 

participants, but importantly the area of testing can accommodate safety protocols should reactions 

be more severe than observed in these trials. Since it was not the intention to continue slipping or 

moving forward, which would increase the likelihood of creating a slip leading to fall (<0.1 m, 

Strandberg, 1983), the plates were encased in the same oak wood which created a stop point and 

therefore generated an impact force at ‘stop’ for which participants had to recover.  Interestingly 

the velocity data recorded from trials in chapter 6 were slower that the initial relationship predicted 

in figure. Mean right perturbation 0.893 m.s-1 +0.129 and left perturbation 0.811 m.s-1 +0.142. The 

reasons for this are not completely clear, however it is possible that skill used in visual inspection of 

the event markers used in visual 3d improved with increasing practice. Subsequent studies 

calculated velocity that were used in the correlation analysis that were derived by visual inspection 

of the event markers in visual 3d to ensure they were placed accurately when the perturbation 

graph (x) showed the movement to have ceased. In addition, although the same parameters were 

used to record the data, the preliminary trials were among the first 20 spring clip releases. 

Therefore, the effect of repeated trials on the mechanisms cannot be ruled out and reinforced the 

need to ensure the compression and release tests on the springs were carried out through testing 

to monitor the consistency of their effect.  One of the limitations noted in this study, is the inability 

to record the centre of pressure through the feet to identify body mass distribution on each plate, 

this would be a recommendation for the development of the device in future studies. 

For ethical, and practical reasons, as well as the aim to retain ecological validity of the trial, it was 

not the intention to create a perturbation that would elicit a fall. Therefore, the parameters to which 
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this device operated were sufficient to generate a response from the participant, which resulted in 

them staying upright, but would permit the examination of responses from the torso musculature 

to remain upright. Studies that have initiated lower body perturbations have manipulated velocity 

and the relative timing of a perturbation. For example Pater, Rosenblatt and Grabiner, (2015) 

initiated treadmill belt to accelerate to 0.89 m.s2 (within 150 ms) in naive and expected perturbation 

conditions; Similarly, Tokuno et al., (2013) utilised a treadmill belt which was displaced to 0.46 m 

with an acceleration phase timed over 300 ms which peaked  to 1.2 m.s2 in either anterior or 

posterior direction. The studies of Tokuno et al., (2013) and Pater, Rosenblatt and Grabiner, (2015) 

both  had similar velocities recorded to the current study but operated over more distance and also 

ensured participants were within a safety harness. The current study aim was to avoid a harness to 

retain enhanced ecological validity and reduce the influence that anticipation or perception of the 

task that may accompany the use of a safety harness.  

It was established through product specification information that the compressed spring must exert 

at least 142.6N of force in order to move the plate with a 70.5kg participant on it. Whilst the addition 

of participants to the sliding plates of the perturbation device will not alter the static coefficient of 

friction between nylon and vinyl base, it will help understand the quality and quantity of force 

required and encountered by the participants to cause a perturbation to the lower body.  

5.6.1 Effect of Spring Compression  

A small difference was found between the first and last trial (2015 and 2018) of 7mm and 10mm 

compression on the right plate and 10 mm and 6mm for the left. Based on the formulas in section 

5.3.2, the implication of this difference to the potential applied force equates to 14.7N, 21N, 21N 

12.6N respectively. However, since the spring rate is a force applied through a distance 

(manufacturers suggest the spring rate is constant only between 10% and 80% deflection), the 

effects of these differences will be conflated with the varying mass of participants within the studies 

and the effect this will have on acceleration and therefore impact force.  
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The spring compression and release analyses revealed acceptable levels of changes over the three 

years of studies that were not significantly different between the left and right spring compression 

tests, with very small effect size for the differences observed. Therefore, the first null hypothesis is 

rejected which suggested that there would be some consistency within the springs to deliver 

equitable perturbations. The perturbation is expected to vary with body mass, therefore, the effect 

that this had on the velocity is also reported in the appendices (A).  

5.7 Conclusion 

The perturbation device initiated lower limb movement with sufficient velocity and applied force 

through the spring release to generate a perturbation to the lower body. The first and second null 

hypotheses were rejected.  There was a significant negative linear relationship between velocity and 

body mass. As mass increased, velocity appears to decrease, this factor was taken forward for 

consideration in the recruitment process, where a ceiling of 100 kg participant mass was deemed 

necessary to ensure velocity did not decrease to a point of losing slip perception. This relationship 

between the mass of the participant, velocity, slip duration and the impact at stop may all factor in 

the torso muscle responses under investigation; therefore, these factors should be considered in 

conclusions. The perturbation device is considered effective to deliver unexpected perturbations 

with design features capable of achieving a horizontal displacement with a velocity that can mimic 

a slip, with less likelihood of a resulting fall.  
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Chapter 6 Establishing Surface EMG Methods to Measure Torso Muscle 

Onset and the Effect of Perturbation Trial Repetition on Muscle Onset  

 

6.1 Introduction 

6.1.1 Methods to Detect Muscle Onset  

The accurate detection of muscle onset using sEMG signals requires accuracy not just from electrode 

placement, data collection and signal processing but also good levels of test–retest reliability when 

measuring signals to detect muscle onset. The reliability of onset detection from EMG signals is 

reliant on standardised methods  and an outline of acceptable error that may come from 

measurements which arise from either the data acquisition process or in the data processing 

methods (Hodges and Bui, 1996; Giavarina, 2015; Abu-Arafeh, Jordan and Drummond, 2016).  

6.1.2 Surface Electromyography Electrode Placement  

Surface electrodes detect the voltage of muscle contraction and reliable representation of that 

activity is dependent on accurate electrode placement (Konrad, 2005). Hermens et al., (2000) 

summarises the placement of the sEMG electrodes for appropriate and optimum signal recording. 

The electrode placement for LM, and ES muscles has been well established in the literature 

(Dankaerts et al., 2004; Cholewicki et al., 2005; Silfies et al., 2009; Huebner et al., 2015; Shahvarpour 

et al., 2015; Ludvig and Larivière, 2016). However, placement of the electrodes on RA muscle has 

revealed conflicting results (Marshall and Murphy, 2003) (Milosevic et al., 2016). For example, in 

repeated backward and forward torso perturbation tasks (semi-seated kneeling position with the 

support surface being translated on an instrumented treadmill) RA activity was measured using two 

electrode placement sites. The two positions were 1.30 mm right and 10 mm superior to the 

umbilicus (RA-1) and 2.30 mm right and 10 mm inferior to the umbilicus (RA-2). The onset latencies 
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for RA-1 and RA-2 were recorded as 115 ms and 116 ms (respectively) after forward perturbations 

in unexpected conditions, and were reduced when participants were informed of direction and time 

to 99.1 ms and 99.8 ms (p<0.01). Milosevic et al., (2016) showed little difference in relation to the 

electrode placements however, Huebner et al., (2015) placed electrodes in two different locations 

on the RA muscle they found variability in signals. Huebner et al., (2015) concluded that RA muscle 

electrode positions should not be more than 40mm lateral and 1 mm superior to the umbilicus 

which reliably avoids fascia intersections (absent of myoelectric activity) and avoiding innervation 

zones, which could lead to sEMG, signal instability (Konrad, 2005).   

The tissues (fat, skin, fascia and soft tissues) that separate the muscles of the torso and skin also 

affect the signal amplitude, i.e. the thicker areas of tissue can reduce signal amplitude. Therefore, 

ensuring these tissues are minimal in thickness and that skin impedance is minimal to avoid loss of 

signal information is important, particularly in dynamic studies that have attempted to quantify 

instant peaks of muscle onset. Finally, ensuring the electrode and skin interface is optimally 

attached and aligned is also a key component of effective sEMG signal collection to prevent motion 

artifacts and positioning to prevent cross talk from neighbouring muscles (Konrad, 2005; Merlo and 

Campanini, 2010; Huebner et al., 2015).  

6.1.3 sEMG Signal Processing and Measuring Onset 

Capturing the temporal features of sEMG signal can help identify muscles onset (and offset), defined 

as the change in sEMG signal characteristics, noted by changes in amplitude. Investigations of torso 

muscle response to perturbations and posture evaluation often use muscle onset to establish either 

delays in participants predisposed to LBP or postulate activation strategies (Cholewicki et al., 2005; 

Carpenter et al., 2008; Silfies et al., 2009). Since reflex latencies have been found to be as short as 

25-50 ms (M1) and longer latencies 50-100 ms (M2) (Forgaard et al., 2015,) it is important to be able 

to identify muscle onset within very short temporal periods. The short latency reflex is purported to 

be fixed (defined as M1, 20 – 45 ms by Pruszynski, Kurtzer and Scott, 2008) and not modulated by 
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specifying a target direction. However, it is suggested that medium and longer latency periods have 

specific features that can be modulated in automatic postural responses (Pruszynski, Kurtzer and 

Scott, 2008; Shinya, Kawashima and Nakazawa, 2016) as explored in section 2.5). 

Therefore, accurate detection of muscle onset using sEMG signals requires accuracy not just from 

electrode placement, but also good levels of test–retest reliability when measuring signals to detect 

muscle onset. The reliability of onset detection from EMG signals is reliant on standardised methods 

and an outline of acceptable error that may come from measurements (Hodges and Bui, 1996; 

Giavarina, 2015; Abu-Arafeh, Jordan and Drummond, 2016). EMG signals contain vital information 

regarding muscle activity, however EMG signals potentially contain a significant amount of 

additional signal (noise) that requires appropriate processing to obtain the relevant information and 

to also ensure this noise is minimised during the acquisition process (Li and Aruin, 2005; Solnik, Rider 

and Steinweg, 2010).   

Two main methods of onset detection include threshold methods using computerised algorithms or 

visual inspection. The use of visual detection of onset has been favoured in some studies (Latash et 

al., 1995, Vasseljen et al., 2006, 2009) over computerised algorithms based on threshold. Although 

reports of inaccuracy for visual detection are as low as +5-10 ms (Hodges and Bui, 1996), the use of 

computerised algorithms have been introduced in an attempt to increase objectivity. The use of 

algorithms has also been seen as advantageous when processing large numbers of signals and when 

attempting to reduce the reliance on the skill and experience of the technician processing the signals 

to visually determine onset (Drapala et al., 2012). Although, in most studies where computerised 

algorithms have been utilised, it still appears to be good practice to visually check signals and onset 

to ensure the algorithm has been appropriately applied (Marshall and Murphy, 2003; Carpenter et 

al., 2008; Tokuno et al., 2013).   

However, muscle onset derived by computerised algorithms utilise differing criteria to determine 

onset on the signal, usually based on the quality of the signal obtained (Hodges and Bui, 1996; Merlo 
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and Campanini, 2010). Methods include threshold (Hodges and Bui, 1996; Solnik, Rider and 

Steinweg, 2010) which utilise standard deviation (SD) of baseline signals and approximated 

generalised likelihood ratio (AGLR) (Staude and Wolf, 1999). Threshold methods remains to be a 

popular and validated method, however as Hodges and Bui, (1996) investigated, the parameters for 

deciding the threshold from which activation is calculated can vary and this has varied ((Paul W 

Hodges and Bui, 1996; Richardson, Snijders and Hides, 2002; Ershad et al., 2009; Lee et al., 2017).  

 

The threshold method protocol is based on calculating the mean baseline activity of signals for a 

predetermined time point, for example 50 ms before a warning stimulus and then identifying the 

point at which the signals change from the baseline mean by a nominated number of standard 

deviations (Hodges and Bui, 1996). Signal processing can also influence the exact time point of onset 

determination; Hodges and Bui, (1996) found that combinations of low pass filtration, sampling 

frequency (SF), the window period and the number of standard deviations chosen to detect onset 

yielded variable results when compared to visually determined onset. However, Hodges and Bui, 

(1996) suggested permutations of the following windows, SF and low pass filtering yielded the most 

accurate results; 25 ms/3 SD/50 Hz, 50 ms/1 SD/50 Hz and 10 ms/1 SD/ 500Hz respectively. The 

reason Hodges and Bui, (1996) suggest the aforementioned combinations is that the influences of 

excessive bandpass filtering can lead to the loss of some information that may not be noise, but 

actual signal. Similarly, insufficient filtering of data could result in delayed identification of muscle 

onset due to high frequency changes of amplitude reducing the mean for the specific sample. The 

use of sEMG has been used extensively in studies of torso muscle (table 5), however to capture 

activity of the deeper torso muscles fEMG has been utilised with notable limitations relating to the 

invasive nature of obtaining information and the small area that signal sample data is collected. 

Therefore, alternative methods of muscle onset detection and activity have been developed with 

some success. 
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Prior to the process of muscle onset detection (visually or by computer algorithms), sEMG signals 

are processed to facilitate optimal information gathering. In standing postural studies, particularly 

where a perturbation requires movement in response to a stimulus, there have been reports of 

greater baseline noise in the signal attributed to muscle activity to ensure upright posture opposing 

gravitational force (Lee, Cholewicki and Peter Reeves, 2007). This can make the onset detection 

more problematic (Lee, Cholewicki and Peter Reeves, 2007; Solnik, Rider and Steinweg, 2010). In 

some familiarisation trials, there was a considerable level of baseline noise observed. Therefore, to 

achieve the aim of measuring torso muscle response in older as well as younger participants as the 

study progresses, processing method that optimizes signal quality and the ability to detect onset 

accurately was required. 

Previously, Li and Aruin (2005) addressed the issue of increased baseline activity by applying the 

Teager-kaiser Energy Operator (TKEO) to the acquired signals and found improved accuracy of 

muscle onset time detection, partly due to the improved signal to noise ratio of the signal. The 

continuous form of Teager Energy Operator was introduced by Kaiser, (1990), and measures the 

energy changes of signals that comprise of single time varying frequencies. The advantages of 

applying the operator include the notion that a signal containing both positive and negative values 

and the computed energy results from instantaneous amplitude and instantaneous frequency of 

the signal. 

The TKEO process changes the signal into a representation of the energy required to change the 

patterns within the signal (hence it is not a filter, but an ‘operator’).  The effect is that TKEO has 

been found to improve the analysis of onset in several studies (Randall and Smith, 1990; Li and 

Aruin, 2005; Solnik, Rider and Steinweg, 2010). The depolarisation of the muscle cell membrane 

when recruited will produce abrupt fluctuations in signal’s amplitude and frequency. Therefore, 
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TKEO, potentially, will highlight the properties of motor unit action potentials (MUAP’s), amplitude, 

which subsequently improves signal to noise ratio (SNR) and enhances detection accuracy.  

Solnik, Rider and Steinweg, (2010) utilised TKEO and found greater detection accuracy with 

threshold methods and approximated generalized likelihood ratio (compared to visual detection) 

when applying the operator. Therefore, to optimize accuracy in detecting onset and to establish 

reliable methods for measuring muscle activity using sEMG, this study implemented the TKEO 

application to identify optimal methods of processing to facilitate an accurate method to detect 

muscle onset for this research.   

Therefore, the first aim of this study was to assess whether the accuracy and reliability of muscle 

onset methods (visually determined and computer threshold) would be improved with the addition 

of the TKEO application to the sEMG signal processing methods when examining sEMG signals of 

Erector Spinae sEMG signals. Since the purpose is not to assess the reliability of the sEMG system to 

capture onset in all muscle groups bilateral signals of ES in all trials remained the focus for reliability.   

6.1.4 Effect of Learning in Repeated Perturbation Trials  

Measuring torso muscle onset through recording electrical activity of the muscles with sEMG signals 

in future studies of this thesis will be taken during repeated trials of lower body perturbation (device 

described in Chapter 5). Repeating trials of perturbation in quick succession was found to improve 

time to recover in response to unexpected perturbations (Oludare et al., 2018). Eleven trials of 

simulated trip perturbation were administered to 21 young participants (24 years) which resulted 

in improved, torso muscle kinematics improved by reducing torso flexion angle in the ‘trained’ group 

by 60%. In addition, increasing the number of perturbation trials to examine the effect of 

anticipation on muscle onset has been found to reduce latency and modulate responses to 

perturbations (Milosevic et al., 2016; Gimmon et al., 2018).  Therefore, in tests that have observed 

torso muscle responses to unexpected perturbations arguably should limit the number of trials 
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delivered to retain ecological validity and minimise learning effects. Particularly if looking to 

differentiate those response times between populations. 

It is desirable to recover quickly from a slip to prevent a fall, particularly if unexpected (Lockhart, 

Woldstad and Smith, 2003; Sawers et al., 2017). Therefore, if seeking to differentiate the 

neuromuscular responses of the torso in an attempt to identify muscle recruitment strategies and 

optimum response times to prevent the slip leading to a fall, then the slip needs to replicate the 

unexpected singular quality of a slip in the real world, as a potential occurrence in real life.  

In addition to the number of trials that may influence muscle onset, the direction and location 

(spatial) information of the perturbation may also affect the sequence of posterior and anterior 

torso muscle responses as well as the reflex latency. Shinya, Kawashima and Nakazawa, (2016) 

provided spatial and temporal information in separate trials to 11 younger male participants (age 

28 years) and revealed a 14 ms reduction in gastrocnemius onset  if participants knew the timing of 

the perturbation but soleus latency was not influenced by knowledge of direction or time of the 

perturbation. The authors speculated that supra-spinal neural circuits that mediate medium and 

long latency reflex may be enhanced by knowing the timing, but the neural circuits that mediate 

short latency reflex were not influenced by prior knowledge. This is important if the test is to 

successfully differentiate the short medium and long-term latencies of torso muscles in response to 

unexpected perturbations.  However, in the event of technical failure, it is advantageous to know if 

a subsequent trial in close succession will yield similar results to the first in order to use in the 

analysis. Interestingly, Tokuno et al. (2013) omitted the first 3-4 trials in their lower body 

perturbation study because there was too much variation recorded in torso muscle onset, however 

this variation is of interest to understand the torso muscle onset responses to sudden unexpected 

perturbation.  
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Therefore, the objectives of this study are: 

1. To assess whether the accuracy and reliability of muscle onset detection methods (visually 

determined and computer threshold) would be improved with the addition of the TKEO 

application to bilateral erector spinae sEMG signal processing methods.  

2. To identify whether there are differences of muscle onset between three bilateral torso 

muscles across repeated trials, when responding to left and right side lower limb 

perturbations.  

Table 20 Chapter 6 Experimental Hypotheses and Null Hypotheses 
 

H1 Torso muscle onset time of erector spinae, rectus abdominis and lumbar multifidus will be 

significantly slower in unexpected trials (full deception trial 1) compared to subsequent partially 

expected trials (second and third trials on each side).   

HO Torso muscle onset time of erector spinae, rectus abdominis and lumbar multifidus will not 

be significantly slower in unexpected trials (full deception trial 1) compared to subsequent 

partially expected trials (second and third trials on each side).   

 

H2. Torso muscle onset time of erector spinae, rectus abdominis and lumbar multifidus will be 

significantly faster in partial deception trials (two and three)   

HO Torso muscle onset time of erector spinae, rectus abdominis and lumbar multifidus will not 

be significantly faster in partial deception trials  (two and three)   

 

H3. Left and right side lower body slip perturbations will result in significantly different muscle 

onsets of rectus abdominis, lumbar multifidus and erector spinae. 

HO Left and right side lower body slip perturbations will not result in significantly different muscle 

onset of rectus abdominis, lumbar multifidus and erector spinae 
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6.2 Methods 

6.2.1 Experimental Design 

A repeated measures crossover design was implemented to assess the effect of repeated lower 

body perturbation trials on Torso muscle activation and to assess the reliability and accuracy of 

surface EMG data recordings to obtain the muscle onset of three bilateral torso muscles (RA, ES, 

LM). The accuracy of muscle onset when applying TKEO compared to previously established 

processing methods was assessed to identify whether accuracy of muscle onset detection can be 

improved with its implementation.  A perturbation device (previously discussed in Chapter 5), was 

used to deliver five unilateral lower body perturbations to elicit a response from the torso muscles. 

In order to replicate a sudden unexpected lower body perturbation, participants received the first 

trial without any knowledge of what would happen. The subsequent four trials repeated the 

perturbation, but without any information provided as to when or on which side. A Latin square 

arrangement randomised the order of perturbation (left or right) over five trials that participants 

were randomly assigned to.  Therefore, participants either performed three right side and two left 

side trials or three left side and two right side trials 

6.2.2 Participants  

For this study a power calculation was conducted for sample size estimation. This was based on data 

from Tokuno et al. (2013) (N=6), comparing TrA and EO onset in unexpected and anticipated 

perturbations. The effect size (ES) in this study was 1.87 considered to be extremely large using 

Cohen's (1988) criteria. With an alpha = .05 and power = 0.80, the projected sample size needed 

with this effect size (GPower 3.1) is approximately N =11 for the between and within group 

Comparisons described in section 6.2.7. Therefore, the sample size of eighteen participants will be 

more than adequate for the reliability objectives of this study as well as hypotheses testing.  
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Eighteen participants (nine male and nine female) from the student cohort of University of 

Bedfordshire volunteered for the study. Mean age was 22 (+4) years, mean height 1.66m (±0.10), 

mean body mass 62.65 kg (±10.46) and mean BMI of 21.10 Kg/m2 (± 5.85). Participants were 

screened for suitability to participate as described in chapter 3 section 3.1 The ethical approval is 

stated in general methods Chapter 3 but to retain authenticity of the first trial the full disclosure on 

the protocol was not included in the informed consent, however, researchers ensured that all 

participants were safe throughout the testing and fully debriefed once testing had finished.  

6.2.3 Preparation  

All procedures for participant preparation upon entry to laboratory and sEMG electrode placement 

are described in Chapter 3, section 3. 

6.2.4 Procedures for Perturbation and Data Collection 

The instructions and positions given to participants at the start of testing are fully described in 

section 3.5 (Chapter 3). Whilst the intention for full deception of the perturbation trial remained, 

undoubtedly after the verbal instruction was given to remain upright, participants may have had 

some notion or awareness to control posture that will be considered in the discussion.  

To examine the effects of repeated trials and the increased awareness of the perturbations in this 

study, five trials were completed. Performing five trials allowed a first completely unexpected trial 

and then 2 subsequent trials on the left side and 2 on the right side to generate a comparison and 

provide the uncertainty for the participant. The perturbation device instigates an anterior forward 

slip on both left and right sides of the body, the release clips were operated separately. Therefore, 

a slip was only initiated on one side at a time, this enabled ecological validity to be able to mimic a 

slip and provide a layer of surprise to the unexpected event as participants did not know which side 

would be initiated or when which is important for later studies. The first trial was unexpected (full 

deception) and the subsequent four trials participants were aware of direction and speed, but not 

the side of the slip action. This facilitated an element of unknown variation in the trials.  Whilst it is 
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not expected that the side of the plate will yield significant differences in torso muscle onset, the 

analyses will ratify this. The randomised trials yielded an equal number of perturbations on the left 

and right side to compare contralateral perturbation effects. Participants were reminded that they 

could withdraw at any time. Upon completion of the tests, the participant was debriefed and all 

equipment removed. 

6.2.5 Signal processing 

To identify the optimum processing methods for onset detection, two processing methods were 

completed on the same signals. All EMG data and motion capture data was exported from cortex in 

*.c3D format for analysis in Visual 3D (C-motion Research Biomechanics, Maryland, USA). The EMG 

signals were corrected for zero offset by subtraction of the signal mean value (Robbins cited in Naik, 

2014). Subsequently, two signal processing methods were applied to the sEMG signals for right and 

left side erector spinae muscles, following the process outline by Solnik, Rider and Steinweg (2010). 

This first investigation was an examination of onset detection methods not reliability of sEMG to 

collect data on all muscle pairs, therefore the following processes were applied to right and left 

erector spinae only to ascertain which signal would permit the most accurate and reliable onset 

determination (Figure 31).  

 Bandpass filter 30Hz; Full wave rectification; low-pass filter 50Hz 

 Bandpass filter 30Hz, TKEO; Full wave rectification; low pass filter 50Hz 

Further detailed descriptions of the signal processing can be found in general methods Chapter 3 

section 3.3.2.  

One bidirectional pass was applied to each filter to remove a lag in the signal created by a single 

pass. After the aforementioned signal processing methods were completed, onset was determined 

by 1) visual inspection (VisD) 2) computer method with threshold (TH) determined. To provide 

confidence in the reliability of the researcher to detect onset through visual determination, onset 
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was assessed by repeating measurements on the same signals one week apart, blind on signals that 

applied TKEO only to assess measurement reliability. Since TH methods also relied on visual 

inspection to check the application of the TH marker on the signal, it was deemed prudent to secure 

reliability assessment of visual onset determination.  

After trials to assess the optimum computer algorithm to determine onset using TH methods, the 

following provided consistent results and were utilised in the reliability analyses. TH was determined 

as five standard deviations (SD) for a minimum of 40ms with baseline activity recorded 200ms prior 

to the perturbation onset based on considerations presented by Hodges and Bui, (1996) and set to 

achieve maximum accuracy. The results of threshold-determined onset were also visually checked 

in order to ensure EMG onset was not obscured or affected by movement artefact, background 

noise or electrocardiogram signal (EMG traces in appendices B). In the application of TH methods to 

detect muscle onset in the left and right erector spinae muscle, the aforementioned parameters 

were not sensitive enough to detect onset in all sEMG signals when TKEO was not applied. 

Therefore, in some of the analyses, the sample sizes were affected.  

 

 

 

 

 

Figure 31 Example of signal without TKEO applied (left) and with TKEO applied (right) 
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Figure 32 Procedure for processing sEMG signals with the TKEO applied and without, prior to 
detection of muscle onset.  
 
6.2.6 Statistical Analyses for Reliability  

Reliability was assessed on one-hundred and eighty sEMG signals of bilateral ES muscle activity in 

this analysis (n=18, through five trials, ninety signals from left and right ES; LES and RES). There were 

anomalies in eight signals (movement artefact and high baseline noise) that lead to the exclusion of 

three RES Signals and five LES. The onset of muscle activity was visually determined (VisD) and using 

a computed algorithm (TH) on sEMG signals with TKEO applied and on signals without. Analysis for 

absolute agreement using Intra class correlation coefficient (ICC, two-way mixed effects model) (Koo 

and Li, 2016) was performed on 1. TH and VisD methods of detection on signals with TKEO, 2. TH 

and VisD methods of detection on signals without TKEO and 3. Repeat measures (one week apart) 

of VisD detection on signals with TKEO. In addition, standard error of measurement (SEM) was 

calculated using pooled standard deviation (SD) of both recorded measurements: 

Equation 9 

SEM =  𝑺𝑫 √𝟏 − 𝑰𝑪𝑪 
 

Analogue raw 
EMG

Without TKEO 
and full wave 

rectified

Low pass 50Hz 
filter applied 

With TKEO 
applied and full 
wave recitfied 

Low pass 50Hz 
filter applied 

LES signal with 
High pass 30Hz 

filter applied

LES signal with 
High pass 30Hz 

filter applied
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A single rater determined VisD onset as the first rise in amplitude in a 200ms window of perturbation 

initiation. To assess the agreement of the onset methods on sEMG signals that had TKEO applied 

and without TKEO the absolute agreement between visually determined muscle onset (VisD) and 

computer method using threshold methods (TH) was determined using Bland Altman plots (Bland 

and Altman, 1986, 2007; Sedgwick, 2013; Giavarina, 2015). In addition, agreement between visual 

detection on signals with TKEO and without TKEO using Bland Altman plots permitted levels of 

agreement to be established relative to the signal not just the onset detection method. In muscle 

onsets calculated larger than 45 ms are deemed as reflex activity by Pruszynski, Kurtzer and Scott, 

2008) therefore limits of agreement within 50 ms and -50 ms  were deemed acceptable (Bland and 

Altman, 1986, 2007, Giavarina, 2015). The measurements used in limits of agreement analyses were 

normally distributed as assessed by QQ plots (Hodges and Richardson, 1997; Silfies et al., 2009). 

Finally, coefficient of variation (CoV) described the error between repeated measures of the same 

signals (intra-rater) where σ = standard deviation and µ = mean:  

Equation 10 

CoV = σ / µ *100 

 

6.2.7 Statistical Analyses for Effect of Repeated Perturbation  

Further to the methods described for signal processing and determining muscle onset in LES and 

RES signals, the same methods were adopted to determine muscle onset in left and right side lumbar 

multifidus (LM) and rectus abdominis (RA) from the acquired sEMG signals. Statistical analyses were 

performed using IBM SPSS statistics version 26, (Version 26 for Windows, SPSS Inc. Chicago IL) and 

using Excel (2016, Microsoft Office).  

H1: To determine the effect of perturbation deception on muscle onset times for all muscle groups 

during right plate perturbation, (left and right RA, LM and ES), a 2 x 6 two way ANOVA (2 deception 

conditions full/partial deception x 6 muscles) was conducted. Data was normally distributed as 

assessed by Shapiro Wilk test (P>0.05) and Mauchlys test of Sphericity indicated that the assumption 
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of sphericity was violated for the two-way interaction χ2(14) 38.383, p = 0.002. Therefore, the 

adoption of Greenhouse and Geisser (1959) was used in the interpretation.   This was repeated on 

the left plate perturbation data which were normally distributed as assessed by Shapiro Wilk test 

(P>0.05) and the assumption of sphericity was met as per Mauchly’s test of sphericity χ2(14) 15.13, 

P=0.406.  

H2: To determine if there was a learning effect on muscle onset time between repeated trials of 

partial deception, the second two trials of 6 muscle onsets during right plate perturbation were 

analysed. A 2 (trials) x 6 (muscles) repeated measures ANOVA was conducted. This was repeated for 

left plate perturbation. Data was normally distributed as assessed by Shapiro Wilk test (P>0.05). 

Mauchlys test of Sphericity indicated that the assumption of sphericity was met two-way interaction 

χ2(14) 10.43, p = 0.743 for right plate perturbation and left χ2(14) 20.99, p = 0.125. 

H3: To examine the differences in muscle onset (6 muscles) between left and right plate 

perturbation (2 independent groups) in full deception conditions, a 2 x 6 two way ANOVA was 

conducted. The data was normally distributed as assessed by Shapiro Wilk test (p>0.05) and there 

was homogeneity of variance as assessed by Levene’s test of homogeneity of variances (p=0 .560).  

This was repeated for partial deception conditions, a 2 x 6 repeated measures two way ANOVA was 

conducted. The data was normally distributed as assessed by Shapiro Wilk test (p>0.05), and visually 

inspected Q plots on 3 groups where Shapiro-Wilk indicted significant differences (p<0.05). 

Mauchly’s test of Sphericity indicated that the assumption of sphericity was met for the two way 

interaction χ2(14) = 16.26, p = 0.307. 

Where statistically significant interactions were found, post hoc pairwise comparisons with 

Bonferroni adjusted p values were performed. Cohens effect sizes (d) with qualitative 

interpretations (0–0.19, trivial; 0.2–0.59, small; 0.6–1.19, moderate; 1.2–1.99, large; ≥2.0, very 

large) are reported (Cohen, 1988; Hopkins, 2000) (where µ = mean and σp = pooled SD). Confidence 
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intervals are presented where appropriate and two tailed alpha level of significance testing was set 

at p<0.05.  

Equation 11 
Effect size calculation  

Cohens d = µ1 -  µ2 
                        σp 

 

6.3 Results 

6.3.1 Reliability  

Table 21 Agreement of LES muscle onset determined visually (VisD) and using computer 
algorithm (TH) when TKEO was applied to sEMG signals of the left ES and when it was not. 
 

  ICC (CI) SEM CoV 

Left Plate 
Perturbation 

With TKEO 0.637 (0.467 to 0.775) 9.60ms 13.35% 

Without TKEO -0.186 (-0.461 to 0.134) 165.80ms 502.1% 

 

Right Plate 
Perturbation 

 

With TKEO 

 

0.936 (0.744 to 0.902) 

 

6.92ms 

 

13.09% 

Without TKEO  0.028 (-0.249 to 0.327) 123.45ms 477.4% 

 

Left and Right plate With TKEO 0.812 (0.723 to 0.875) 11.06 ms  

 Without TKEO -0.071 (-0.265 to 0.140) 200.76 ms  

ICC, Intraclass correlation, SEM. Standard error of measurement, CoV, coefficient of variation, CI Confidence Intervals. 
 

The ICC values suggest detection of onset was moderate to very reliable(Koo and Li, 2016)  when 

TKEO was applied but displayed greater variation and unacceptable coefficient of variation at 502% 

and 477% when it was not applied, along with high measurement error at 160ms during left plate 

perturbation and 123 ms during right plate perturbation.  Without TKEO, the TH algorithm did not 

detect EMG spikes and changes in the signal appropriately and so agreement with visually 

determined onset was low. Signals with TKEO applied revealed higher levels of agreement between 

VisD and TH onset detection for the left and right plate perturbations (0.637 and 0.936). When left 
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and right plates were analysed together, very good agreement was revealed with ICC of 0.812 and 

confidence intervals that ranged from good to excellent (0.723-0.875).  

Table 22  Determining reliability (test-retest) of VisD determined onset in the ES muscle in 
signals with TKEO applied (one week apart) 

 ICC (CI) SEM (ms) 

LES ONSET (Left side perturbation) 0.812 (0.555 to 0.912) 11.06 

RES ONSET (Left  side perturbation)  0.763 (0.521 to 0.883) 13.04 

LES ONSET (Right side perturbation) 0.922 (0.847 to 0.959) 12.28 

RES ONSET (Right  side perturbation)  0.784 (0.635 to 0.877) 11.81 

ICC, Intraclass correlation, SEM. Standard error of measurement, CI, Confidence Intervals  
 

Signal processing using TKEO revealed improved reliability to determine muscle onset times than 

without TKEO. Repeated measurements of visually determined onset (one week apart) show a good 

degree of reliability (table 22). The ICC values ranging from 0.763 to 0.922, were good to excellent 

(Koo and Li, 2016) and standard error of measurement show small levels of onset time variation 

(11.06 to 13.04 ms). The right side ES onset during right and left side perturbation resulted in lower 

ICC values.  

  

Figure 33 Bland Altman plot displaying the limits of agreement for VisD method of ES muscle 
onset detection in signals with and without TKEO applied (95% CI -18.30 to -11.06) (62 sEMG 
signals)  
CI, confidence intervals, TKEO, Teager-Kaiser energy operator, VisD visually determined onset, ES Erector spinae 
muscle (left and right side)  
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The Bland Altman plot (fig 33) shows agreement between visually determined onset in signals that 

have applied TKEO and those that did not. The agreement between 62 signals revealed a negative 

bias (-14.68ms) which indicates that the signals with TKEO returned slightly faster onset times that 

those without. The mean difference between onsets on both signals was -14.68ms + 14.25. The 

upper limits of agreement were 13.83ms (95% CI; 1.01 to 26.65ms) and lower limits were -43.19ms 

(95% CI; -30.37 to -56.00ms), therefore a difference of +28.51 ms.  For signals that had undergone 

TKEO and those that had not, the plot shows clusters between 40ms and 90ms suggesting there is 

good agreement around these onset times, but as onset gets slower (larger values), there is a little 

more variability, although only two values were outside the upper LOA and two are borderline. Two 

that are outside of the upper limits agreement reveal slower onset times and therefore suggests 

that there is some variability attributable to the signals where VisD detection may have been 

compromised. The LOA in this analysis are quite narrow, therefore whilst time consuming the Vis D 

method of determining onset would yield more reliable results if TKEO was not applied.  

 

 
 

Figure 34 Bland Altman Plot for Limits of Agreement between VisD and TH methods of ES muscle 
onset detection on signals with TKEO applied (CI -8.98 to – 2.67.  
CI, confidence intervals, TKEO, Teager-Kaiser energy operator, VisD visually determined onset, ES Erector spinae 
muscle (left and right side) 
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The ICC values in table 22 indicate greater reliability of TH and VisD onset detection when TKEO is 

applied to sEMG signals. Since VisD onset yielded good agreement on signals with and without TKEO, 

the agreement between VisD and TH methods were determined on signals with TKEO to identify 

whether the TH methods could be applied in future studies. The Bland Altman plot in figure 33 also 

reveal a good level of agreement. There appears to be a negative bias (-5.82ms) and VisD onset 

appeared to yield slightly faster onset times than the TH method. The mean difference between 

methods of onset detection was -5.82ms + 14.08. Figure 33 shows the upper limits of agreement 

(22.34ms, 95% CI; 9.60 to 35.09ms) and lower limits were (-33.99ms, 95% CI; -46.73 to 21.25ms) 

with a difference of +28.16 ms. The agreement is close and although four measurements fall outside 

the upper LOA, they are within the 95% CI of those LOA. Finally, the calculated LOA for the muscle 

onset detection of the ES muscle (left and right side) when TKEO was not applied yielded much 

larger differences. Mean difference was revealed as 113.29 ms, with upper LOA and lower LOA as 

699.03 ms -472.46 ms. These are unacceptable and indicative of the inability of the TH methods to 

accurately detect onset on signals without TKEO application in this study.  

6.3.2 Measurement Reliability 

The application of TKEO to signals resulted in great reliability and acceptable agreement of 

computerised detection (TH) of onset and visually determined onset. Therefore, to assess the 

reliability of the TH method of onset detection on signals with applied TKEO, measurements taken 

two weeks apart (test –retest) were assessed.  Reliability was found to be very good between both 

measurements with an ICC of 0.909 (CI 0.81-0.95, p<0.001), SEM revealed 8 ms and coefficient of 

variation within week 1 and 2 measurements indicated 10% difference, which is also within 

acceptable agreement (Atkinson and Nevill, 1998). 
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Figure 35 Bland Altman plot to Assess Agreement of test-retest of Muscle Onset Using TH on 
signals with TKEO applied 
 
Agreement between measurements assessed with bland Altman plot (Fig 34) and shows fair 

agreement between week 1 and 2 muscle onset determined using TH determination. There appears 

to be a small bias (13.08 ms). The mean difference between onsets on both signals was 1.08ms + 

12.98 indicative that more measures were in agreement and closer to zero. The upper limits of 

agreement were 27.03 ms (95% CI; 14.8-39.26 ms) and lower limits were -24.88ms (95% CI; -12.65-

37.11 ms) with differences + 25.95 ms. The 95% CI for SEM of was 15.68 ms, this means that muscle 

onset with determined with computer methods will fall within 15.68ms for 95% of the true value 

(compared with VisD) measurements.   
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6.3.3 Results Effect of Trial Repetition and Perturbation side on Muscle Onset Time   

  

Figure 36  Mean Muscle Onset of all Muscle groups when the left plate perturbation instigated 
slip in two partial deception trials (* significant difference p≤0.05) (n=15). 
 

There were no significant within subject effects between the second and third trials (partial 

deception) in left plate perturbations F(1,75) = 0.753, P=0.388 partial ɳp2=0.10 (Figure 36) and there 

were no significant within subject effects between each muscle onset F(5,75)=1.281, P=0.281, 

partial ɳp2 =0.079. However, there was a between subjects effects for muscle onset F(5,75)=2.708, 

p=0.026 partial ɳp2 =0.153. The pairwise comparisons revealed that whilst LES, RES, LMF, RMF and 

LRA were not significantly different between trials (p>0.05), RRA onset was significantly faster in 

trial two compared to trials 3 with a small magnitude of difference (Cohen, 1988) (mean difference 

21.25 ms, 95% CI -39.63 TO -2.86; ES 0.4).  
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Figure 37 Mean Muscle Onset of all Muscle groups when the right plate perturbation instigated 
slip in trials 2 and 3 of partial deception (N=15).(*pairwise comparisons in trial 2 reveal significant 
differences p≤0.05 LES and RES both faster than LRA and RRA,LES also faster than LMF, trial 3 LES 
and RES were significantly faster than LRA and RRA) 
 
The analyses were repeated for the right plate perturbation trials (two and three) in partial 

deception conditions. There were no significant within subject effect between trials F(1,73)=0.320, 

p=0.573 partial ɳp2 = 0.004 (Figure 37). There were also no significant within subject effects between 

two subsequent trials of right side perturbation on muscle onset F(5,73)=0.952, P=0.453, partial 

ɳp2=0.061. Although there were no significant differences between trial two and there, there was a 

significant between subject effect F(5,73) = 10.804,p=0.001, partial ɳp2 = 0.425. Pairwise 

comparisons of muscle onset within trial two only revealed significantly faster onset of LES muscle 

than LMF (mean difference 37.02 ms; 95% CI -61.08 to -12.96; ES 0.6), LRA (mean difference 57.91 

ms; 95% CI -82.99 to -32.84; ES 0.4), RRA (mean difference 55.13 ms; 95% CI -80.04 to -30.97; ES 

0.4). In addition, right erector spinae (RES) was significantly faster than LRA (mean difference 41.96 

ms; 95% CI - 67.343 to -16.49; ES 0.4) and RRA (mean difference 39.56 ms; 95% CI -64.49 to -14.62; 
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ES 0.5) in trial two. Finally, right side RMF was significantly faster than LRA (mean difference 33.06 

ms 95% CI -60.09 to-6.04; ES0.6) and RRA (mean difference 30.06 ms; 95% ci -57.19 t -4.14; es0.7). 

Within trial three of right side perturbation, LES was significantly faster than LRA (mean difference 

57.08 ms; 95% CI - 97.06 to 16.99; ES 0.65) and RES was significantly faster than LRA (mean 

difference 45.06 ms, 95% CI -85.78 to -4.33, ES 0.7).  

 
6.3.4 Effect of Perturbation Deception (Full and Partial)  

 

Figure 38 Muscle onset (ms) in RP initiated perturbation in full (FD) and partial deception (PD) 
conditions. * Indicates significant difference between LMF and RRA (p≤0.05) (n= 6) 
 

A two way repeated measures ANOVA (2 x 6) was conducted on participants who underwent a right 

side trial as the first perturbation and compared second right side trials.  Muscle onset (ms) for the 

right side perturbation data is presented on figure 37 as mean + SD in the error bars. In right plate 

perturbation trials there were no statistically significant interactions between partial and full 

deception of perturbation on muscle onset latency. There was no significant main effect of 
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deception F (1,5) = 0.283, P=0.617, partial ɳp
2 = 0.054, epsilon ε = 1.00. There was also no significant 

interaction between muscle onset and deception trials F(1.41,7.06) = 0.167, p=0.77m partial 

ɳp2=0.032,epsilon ε=0.282. However, there was a significant within subjects effect between muscle 

groups for muscle onset F(2.43, 12.16) = 5.144 P=0.02 partial ɳp
2 =0.507 epsilon ε= 0.486. Pairwise 

comparisons revealed that in partial deception conditions, when the right plate initiated 

perturbation, LMF was significantly faster than RRA (mean diff -39.67ms; 95%CI 75.24 to 4.06, P= 

0.031; ES  0.4). There were no other significant differences in muscle onset within partial or full 

deception conditions.  There was also no significant two-way interaction effect of deception and 

muscle onset. 

 

Figure 39 Left plate perturbation muscle onset times when perturbation had known and unknown 
parameters applied. There were no significant differences (n=9). 
A two-way repeated measures ANOVA (2 x 6) was also conducted to determine the effects of 

deception on muscle onset when the left plate was moved to initiate perturbation. There appears 

variability of muscle onset as seen with large error bars representing SD for the left side perturbation 

(Figure 39). There was no significant within subject main effects for deception F (1,8) = 1.378, 
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p=0.274, partial ɳp
2 = 0.147 or muscle onset F(5,40) = 2.23 p =0.07 partial ɳp

2 =0.2187. Finally, there 

was no significant 2 way interaction effect of deception and muscle onset F(5,40) = 0.456 p =0.806, 

partial ɳp
2 = 0.054.  

6.3.5 Effect of Perturbation Side on Muscle Onset  

 

Figure 40 Mean (SD) of muscle onset times in response to left and right perturbation in unknown 
(full deception) conditions (Right side T1, n=9, Left side T1 n=9) * indicates significant difference 
p≤0.05.   
A two-way ANOVA (2 X 6) (left and right plate) revealed that there was no statistically significant 

interaction between the side of body perturbed (plate release) and muscle onset in six muscles, F(5, 

92) = 1.891, p = 0.104, partial η2 = 0.93. There was also no significant two-way effect of plate 

perturbation side and muscle group F=5.92, 1.179, p=0.325, partial η2=0.060.  However, there was 

a significant effect between the left and right side perturbation on muscle onset F(1,912) =4.526, 

P=0.036, partial η2=0.047. Pairwise comparisons revealed LRA onset was significantly faster in left 

plate perturbation than right (mean difference 37.64 ms; 95% CI 0.596 to 74.682; ES 0.82) (Figure 

40). Furthermore, that LRA was significantly slower than LES in right plate FD perturbation trials 

(mean difference 57.08 ms; 95% CI 0.873 to 113.294; ES 0.65). 
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Figure 41  Mean (Sd) of muscle onset times in response to left and right perturbations with partial 
deception (time or side information not given)(n=15* significant differences between left and 
right plate perturbations in RES, LMF, RMF, LRA and RRA) p≤0.05). 
 

Finally, a repeated measures two-way ANOVA (2 X 6) was also conducted to investigate the effect 

of the side of plate perturbation (left and right) on muscle onset latency in partial deception 

conditions. Figure 40 shows mean SD muscle onset in right side and left side perturbation during PD 

trials.  There was a statistically significant two-way interaction between muscle onset latencies and 

the perturbation side F(5,70) = 5.684, p=0.000, partial ɳp
2 = 0.289. There was also significant within 

subjects effect for the side of the plate used in perturbation F (1,14) = 39.52, p<0.005, partial ɳp
2 = 

0.738 simple main effect was also found for the onset times between the muscle groups F (5,70) = 

17.32, p<0.05, partial ɳp2 = 0.553. Pairwise comparisons revealed that in partial deception 

conditions, the RES onset was significantly faster in left plate perturbation trials (mean difference 

24.86 ms, 95%CI 12.07 to 37.66) compared to the right side; this was the same for LMF (mean 
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difference 25.2 ms; 95%CI 8.27 to 42.13), RMF (mean difference 14.73 ms; 95%CI 0.351 to 29.12), 

LRA (44.33 ms, 95%CI 30.63 to 58.04) and RRA (38.73 ms; 95%CI 16.88 to 60.56). There were no 

significant differences of LES muscle onset between left and right plate. 

6.4 Discussion  

6.4.1 Reliability  

Erector spinae sEMG signals were analysed to establish reliability and accuracy of signal processing 

methods and muscle onset detection. When TKEO was applied the coefficient of variation for onset 

detection was slightly higher than previously noted as acceptable in onset detection (<10% Atkinson 

and Nevill, 1998) however, the standard error of measurement was much smaller when the TKEO 

was applied (9.60 ms and 6.92 ms). Therefore, the CoV values indicate more variability between 

participants and the impact that this would have in determining muscle onset differences among 

populations is small enough to be considered acceptable as indicated by low SEM values. The 

addition of the Teiger-Kaiser energy operator (TKEO) to the erector spinae muscle sEMG signals 

improved the reliability of computer software derived (TH) detection methods.  Visual 

determination of muscle onset appeared to yield reliable results in both methods of signal 

processing (with and without TKEO), but better agreement between VisD and TH methods were 

found with the addition of TKEO. The ability to determine muscle onset with a high level of accuracy 

and on several hundreds of sEMG signals will enable enhanced accuracy and timely processing 

methods. This will be important, as future studies will use sEMG-derived onset as a comparison of 

accuracy to onset derived using RUSI.  The variability in visually and computer determined LES 

muscle onset revealed high variation within subjects when TKEO was not applied with CoV values 

at 502% and 477% left and right plate respectively. Further supported with ICC values that ranged 

between -0.186 and 0.028 the application of TH to the signals without TKEO resulted in 

unsatisfactory levels of reliability.  
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The perturbation device augmented a change in position that elicited a neuromuscular response of 

the ES muscles of sufficient magnitude across all 18 participants that facilitated the exploration of 

potential measurement error. In establishing the appropriate method for sEMG processing in this 

study using a computer algorithm, the exploration of the algorithm parameters was required 

(Staude et al., 2001). The embedded parameters of the threshold method of onset detection (TH) 

were explored based on trial and error prior to arriving at the most appropriate parameters for the 

signals and population tested as previously recommended by Hodges,( 2001); Li and Aruin, (2005); 

Neill et al., 2012; Huebner et al., (2015); Naik et al., (2016). In this instance, the threshold, (5 SD) 

duration of window (minimum of 40ms of baseline activity recorded 200ms prior to the 

perturbation) were the factors that underwent trial and error to result in the parameters chosen for 

the final analysis.  

The onset of muscle activity in this study appears less likely to yield prolonged activity as indicated 

by signals in the appendix B which were typical of those recorded in this study. The torso muscles 

appear to respond rapidly with sEMG signals returning quickly to lower amplitudes when standing 

posture was regained, although this notion will be explored more fully in later within the thesis. The 

rationale for applying TKEO was to be able to differentiate instantaneous energy changes as the 

calculated energy is derived from instantaneous amplitude and frequency of the signal (Solnik, Rider 

and Steinweg, 2010). This had advantages in the current study as the application of additional 

smoothing and filters increased the likelihood of removing signal content attributed to muscle 

activity rather than unwanted noise.  

Whilst the TKEO application enhanced the reliability of muscle onset detection, visual inspection of 

sEMG signals prior to processing highlighted variation in baseline signals (before perturbation). This 

may in part be due to the variation of muscle activation to enable an upright erect standing posture. 

For example, O'Sullivan et al., (2002) found decreased muscle activation in LM, ES and IO during 

sway standing compared to erect standing. Therefore, it is possible that whilst the instruction to 
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stand upright was consistent to all participants, there may be some individual variation of neural 

control to maintain upright standing positions. Despite the maintenance of a quiet standing period 

before the perturbation, variation between torso muscle sEMG signals may have arisen due to 

habitual upright postural control. In addition, the reliability analyses did not discern the sEMG 

signals from trials one to five. Rather, onset was measured on all signals in all conditions, however 

it has been suggested that anticipation of a perturbation may increase EMG noise for muscles like 

the LM in anticipation of an event. Therefore, anticipation of an event may have also increased 

baseline noise is the RES and LES muscle; muscle onset differences between trials is explored in later 

in this section. 

The measurement error associated with the methods described to ascertain torso muscle onset can 

also arise because of sEMG signals that contained unwanted noise from the equipment itself (wires, 

other equipment). Robbins (cited in Naik, 2014) outlines the bases under which appropriate signal 

processing methods should take place, with indications that processing methods will routinely 

require processing to filter unwanted noise from other electrical equipment in the testing area, 

moving wires or myoelectric signals (heart). Reliability of signal processing methods and onset 

detection methods were deemed good to excellent and acceptable for the next phase of the study; 

similar results were found by Solnik, Rider and Steinweg, (2010) who established improved onset 

detection in TH, visually determined and approximated generalized likelihood ratio (AGLR). 

Although the latter method was not explored in this study, TH and visually determined onset have 

been reported in the literature (Hodges and Bui, 1996; Hodges, Gandevia and Richardson, 1997; 

Lee, Cholewicki and Peter Reeves, 2007; Silfies et al., 2009) with similar levels of reliability described 

for single rater onset detection. The existence of error measured in this study may also be explained 

by movement artefact given the dynamic and unexpected nature of the trials. Huebner et al., (2015) 

also noted that during dynamic conditions, the change of muscle structure underneath the skin and 

subsequent shift of skin position relative to the underlying muscle has to be considered. Within this 
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study, the displacement of the torso is anterior - posterior, with participants exhibiting minimal 

torso flexion or extension the movement of electrode is less likely to shift over the underlying 

muscle. However, this cannot be ruled out in all future studies and will be considered, particularly 

if recovery control strategies reveal larger torso moments.  

Right and left ES muscle onset determined visually with the TKEO application revealed good test 

retest reliability for the left side perturbation (ICC, 0.812, 0.763) and excellent and good for the right 

(ICC, 0.922, 0.784). The SEM represent clinically small values of error where 11.06 ms to 13.04 ms 

are slightly longer durations than the conduction velocity of action the muscle action potential (3-5 

m.s) (Vasseljen et al., 2009; Kandel et al., 2013) therefore acceptable. Furthermore, previous studies 

that have investigated torso muscle onset in relation to rapid arm movement have defined onset 

before or after a 50 ms window of deltoid activation as feedforward activity. This is based on the 

notion that nerve conduction and synaptic transmission time renders a reflex response of less than 

50 ms implausible. Thus adding more support for the acceptance of small SEM values under 25 to 

50 ms that have been previously described as short latency first response times from a spinal reflex 

(Forgaard et al., 2015).  

The visual determination of muscle onset was problematic with signals that did not undergo TKEO 

as many were unable to be quantified appropriately which would have significantly reduced the 

number of signal samples. Visual inspection of the signals with TH applied showed that many signals 

did not sensitively respond to the parameters of the TH detection algorithm (5SD for a minimum of 

40ms, baseline activity recorded 200ms prior to the perturbation). This led to the apparent 

inaccurate identification and subsequent poor reliability (ICC for right 0.055, left 0.456) and very 

large unacceptable standard error of measurement.  The results confirmed that the application of 

TKEO improved signal quality to perform both visual and computerized threshold detection of onset. 

In addition, when methods were repeated there was good to excellent test-retest reliability, 
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therefore the first objective was achieved and these methods will be adopted in future 

methodologies as the test is the novel perturbation test is further developed.   

6.4.2  Effect of Perturbation Trial Repetition on Muscle Onset  

During the second and third left side perturbation there were no significant differences in muscle 

onset between for LRA, LM and ES muscles although RRA was slower in the third perturbation   

compared to the second (Figure 35).  Within each perturbation trial, there were no significantly 

different onset times between muscles. This is indicative of a muscle coactivation strategy described 

by (Van Der Burg, Pijnappels and Van Dieën, 2005; Duchateau, 2007; Sawers et al., 2017). Similarly, 

during the right side trials, there were no significant differences between second and third 

perturbations for all muscle onsets but in the second trial there were significantly different muscle 

onsets displayed between the 6 muscles (Figure 36). For example, LES was faster than LMF, RRA, 

LRA and RES. RES was also significantly faster than RRA, LRA, but in the third attempt the only 

significant difference was LES faster than LRA. This may suggest a shift in recruitment strategy even 

though the differences between onset times were not significantly different between trial 2 and 3 

therefore the second null hypothesis is accepted, the differences within each trial suggest an altered 

recruitment sequence. 

Whilst one of the foci of this project is to identify the timely response of the torso muscles to a lower 

limb perturbation, the notion of sequence of activation will also yield insight when differentiating 

recruitment patterns between older, younger and trained participants. In addition, it has been 

suggested that anticipation of a perturbation may increase EMG signal noise for muscles like the LM 

in anticipation of an event (Latash et al., 1995; Hodges and Richardson, 1997; Milosevic et al., 2016). 

Reducing this likelihood will be favourable in older and trained participants in future studies and 

since the focus of future studies will be to understand the torso muscle responses to perturbations 

with as little information or notice as possible given to participants, the addition of a third trial to 

each side of perturbation will not add to the understanding in this thesis and should be excluded. 
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Graphs (Figures 35-40) show some variation (error bars showing SD) within participants in each trial, 

which is resonant with the methodological rationale for omitting the first 3 trials given by Tokuno 

et al., (2013) and Shinya, Kawashima and Nakazawa, (2016) due to that variability. However, to 

capture and compare the responses of the torso muscle to unexpected events, then the acquisition 

of data that are within a short temporal time frame will arguably proivide the most ecologically valid 

data. Perturbations that are unexpected in day to day life, do not permit a rehearsal to identify an 

optimum strategy to recruit the torso therefore, the variability observed is worthy of exploration to 

identify whether the recruitment of the torso muscle in such situations vary among participants with 

risks of neuromuscular deterioration through aging or enhanced with specific training. Therefore, 

future studies should include a first and second trial to capture muscle onset in response to 

unexpected perturbations and two trials to insure instances of mechanical error in first trials. 

6.4.3 Effect of Limb Side Initiating Perturbation (Contralateral and Ipsilateral Muscle Responses) 

Figure 37 shows a sequential pattern of recruitment, (ES, MF and then RA) during right plate 

perturbation but figure 38 shows less sequencing for the left side perturbation. Instead, the left side 

perturbation trials yielded muscle onsets that were not significantly different across the 6 muscles. 

Although large variation (Figure 38) within LRA and RRA muscles were indicated with  the error bars, 

the activation profile is more resonant of the torso co-activation muscle strategy described by Van 

Der Burg, Pijnappels and Van Dieën, (2005). Previous studies have also reported variability within 

RA recruitment (Huebner et al., 2015; Milosevic et al., 2016) which has been attributed to the 

muscles susceptibility to small movements, the proximity of the fascia and changes in muscle length 

which may produce unreliable EMG signals and a sensitivity to even subtle movements. Moreover, 

the differences between onset pattern after left and right plate perturbation trials remained when 

the second trial was used in further analyses). For example, in figure 40 during left plate 

perturbation the muscle onset (RES, LMF, RMF, LRA and RRA) appear significantly faster than the 

right side when conditions were partly expected.  Interestingly, LES was not significantly different 
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between right and left side perturbations and onset times were similar in left and right side trials.  

In full deception (unexpected) left perturbation trials, LRA was significantly faster than during right 

side. The third null hypothesis is partly accepted with regard to full deceptions (first attempts), but 

rejected with regard to partial deceptions (second and third attempts). There was also a high level 

of variation within the LES onset times in both left and right plate trials, although, LRA and RRA were 

notably faster during left plate perturbation trials than right, only LRA was statistically significant. 

Interestingly, in the partial deception trials, the muscle onset during right side perturbations were 

significantly slower for RES, LMF, RMF, LRA and RRA; During right side perturbation, it might be 

speculated that contralateral posterior muscle groups i.e. LMF, LES may recruit first to counter the 

offset of instability to the right side. However, LMF and RMF appeared to act almost synchronously 

in right plate perturbation that suggests a role of bilateral response to the lumbar area when the 

lower body was perturbed. During right side perturbation, the RES muscle appeared to recruit 

slightly later than LES and in the left side perturbation, RES onset was slightly ahead of LES which 

would infer a role of contralateral stability to their function.   

In full deception condition, there were no significant differences in muscle onset between the left 

or right plates. Sequential onset of torso extensor muscles (LM, ES thoracic), was found to be 

modulated depending on the predictability of an upper body task in standing position, in a study by 

Moseley, Hodges and Gandevia, (2003) however Tokuno et al., (2013) observed no changes in TrA 

or EO recruitment order in a standing tasks that induced an unpredictable and predictable lower 

body surface support translation. TrA and EO were not measured in the current study, however the 

notion that recruitment of the torso muscles may be modulated with partial or full deception of 

trials is an important one as this research progresses and to understand if this differs depending on 

the side of the body and limb that is perturbed.  In this trial, although inconclusive, it appears the 

partial deception trials have not yielded statistically significant differences in muscle activation, and 

this is the same when left and right plate perturbations are compared. However, there are 
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differences observed and the clinical relevance of this should also be explored. Therefore, despite 

the faster onset times recorded in Left plate conditions, the lack of significant differences between 

muscle onset between left and right plate, particularly for the spinal extensors, in full deception, 

currently suggests there are no differences in onset for LM and ES when each limb is perturbed and 

no information is provided about the perturbation to participant.  

In partial deception conditions, there were significant differences between muscle onset time for 

the LM and RA muscles but not ES. Specifically, RES, LMF, RMF, LRA, RRA were significantly faster in 

the left plate perturbation than right side but LES remained consistent in both perturbations.  The 

relative sequential order of muscle onset was similar for both left and right plate in partial deception 

(figures 39 and 40), with the exception of RES which was faster than LES when the left plate was 

moved. This was not expected and could be explained as an anomaly or due to a coactivation 

strategy to confer lumbar stability as previously proposed (O’Sullivan et al., 2010, Sawers et al., 

2017). The perturbation resulted in an anterior unilateral limb motion which displaced the torso 

potentially first in extension and then through flexion as participants recovered, which could explain 

the later onset of the RA muscles in left and right plate perturbations. Similarly, the slip forced 

unilateral limbs into hip flexion and knee flexion, which could potentially impose contralateral 

demands on the torso muscles as part of the stabilising mechanism. Hence why LES was active ahead 

of RES when the right plate was perturbed and why RMF was ahead of LMF when the left plate was 

perturbed. Comparison to previous studies is challenging as many studies have used self-imposed 

arm raise movement tasks or entirely displaced the torso while sitting. One exception was the study 

of Hodges and Richardson, (1997) who also found faster recruitment of contralateral MF compared 

to RA in response to a hip flexion task. However, they did not compare to the ipsilateral muscles and 

utilized a self-initiated rapid hip flexion task in response to a visual stimulus; Using the onset of the 

prime mover rectus femoris, as the point from which reaction times and then latency was 
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calculated.  They noted mean RA reaction time from stimulus as 184ms and MF as 158ms, these are 

slower than noted in this study possibly due to methodological differences.  

Newcomer et al., (2002) also investigated RA and ES muscle responses in a standing task and found 

RA activated 155-180ms and ES between 101-115ms in response to a forward bilateral lower body 

perturbation. Again the onset orders were similar to the current study although the timing of 

responses were slower than this study; this could be attributed to the task differences but also the 

wider age range of their participants (24-58yrs) compared to age 22 years in this study or training 

status which was not mentioned. Age related changes to the neuromuscular control of skeletal 

muscles has been associated with changes to function and risk of falls (Silfies et al., 2009; Donath et 

al., 2016; Hodges and Danneels, 2019) and faster onset times in trained participants (Borghuis and 

Hof, 2011). This will be further explored in future chapters as the test to reveal muscle onset is 

developed and the inclusion of deeper and superficial anterolateral torso muscles is proposed to 

enhance the understanding of the torso response to perturbations.  

6.4.4 Effect of Deception (The Number of Perturbation Attempts Without Providing Information) 

In right plate perturbations there were no significant differences in muscle onset between full and 

partial deception. This was the same for left plate perturbation trials and so the first null hypothesis 

was accepted. It was speculated that the knowledge of the location and spatial components of this 

perturbation might yield a modulation of muscle onset to reduce onset time of the torso muscles in 

response to the second perturbation. There appears substantial variation of muscle onset times 

among participants in full and partial deception conditions (seen with SD bars in Figures 37 and 38). 

The variation within group’s response times in both deception conditions may account for the lack 

of significant differences between these conditions. Interestingly the order of recruitment remained 

consistent in full and partial deception when the right plate initiated perturbation (Figure 37) but 

appeared less sequential when the left plate was moved (Figure 38) with similar onset times 

reflected in the 6 muscles.  When the right plate initiated perturbation in partial and full deception 
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conditions, RA activated later than ES and LM (full deception and partial deception RA- 103ms and 

101ms, ES- 56ms, and 56ms, LM-72ms and 69ms) and this was statistically significant between right 

RA and left LM.  

This is in part consistent with the findings of Milosevic et al., (2016) who found mean response 

latencies for RA 116ms but later latency of ES at 90ms in response to a forward perturbation. The 

early recruitment of ES in the study by Milosevic et al., (2016) was in response to a forward 

perturbation like the one in this study; however, they also found that when information about 

perturbation time and space was given to their participants, the onset times decreased and 

activation was faster. Information was not given in this test, rather, the experience of the first trial 

provided the participants with an experience that may have modulated the sensorimotor pathways 

in terms of the speed and direction of perturbation, but timing and location (left or right) side 

knowledge was still not provided. The lack of significant difference in muscle onset between 

deception trials is a promising development, as this will enable performance of two trials in the 

perturbation task without adversely affecting the ecological validity of the trials.   

When the left plate initiated perturbation in full and partial deception, there was no sequential 

order of torso muscle onset observed in the right. There were no significant differences in muscle 

onset between deception trials for the left plate; however of interest are the visual differences seen 

in figure 38 that shows both left and right side RA muscles appear to recruit faster than the right 

plate (Figure 37) and at similar onset times to LM group. As with the right plate perturbation, the 

lack of significant differences between deception could be attributed to the lack of information 

provided about the impending perturbation, which in previous studies (Milosevic et al., 2016; 

Shinya, Kawashima and Nakazawa, 2016) had been given to participants which the researchers 

suggested led to the modulation and reduction of muscle onset times. The differences between left 

and right side onset need to also consider the effect of plate speed and weight distribution. Although 

it is too early to conclude these differences. 
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6.5 Conclusion  

The use of TKEO to the signal processing methods improved accuracy and reliability to use computer 

algorithms to detect muscle onset on sEMG signals and will be taken forward in future chapters 

using surface EMG. Accurate and reliable sEMG signal processing will enhance the ability to 

synchronise measurements of muscle onset with RUSI and attenuate any challenges posed with 

obtaining good signals in older adult populations.  Good reliability was found on test retest of onset 

detected through visual inspection, which provides a reliable platform to check visually detect onset 

through computer algorithm methods which will be important as another method of muscle onset 

will be added to the testing procedures which will require accurate comparison to onset detected 

through sEMG. 

The left side perturbation in full deception appeared to yield co-activation pattern of muscle onset 

with faster onset times overall. In order to be able to increase the statistical power of first trial 

comparisons with subsequent trials, it is proposed to only initiate the right plate in full deception 

(trial 1) with subsequent trials randomized to left or right side. The ES and LM muscle groups remain 

of interest, however RA onset appeared to recruit in accordance with the task demands, therefore 

to offer more insight into recruitment strategy with deeper and anterolateral muscles explored in 

the discussion, it is proposed to add EO, IO and TrA into the measurements of onset in full and partial 

deception.  In addition, future studies will require identification of external oblique (EO) muscle 

onset in response to perturbations using sEMG in order to establish agreement between two 

methods of muscle onset detection (RUSI and sEMG). Therefore, RA will be replaced in the next 

study with EO.  

The left plate perturbation trials elicited faster onset times than right and did not exhibit any 

sequential recruitment pattern, rather it was indicative of a coactivation profile. LM and ES recruited 

ahead of RA consistently, suggesting an antagonist role as the plate propelled in an anterior 

direction, the small stretch from RA spindles may have elicited a response from LM and ES arguably 
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stimulating a torso response to remain stable, bilateral stability. The contralateral responses of 

posterior torso muscles were not evident in right perturbations but in left trials the RES was faster 

than all other muscles but not LES. The first perturbation attempt revealed significant differences 

between LES and LRA but no other muscle groups. Clinically, the differences are within the medium 

latency period (50-100 ms) therefore, within a satisfactory time period to be able to observe 

differences between populations. When comparing the mean of second and third attempts 

between left and right side perturbations there were significant differences between RES, LMF, 

RMF, LRA and RRA onset times. Therefore, muscle onset in future studies should compare first trial 

between populations and only from one perturbation side to facilitate equitable comparison.  

 

Summary 

1. TKEO will be added to the signal processing procedures and onset will be detected using 

computer algorithm methods and visually checked.  

2. The perturbation trials will be reduced to three to provide some variation but a third will not 

add any enhancement to this research. The first trial will always be right to increase 

statistical power in future testing, but without participant knowledge and subsequent two 

trials (one left and right) will still be randomised.  

Future studies will incorporate external oblique (EO) muscle onset in response to perturbations 

using sEMG and not RA  
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Chapter 7.0 Establishing Agreement Between sEMG and Rehabilitative 

M-mode Ultrasound to Measure Torso Muscle Onset in a Healthy Young 

Adult Population 

 

7.1 Introduction 

Chapter 4 established RUSI B-mode as a reliable tool for measuring torso muscle thickness of the 

deeper (TrA) and superficial (EO, IO) torso muscles that are frequently investigated in studies of 

torso muscle function. Studies that used RUSI B-mode images to measure thickness of the 

abdominal muscles have utilised the changes of muscle thickness before and after perturbations 

(Vasseljen and Fladmark, 2010; Ehsani et al., 2016) or voluntary activation (Koppenhaver et al., 

2009) to infer the ability to activate muscles. Conversely, lack of thickness changes have been 

associated with poor function (Ferreira, Ferreira and Hodges, 2004; Hides et al., 2008). Chapter 2 

critically reviewed literature surrounding these inferences and the limitations they present, 

including the lack of thickness changes detected in EO despite notable changes in sEMG signals 

(Hodges et al., 2003). More recently, the adoption of RUSI in M-mode to measure muscle onset of 

the deep torso muscles has yielded promising results and is favourable as it is non-invasive, captures 

real time information, offers less limitations when participants adopt different positions and offers 

the ability to capture deeper muscle structures such as TrA and IO. However, Vasseljen et al., (2009)  

found that RUSI detected onset of the lumbar multifidus (LM) 16 ms later than fEMG  and Mannion 

et al., (2008) found TrA onset was 20 ms later using RUSI compared with fEMG. Therefore, in order 

to achieve the overall thesis aim (section 1.1), combining sEMG and RUSI methods to identify torso 

muscle onset in response to the perturbation device described in Chapter 5, facilitates the 

simultaneous measurements of deeper (TrA, IO) and superifical (LM, ES, EO). In order to do this,   
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agreement between RUSI and sEMG needs to be established and the reliability examined of RUSI 

M-mode to capture torso muscle onset. 

 Whilst RUSI B-mode can offer a non-invasive method for the assessment of torso muscle 

morphology, the ability for B-mode to capture muscle onset through thickness changes is 

confounded by the orientation of the torso muscle fibres, the type and strength of muscle action 

being assessed (Hodges  et al., 2003) and the position of the participant (standing vs supine lying). 

More specifically the inferior oblique angle of EO (Rabello et al., 2015) and superior oblique angle 

of IO, as well as the horizontal fibre arrangement of TrA (Brown and McGill, 2010) result in force 

being transmitted between obliquely oriented muscle layers.  Hides et al., (2008) Hides, et al., (2007) 

and Unsgaard-Tondel et al., (2012) attempted to improve the information gleamed from RUSI by 

including measures of the anterior abdominal fascia (AAF) lateral slide. A cursor is placed on the AAF 

anatomical landmark, connected to TrA on captured images, then measurements of the distance 

between these landmarks at rest and after or during contraction are taken. The degree of movement 

observed was purportedly indicative of the muscle contraction. However, it is postulated that the 

degree of slide is affected by the extensibility of myofascial structures, the intra-abdominal pressure 

and forces from surrounding muscles (Jhu et al., 2010). Therefore, without thorough examination 

of how these factors affect the AAF movement, in addition to how this may differ across populations 

it was not appropriate in this study.    

B-mode captures grayscale images of underlying structures of the anatomical region that the 

transducer is placed over, across the length of the transducer. In contrast, M-mode captures 

information on the structures at the midpoint of the transducer as a continuous image over time. 

Therefore, potentially making it a useful tool for clinicians to monitor activation of deeper muscle 

structures over time while performing a dynamic task and without the invasive techniques of fEMG 

( Vasseljen et al., 2006; Whittaker et al., 2007, Mannion et al., 2008a; Dieterich et al., 2017). RUSI 

M-mode has been used to monitor deformation of the tissues, or motion of the tissues in conditions 
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of voluntary muscle activation and unexpected conditions  (Vasseljen et al., 2006; Mannion et al., 

2008; Dieterich et al., 2017). 

Vasseljen et al., (2009) recorded lumbar multifidus onset using RUSI M-mode whilst simultaneously 

recording fEMG during a rapid arm flexion task. Whilst they determined RUSI to be able to detect 

muscle activity with accuracy relative to fEMG, they noted that there were systematic delays using 

M-mode that require correction; for example, M-mode recorded activity on average 16 ms later 

than fEMG. Mannion et al., (2008) also reported similar systematic differences between RUSI M-

mode and fEMG when recording TrA onset; M-mode recorded onset 20 ms on average later than 

fEMG. Mannion et al., (2008) attributes some of these differences to the time delays in ultrasound 

systems that relate to specific mechanisms of data capture. For example, even in high frame rate 

capture, the temporal features of recorded scans are a product of the transducers array, field of 

view, frequency settings and line density (Stoylen 2016). Optimising these features for quality 

recording can affect frame rate and therefore capture. For example, EMG captures data typically 

between 1000 Hz-2000 Hz, the frequency of the RUSI machine is 1000 Hz and motion capture can 

vary for example, between 100-200 frames per second. Therefore, the data signals acquired in a 5 

ms window by the different modes of equipment will vary (for example 10 sEMG, 5 RUSI and 1 

motion capture). Therefore when comparing muscle onset between RUSI and sEMG the acquired 

data in the same window of time will be subject to this measurement error (Nordez et al., 2009; 

Begovic et al., 2014). 

Addressing the efficacy of RUSI M-mode to capture muscle onset has typically utilised fEMG 

(Vasseljen et al., 2009) or sEMG as a gold standard to compare onset times (Dieterich et al., 2017). 

This has obvious merit, but EMG methods measure myoelectrical signals from the muscle and M-

mode is observing changes in tissue structures, specifically deformation of the fascia lines. 

Therefore, the electromechanical delay (EMD), which describes the latency between onset of the 

electrical activity and the development of force within the muscle (Yavuz, Şendemir-Ürkmez and 



183 
 

Türker, 2010), is arguably a contributing factor to the measurement differences. The onset of 

electrical activity measured with EMG captures action potential (AP) propagation before the tissue 

deformation changes on RUSI images and therefore possibly account for some of the systematic 

differences between RUSI and EMG onset times. Previous literature has reported EMD values for 

Gastrocnemius 11.6 ms  Nordez et al., (2009); Triceps surae 8.5ms Yavuz, Şendemir-Ürkmez and 

Türker, (2010); Biceps  Brachii 10ms Hug et al., (2011) and 11-16 ms Lacourpaille, Hug and Nordez, 

(2013) and 125-137ms Erector Spinae Van Dieën et al., (2019) using EMG.  However, there is a lack 

of data describing EMD values for the EO, IO, TrA, and LM in the literature, therefore the 

contribution that EMD has toward the systematic differences in torso muscles between the 

measures of muscle onset is speculative and theoretical based on evidence from other muscle 

structures.  

Identifying the contributing factors toward the possible time differences between recording onset 

of electrical activity and observing the tissue shape changes arguably permits the contributing 

factors toward the agreement (or lack of) between measurement methods that are adopted when 

looking to determine muscle onset in this study. As with EMG, the methods used to identify and 

interpret muscle onset from RUSI M-mode images have varied. The use of visual inspection of the 

tissue deformation changes are arguably subject to the same human error as visually determining 

(VisD) onset in sEMG signals, although currently there is a paucity of peer reviewed evidence that 

have examined visually determined onset on M-mode images with sEMG methods. Methods to 

make the process reliable and less time consuming has led to attempts to determine onset by 

processing images in a similar manner to sEMG signals, using Teager-Kaiser Energy Operator (TKEO) 

(Dieterich et al., 2017) or using 4th order Butterworth filter (30Hz) (Vasseljen et al., 2006).  

Dieterich et al., (2017) found excellent levels of intra-rater reliability of visually determined muscle 

onset when they applied a TKEO energy detecting algorithm (ICC 3,1 = 0.997, 95% CI 0.995 to 0.998, 

SEM = 4 ms).  Moreover, they found less variation of muscle onset when determined visually 



184 
 

(median 48 ms, interquartile range (IQR) 72 ms) than when using onset determined by computer 

analysis (median 96, IQR=121 ms). Whilst this suggests less magnitude of error when determining 

onset using visual determination they also noted greater variability of muscle onset between sEMG 

and RUSI methods. Of interest was the finding by Dieterich et al., (2017) that movement (indicated 

on RUSI M-mode) occurred before sEMG myoelectric signals which they expalined by regional 

variations of onset within bicep brachii where deeper regions contracting ahead of superficial 

regions where elctrodes were placed. Dieterich et al., (2017)  postulated that the larger proportion 

of slow twitch muscles in the deeper muscle region, and therefore activation of the low threshold 

motor units would occur first as characterised with the size principle (Henneman, Somjen and 

Carpenter, 1964). Whilst the TrA, IO and EO being investigated in the current study are under 

different motor unit activation, it will be important to consider electrode placement and M-mode 

probe position as part of the methods agreement anaylsis. Finally, Dieterich et al., (2017) also found 

faster contraction speeds improved the consistency of measurement between sEMG and RUSI, 

which would be of benefit in trials of unexpected perturbation in the current study.   

Vasseljen et al., (2006) utilised a 4th order Butterworth filter to the M-mode capture which they 

suggested enhanced processing by ensuring signals with lower velocities (2 mm.s) to be rejected, 

but signals from rapid motion to pass through and therefore enhance the detection of onset. 

However, the study did not explore any muscle onset detection without the filter, therefore without 

a comparison it is difficult to conclude whether the addition of the 4th order Butterworth filter 

improved onset detection in M-mode or not. Moreover, the use of RUSI in clinical environments has 

increased due to the ability to take measurements relatively quickly. Therefore, performing 

additional analyses in clinical settings may not provide solutions for many clinicians working within 

short timelines and patients who seek answers and results. One of the main advantages of RUSI for 

clinicians is to gain real time information on musculoskeletal conditions quickly (Smith and Finnoff, 

2009b, 2009a; Patil and Dasgupta, 2012). Therefore, if neuromuscular assessment of the torso is 
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required in clinic or research environments, arguably, establishing the accuracy and measurement 

error that the equipment possesses (within the scope of the equipment capacity) without additional 

processing, is of importance and value.  

One such method adopted to improve reliability of RUSI to capture muscle onset was the application 

of Tissue Doppler (TDI) to the imaging process (Mannion et al., 2008; Pulkovski et al., 2008). The 

addition of TDI uses modified colour to images and quantifies motion of the tissue (Mannion et al., 

2008). Similar levels of systematic differences for onset were reported for this method, for example 

20-25 ms after fEMG by Manion et al (2008) and 20.3 ms after sEMG by Pulkovski et al., (2008). It 

has also been noted that TDI will only measure the vector of motion that is parallel to the ultrasound 

beam (Ho and Solomon, 2006). This has already been highlighted as problematic in B-mode RUSI 

scans where the transverse orientation of the torso muscle fibres has been implicated in the 

variation of thickness changes observed (Koppenhaver et al., 2010), therefore using Doppler 

potentially contributes additional measurement error. This chapter aims to explore the use of RUSI 

M-mode that will allow evaluation of muscle activation without additional offline processing. 

Therefore, the reliability and measurement error associated with RUSI M-mode was assessed with 

EO onset using sEMG. The aim was to determine accuracy and agreement so that it can be 

determined whether measures of superficial muscle onset using sEMG (LM, ES and EO) can be 

assessed with measures of deeper muscle onset (IO, TrA) as part of the investigation of torso muscle 

onset in response to a lower limb perturbation. In order to synchronise equipment (sEMG, RUSI, 

motion capture) effectively and to obtain accurate measures of muscle onset using two different 

methods (sEMG, RUSI) the determination of agreement and reliability will help identify sources of 

potential measurement errors.   

Therefore, the objectives of this study are: 

1. To identify levels of agreement between muscle onsets of electrical activity recorded using 

sEMG measures of EO muscle and EO onset recorded through tissue deformation using M-
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mode RUSI in a healthy young adult population.  

2. Determine whether the agreement levels are clinically acceptable and in agreement with 

previous literature 

3. Identify acceptable (good to excellent) test-retest reliability of TrA, IO and EO muscle onset 

measurements using RUSI M-mode.  

7.2 Methods  

7.2.1 Experimental Design  

A repeated measures crossover design assessed the reliability and accuracy of M-mode RUSI to 

record muscle onset of TrA, EO and IO.  The perturbation device (previously discussed in Chapter 5 

and 6) was used to deliver three unilateral lower body perturbations to elicit a response from the 

deeper torso muscles, upon delivery of the perturbation, the timed muscle onset was determined. 

A single blind study was implemented to ensure the first of three trials initiated an unexpected 

perturbation. Information was not provided to the participants about the perturbation in the first 

condition such as the time, direction, velocity or force, (full deception in unexpected trials), but in 

subsequent trials, participants had experience of the velocity and direction information, but were 

not told when or which side would receive the perturbation again (partial deception).  The 

participants were aware of a testing procedure and so whilst minimal information was provided 

from the researcher’s, it is acknowledged that participants will have some anticipation based on the 

information they can see in the testing conditions. The order of perturbation (left or right) was 

randomised using Latin squares. The onset of EO was recorded using sEMG and used to assess 

agreement with M-mode EO onset. The test - retest reliability of repeated measurements of TrA, 

EO and IO muscle onset using cine loops captured with M-mode RUSI were examined. 
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7.2.2 Participants 

25 students from the University of Bedfordshire volunteered for the study. Consisting of 15 males 

and 10 females with a mean (+ standard deviation) body mass of 68.72kg ± 13.85, height 1.73 m ± 

0.08, Mean age 21 yrs ± 3 with BMI 22.7 kg/m2± 3.55. Participant screening and exclusion criteria 

are fully described in chapter 3.1. A full description of information provided to participants and 

screening forms are described in Chapter 3 section 3.1, in the current study participants also 

completed the IPAQ questionnaire (Appendix C, table 23).  It was not possible to provide full 

disclosure on the protocol to the participant due to the nature of the intended deception for the 

first trial; however, researchers ensured that all participants were safe throughout the testing and 

fully debriefed once testing had finished.  

Table 23 Mean + SD activity levels as per IPAQ questionnaire 
 

 Participants (n=25) 

IPAQ (Total Activity Mets/min) 3532 +2946 
 

IPAQ (Time sitting, mins/week) 282 + 200 

 

7.2.3 Preparation  

Preparation of participants are fully described in Chapter 3 section 3.2 and 3.4. In order to fulfil the 

requirements of the full deception trial, equipment and testing set up were kept hidden from 

participants for as long as possible. Once participants were prepared, static torso muscle thicknesses 

(TrA, IO and EO) was captured while standing using Rehabilitative Ultrasound scanning (RUSI) in B-

mode and retained for morphological data analysis in Chapter 7 using as per methodologies outlined 

in Chapter 3 (3.2).  
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7.2.4 Surface Electromyography Preparation and Measurements 

The preparation of sEMG electrodes and measurements are fully described in chapter 3, section 3.3 

Electrodes were placed on LM, ESL and EO muscles (section 3.3.1, table 6) however only EO is used 

in the analysis for this study.  

7.2.5 Rehabilitative Ultrasound Imaging Settings 

To asses TrA, IO and EO activation through tissue deformation, the Mindray M7 (1000Hz) 

rehabilitative ultrasound imaging system (RUSI) including a 7LS DU linear probe (Mindray Med Int 

Ltd, Shenzhen, China) was used. A full description of scanning procedures and methodology is 

described in Chapter 3, section 3.5.  

7.2.6 Motion Capture Preparation and Synchronisation of Equipment 

Measuring muscle onset using two different pieces of equipment, RUSI and sEMG, required the 

synchronisation of equipment with motion capture to record the perturbation event 

simultaneously. A full description of the synchronisation and methodology is described in Chapter 

3, section 3.5.1.  

7.2.7 Experimental Procedures  

The procedures are fully described in Chapter 3 section 3.7.  

7.2.8 Data Analysis 

The EO sEMG signal data was processed using methods described in chapter 3, section 3.3.2. In 

addition, EO, IO and TrA onset was obtained from tissue deformation recorded using RUSI cineloops 

which is fully detailed in section 3.4 and 3.4.2. Muscle onset was determined as the point after (or 

before) the plate initiated movement which was recorded with motion capture. Muscle onset times 

obtained from RUSI and sEMG data were exported to Excel (2016, Microsoft Office) and used for 

reliability analyses.  
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7.2.9 Reliability Analyses 

Intra-rater reliability of right side TrA, IO and EO muscle onset (tissue deformation) using RUSI by a 

single rater, was assessed with intra-class correlation (ICC’s) estimates and their 95% confidence 

intervals based on two measurements (one week apart absolute agreement, two way mixed effects 

model) (Koo and Li, 2016) using SPSS statistical software package (IBM, SPSS Version 26) . In 

addition, standard error of measurement (SEM) and the 95% confidence intervals were calculated 

using pooled standard deviation (SDp) of both measurements using equation 2 chapter 5. Methods 

of agreement between RUSI and sEMG measures of right side external oblique (REO) onset in 

perturbation conditions (left and right plate) were assessed using ICC’s with 95% confidence 

intervals in SPSS. The SEM and Bland Altman plots with limits of agreement (LOA) and 95% 

confidence intervals were also calculated in Excel (2016, Microsoft Office). Descriptive data are 

presented as mean + standard deviation (SD). 

Forty trials of right side perturbation and thirty- five left side perturbation trials (n=25, therefore 75 

cine loops) were analysed. Poor echogenicity on RUSI scans and issues with synchronisation of 

equipment lead to the rejection of 6 left side and 7 right side cine loops, one sEMG signal for the 

right EO was also rejected due to poor signal quality. Therefore, 62 sets of data capture were 

analysed in the assessment of measurement method and agreement between methods of onset 

measurement. The onset measurements for TrA, IO and EO using RUSI was normally distributed as 

assessed by Shapiro-Wilks (p>0.05) and visual inspection of Q plots. In LOA agreement analyses, 

sEMG and RUSI data were normally distributed as assessed by Kolmogorov-Smirnov in sample sizes 

above fifty (p>0.005) and confirmed with the inspection of Q-plots (Giavarina, 2015).  

Limits of agreements in previous studies have found a systematic bias of RUSI recording onset 54 

ms in EO (Mannion et al., 2008), 20-25 ms in the quadriceps (Pulkovski et al., 2008); and 56 ms in 

EO (Vasseljen et al., 2009) later than EMG. Therefore, identifying a ceiling for acceptable LOA  
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according to the recommendations of  Bland and Altman, (1986, 2007) Sedgwick, (2013) Giavarina, 

(2015) will consider these previous findings in their interpretation. The mean differences of all 

measurements used in limits of agreement analyses were normally distributed as assessed by Q 

plots.  

7.3 Results 

7.3.1 Reliability of Muscle Onset Detection 

In right side perturbation trials, muscle onset of TrA, REO and IO through tissue deformation was 

measured  twice to assess the reliability and the results are revealed in table 24.   

Table 24 ICC values (absolute agreement, two way mixed effects model) repeated 
measurements of REO, IO and TrA muscle onset after right plate perturbation (n=25, 33 right 
plate perturbation, single measures). 
 

   95%Confidence Interval      F test with True Value 

 ICC SDp Upper 
bound  

Lower 
bound 

Value df1 df2 sig SEM 
(95%CI) 
(ms) 

CoV 

REO  

 

0.896 21.00 0.802 0.947 18.07 32 32 0.00 6.77 
(16.37) 

4.09% 

IO 

 

0.887 24.85 0.784 0.942 16.44 32 32 0.00 8.35 
(13.27) 

5.45% 

TrA 

 

0.916 29.61 0.838 0.958 23.32 32 32 0.00 8.58 
(17.60) 

4.21% 

SDp Pooled participant Standard Deviation, SEM, Standard error of measurement, ICC, Intraclass correlation 

coefficient, CoV, coefficient of variation 
 
 
 

The reliability for the measurement methods used to quantify muscle onset through tissue 

deformation is outlined in table 24 for right perturbation trials and table 25 for left perturbation 

trials. The ICC ranges for right and left plate perturbations (0.896 to 0.924) are described as good to 

excellent (Atkinson and Nevill, 1998; Rankin and Stokes, 1998b; Koo and Li, 2016). 
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Table 25 ICC values (absolute agreement, two way mixed effects model) repeated 
measurements of REO, IO and TrA muscle onset after left plate perturbation (n=25, 26 left plate 
perturbation, single measures ). 

   95% Confidence Interval F test with True Value   

 ICC SDp Upper 
bound  

Lower 
bound 

Value df1 df2 sig SEM 
(95%CI) 
(ms) 

CoV 

REO  

 

0.835 30.92 0.669 0.922 11.198 25 25 0.00 12.56 
(24.61) 

5.89% 

IO 

 

0.913 20.59 0.817 0.960 22.937 25 25 0.00 6.07 
(11.89) 

3.50% 

TrA 

 

0.924 21.12 0.837 0.965 24.361 25 25 0.00 5.82 
(11.40) 

3.27% 

SDp Pooled participant Standard Deviation, CoV, coefficient of variation, SEM, Standard error of measurement, ICC, 

Intraclass correlation coefficient 

 

Repeated measurements of TrA onset recorded from left plate perturbation trial cine loops revealed 

the highest ICC value (table 25, 0.924) and lowest standard error of measurement (5.82 ms). In 

contrast, TrA onset measurement revealed highest variability on right side trials with an SEM value 

of 8.58 ms (95% CI 17.6 ms), yet an excellent reliability value of 0.916 (table 24). The between 

participant variation (SDp) used in the SEM calculation was particularly high for TrA in the right plate 

trial at 29.61 ms. However, coefficient of variation between the two measurements for TrA was 

4.21% and indicates a good level of reliability for repeated onset measurements (Atkinson and 

Nevill, 1998). Similarly, right side EO SEM was highest in left side trials (12.56 ms) and also had a 

notably higher between subject SDp. Coefficient of variation between measurements of REO onset 

was also low at a mean 6.22% for all 25 sets of measurements 
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7.3.2 Methods Agreement: sEMG and RUSI 

Table 26 Intraclass correlation values and 95% confidence intervals (CI) for muscle onset 
measured using sEMG and RUSI during right and left plate perturbation combined. 

   95% Confidence Interval F test with True 
Value 

  

 ICC SDp Upper 
bound  

Lower 
bound 

Value df1 df2 Sig SEM (95% 
CI) (ms) 

REO 
combined 

0.789 25.50 0.515 0.895 11.53 61 61 0.00 11.71 (22.95) 

SDp  Pooled  Participant Standard Deviation, SEM, Standard error of measurement and 95% CI, Confidence Interval  
 
 

The ICC values in table 26 reveal moderate reliability of REO muscle onset as measured with sEMG 

and onset using RUSI (Koo and Li, 2016). The SEM value represents measurement error of 11.71 ms, 

between the methods and 95% of the measurements will fall within 22.95ms. The standard error of 

measurement was calculated with pooled participant SD of RUSI and sEMG measurements to reflect 

the overall error associated with the two methods of onset detection.  

Figure 42 Bland Altman Plot showing mean difference and mean onset measurements of REO using RUSI 
and SEMG; Upper and Lower LOA, 95% Confidence Intervals for Upper LOA(ULOA) and Lower LAO  (LLOA) 
(n=25, 62 RUSI scans and sEMG signals analysed) During Right and Left Plate Perturbation (n=65 measured 
trials) 
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The Bland Altman plot (figure 42) shows a negative bias with a mean difference of -9.65 ms (95% CI; 

-5.91 to -13.38) which suggests sEMG REO onset detection is 9.65 ms earlier than RUSI and for 95% 

of measurements the difference will fall between -5.91 and -13.38 ms. The upper limits of 

agreement were 19.78ms (95% CI; 6.76 to 32.80) and lower limits of agreement -39.07 (95% CI; -

26.05 to -52.09). There appears an outlier above the 95% LOA (49 ms difference), when the outlier 

was removed the mean difference reduced to 10.61 ms and LOA reduced slightly (14.53 to -35.75). 

Removal of the outlier resulted in negligible differences and still resulted in agreement that was 

below the ceiling for LOA discussed in 6.2.9 (stats analysis). Forty-eight of the 62 measures revealed 

faster onset detection with sEMG seen with negative bias displayed below the mean line. There 

does not appear any systematic bias at faster or slower muscle onset values, although onset 

detection below 70 ms appears to be consistently detected earlier using sEMG than RUSI. 

7.4 Discussion  

Measurement of TrA, IO and EO muscle onset visually determined as tissue deformation using RUSI 

M-mode by a single rater, yielded good levels of reliability across two measurement days. Methods 

to record muscle onset were standardised with respect to the anatomical landmarks and the 

temporal reference point from which the perturbation occurred. This contributed toward the good 

(REO= 0.896, IO= 0.887 in right plate, and REO= 0.835 in left plate), and excellent (TrA =0.916 in right 

plate, IO=0.913, TrA= 0.924 in left plate) levels of reliability seen with ICC values and very low 

coefficient of variation that represents low variability within participants. Whilst good levels of 

reliability were reflected in the ICC values and SEM, the absence of excellent ICC scores throughout 

the measurements are partly attributed to the large variation of muscle onset between participants 

(Koo and Li, 2016). 

Potential sources of error that contributed toward the variation between onsets visually determined 

may also be due to the clarity of the image to discern image distortion from tissue deformation. The 
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Mindray RUSI scanner used in the study produces high quality images with the capacity to alter gain, 

colourisation, grey map and edge enhance which enhance the ability to visually determine structural 

changes as often used with RUSI. However, the speed of onset measured in this study required 

sensitive shift of the console with as few as possible increments. Often, the cursor to move the 

calliper would leap in 3-5 ms increments and did not reliably permit increments of 1 ms as would 

have been preferred.  Subsequently, up to 5 ms of difference between measurements could in part 

be due to the limitation of the movement of the screen callipers within the RUSI software. 

Furthermore, a single rater performed repeated measurements in the current study, arguably this 

limitation may not provide insight to the error potential of the rater compared to another, but the 

rationale given for this is largely due to all future measurements also being performed by the same 

single rater in subsequent studies.  Similar levels of reliability were found in repeated measurements 

of onset detection by McMeeken et al., (2004) who found ICC’s for B-mode 0.989 and M-mode 

0.981. Pulkovski et al., (2008) reported ICC’s of less than 0.996, but Mannion et al., (2008b) reported 

low ICC value of 0.58 and standard error of measurement at 15.8 ms which indicates slightly more 

variability than in the current study (TrA revealed highest at 12.56 ms).  

 Mannion et al., (2008a) do not offer any insight into the possible reasons for measurement 

variability for muscle onset determined visually in their study, as authors stated that there were no 

M-mode and EMG studies with comparable data available. However, they do suggest that the SEM 

variability of 15.8 ms for TDI onset in their study was similar to unpublished data and no greater 

than the error associated with onset determination procedures. Following the same rationale, 

Chapter 6 revealed test retest onset of between 8.31 and 12.28 ms for muscle onset determined 

from sEMG signals therefore, the SEM values of 6.77 ms to 12.56 ms in tables 24 and 25 reveal 

comparable repeatability. 

Variation in M-mode image capture may also arise from temporal differences in methods of capture. 

The field of view, depth, frequency and line density settings can influence frame rate of the captured 
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cine loop video (Støylen, 2016). The optimum signal quality and probe position resulted in a 

recorded frame rate of 77 fps (1 frame = 13ms). However, Dieterich et al., (2017) noted that the 

temporal resolution of M-mode is not indicated by frame rate, instead, rather like pulse wave 

Doppler the single scan lines are processed with the continuous overlay to the trace in every frame. 

This would not have affected the repeatability of measurements to a single scan, however the 

contribution of equipment synchronisation to measurement error differences is arguably small. 

Therefore, the detection of any systematic bias through LOA between sEMG and RUSI methods will 

contribute toward establishing measurement so that RUSI and sEMG methods of onset detection 

can be used to differentiate onset among varied population samples superficial and deeper muscle 

structures. 

The onset for right side EO using RUSI and sEMG revealed good levels of agreement (ICC 0.789) and 

the SEM 11.71 ms. The Bland Altman plot and LOA revealed a mean difference of -9.65 ms, 

suggesting that sEMG yielded onset detection 9.65 ms faster than RUSI. This is in agreement with 

Vasseljen et al., (2006); Mannion et al., (2008b); Pulkovski et al., (2008); who found 16 ms in LM 

onset, 20 ms on REO, IO TrA onset, 17.4 to 20.3 ms for Vastus Intermedius respectively. The current 

study also found upper and lower LOA ranged between 19.78 ms to -39.07 ms (+ 29.43 ms), 

therefore differences between methods of onset could be as much as 29.43 ms before or after. 

sEMG. 

The current study utilised the right side EO muscle to assess agreement between sEMG and RUSI 

onset, the muscle is superficial, close to the surface of the lateral abdominal wall and as chapter 2, 

discussed contains a mix of fast and slow twitch fibres typically dispersed. In contrast to Dieterich 

et al., (2017) who attributed the variation between onset recorded using sEMG and RUSI to the 

deeper fibres of bicep brachii preferentially recruiting ahead of superficial fibres viewed on M-

mode. Therefore, good agreement in the current study could be attributed to the fact that the EO 

muscle is comparatively thin, with oblique fibre orientation compared to longitudinal and with 
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multiple layers of bicep brachii. As well as the surface area of the abdomen affording a reasonably 

close proximity of RUSI probe to the sEMG electrodes to facilitate a degree of homogeneity of 

muscle area measured within the simultaneous data capture. Similarly, the unexpected 

perturbation attempted to yield a rapid motor response that resulted in better agreement than in 

the study by Dieterich et al., (2017).     

The LOA within the current study are in close agreement with the findings of Vasseljen et al., (2006) 

who reported LOA 27 ms to -59 ms for LM onset using fEMG and RUSI and a mean difference of -27 

ms. Since EMG (surface or finewire) is considered gold standard for recording muscle onset, they 

noted that the delay of 27 ms was resonant with the standard deviation of EMG recorded onsets for 

LM by Moseley, Hodges and Gandevia (2002), and therefore acceptable. By adopting this stance, 

then the mean difference between methods of 9.65 ms found in the current study, is below the SD 

found in the study by Tokuno et al., (2013) at 14 ms and 24 ms.  Furthermore, the SEM in the current 

study at 11.71 ms is much lower than reported by Silfies et al., (2009) at 36 ms. The Bland Altman 

plot (figure 42) reveals the large variability in onset between participants where mean onsets are 

recorded as fast as 32ms and as slow as 175 ms.  An outlier appeared on the Bland Altman plot 

(figure 42), with a mean difference of onset recorded on RUSI 49 ms ahead of sEMG, this was 

analysed again separately and appeared to be the result of an anomaly with the time of perturbation 

recorded on RUSI.  

7.5 Conclusion 

There are inherent differences between the RUSI and sEMG equipment that will be used in unison 

to obtain onset values of deeper and superficial torso muscles in the next studies. Therefore, it was 

important to understand and acquire the levels of agreement between muscle onset of electrical 

activity recorded using sEMG measures and onset recorded through tissue deformation using M-

mode RUSI in the same muscle (EO) in this healthy population. The current study recorded LOA of 

19.78 ms to -39.07, with mean difference of - 9.65 ms, (+ 29.43 ms). The upper and lower LOA 
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suggest comparable or even slightly closer agreement than the literature discussed in section 7.1. 

For example, Mannion et al. (2008), (+54 ms) and Vasseljen et al. (2009) (+56 ms). The negative bias 

between methods suggests that muscle onset detected using sEMG was recorded 9.56 ms earlier 

than RUSI. Establishing this value of mean difference provides a factor that can be applied to 

measurements of either muscle onset recorded through RUSI or sEMG to permit comparison 

between populations or muscle groups. Therefore, the first and second objectives were achieved in 

this study and will be taken forward in the next studies. Test-retest reliability on the measures of 

tissue deformation for RUSI (0.896 to 0.924) are described as good to excellent (Atkinson and Nevill, 

1998; Rankin and Stokes, 1998b; Koo and Li, 2016). Indicating that a single rater can reliably 

determine TrA, IO and EO muscle onset using M-mode. Therefore, the third objective to identify 

acceptable (good to excellent) test-retest reliability of TrA, IO and EO muscle onset measurements 

has also been achieved.  

Finally, establishing the agreement between methods allows for the numerical factor of known 

differences between methods to be applied to the data. However, it was unknown whether the 

same LOA of muscle onset measurement methods (RUSI and sEMG) existed for older or trained 

populations. Therefore, a development of the research resulted in a proposal to complete the LOA 

calculations on the EO muscle onset data recorded in different population samples. When the mean 

difference is known within each population, the factor can be applied in the same way, prior to the 

completion of statistical analyses that compare populations and muscle groups.  
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Chapter 8 Comparison of Torso Muscle Onset in Response to an 

Unexpected Lower Body Perturbation Between Older Adults, Younger 

Adults and Population Trained in Yoga/Pilates.  

 

8.1 Introduction 

In 2019 the chief medical officer (UK) updated recommendations for physical activity guidelines, 

stating  for older adults (aged 65 years and over) to engage with a range of activities is recommended 

(Davies et al., 2019). In particular, strength and balance activities are promoted, for improving 

physical function and reducing the rate of falls and risk of falling in the community (Sherrington et 

al., 2017; Davies et al., 2019). The risk of falls in older adults can lead to fracture, debilitating effects 

and has been associated with all-cause mortality, and the cost to the individual and the 

socioeconomic cost is high as discussed in chapter 2. Numerous mechanisms have been attributed 

to an individual’s increased risk of falling, including sarcopenia (Deschenes, 2004; Ticinesi et al., 

2017; Cruz-Jentoft et al., 2019).  

Sarcopenia was first described by Rosenberg, (1989) and has more recently been operationally 

defined by the European Working Group on Sarcopenia in Older People (EWGSOP, Cruz-Jentoft et 

al., 2019) as a progressive loss of skeletal muscle mass and strength as well as the presence low 

muscle function (strength or performance). The latter addition of muscle function is in recognition 

that muscle strength is not solely dependent on muscle mass and restricting the definition to mass 

will omit an important aspect of muscle function that would limit clinical value (Cruz-Jentoft et al., 

2010, 2019).  

The development of sarcopenia leads to a decline in muscle function which is a result of altered 

muscle structure, increased fat deposition, changes in muscle size and neuromuscular control 
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(Barbosa-Silva et al., 2016; Malmstrom et al., 2016). Understanding the factors that contribute 

toward sarcopenia and the accompanying reduced physical capacity has led to the adoption of many 

screening tools to identify risk or presence of sarcopenia in the community and research. Yet within 

sarcopenia screening, there is an emphasis on physical performance that consider voluntary muscle 

activation, such as the get up and go. However, there is no consideration for reaction tests that may 

be part of the musculoskeletal functional decline associated with a risk of falling in sarcopenic 

individuals.  Moreover, the impact of age related changes to the torso muscle are still poorly 

understood and since sarcopenia may occur at different rates across the body, the impact on the 

torso muscle mass and density is unclear (Ticinesi et al., 2017). Furthermore, the impact that these 

structural changes have on torso neuromuscular control specifically the ability of older individuals 

to regain control in an instance of slip or trip, leading to a fall is also unclear (Cuellar et al., 2017).  

8.1.1 Older Adult and Neuromuscular Torso Muscle Function 

Physical capacity tests such as the sit to stand test, short physical performance battery, timed get 

up and go, grip strength and balance tests, challenge voluntary movement that reveal useful 

information about physical function with normative data to yield comparisons between populations 

tested (Gillespie et al., 2012; Gale, Cooper and Sayer, 2016; Lusardi et al., 2017).  Moreover, 

conclusions drawn, will often lead to recommendations of training and exercise to stimulate 

improvements but as Lockhart, Woldstad and Smith (2003) suggest, the factors that influence the 

recovery of slips and falls should be investigated to better predict falls. Since rapid response times 

(~65 ms) have been found in support limbs during trip trials (Pijnappels, Bobbert and Van Dieën, 

2005) then timely recovery strategies of the torso from unexpected slip or lower body perturbations 

would perhaps determine the successful recovery from a slip. Yet it is unclear in the literature 

whether unexpected perturbations will yield differences in muscle onset between older and 

younger participants.  
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Older age is typically associated with reduced force generating capacity that has been linked with 

age related changes to muscle mass and neurologic factors, that collectively now describe muscle 

quality.  An example of this was demonstrated by Scaglioni, Narici and Martin, (2016) who revealed  

the ability to achieve maximal voluntary contraction in ankle plantar flexors was the same in older 

and younger participants, but there was an altered activation pattern during submaximal efforts. 

Authors related this finding to the need of older adults to reach a higher level of activation to 

develop an equivalent relative torque. The modification of activation at lower levels of effort has 

been attributed to earlier modification of the motor unit activation sequence or a strategy among 

synergist muscles (Morse et al., 2005). Furthermore, longer electromechanical delay has been found 

in older adults (~9 ms) in the tricep surae  (Yavuz, Şendemir-Ürkmez and Türker, 2010) compared 

with younger adults. Since this reflects the time point between electrical activity in the muscle and 

the onset of force generation, it may be that any delays in muscle onset when recovering from a slip 

will require force modulation depending on how quickly the CNS processes the information from 

the perturbation. Therefore, in an unexpected slip incident, older adults will need to recruit muscles 

optimally to prevent a fall; particularly as the magnitude of the slip displacement and velocity have 

been associated with the likelihood of slip leading to a fall. Finally, tests such as hand grip strength 

require isometric tension of the wrist flexors to be developed as a maximal voluntary contraction, 

therefore the finding that recruitment may differ to achieve those forces has implications for the 

use of grip strength rather than endurance or reaction time as a second line of assessment 

recommended by EWGSOP, Cruz-Jentoft et al., (2019). 

It has also been postulated that the age related changes to motor units that may affect the timing 

of muscle onset include changes to the number of motor units and an increased number of muscle 

fibres per motor unit (increased innervation ratio) (Russ et al., 2012). The effect of aging on the 

neuromuscular junction has specifically identified the elevation in pre-synaptic nerve terminal 
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branching and post-synaptic distribution of receptor sites for neurotransmitter (Deschenes, 2004; 

Russ et al., 2012).  

 

8.1.2 Pilates and Yoga Training and Assessment of Physical Performance  

Sherrington et al. (2017) propose that exercise programmes to challenge balance will have a larger 

effect on fall prevention with higher doses of implementation. However, the authors also propose 

that participation of activities to challenge balance, need to be safe. Therefore, recommendations 

were made for participation in group exercise, Tai Chi and in the home; that will have the advantage 

of being able to meet the need for higher doses to achieve the potential to reduce risk of falling in 

those that participate. Whilst the guidance and recommendations make speific  reference to Tai Chi, 

the balance components of exercise formats such as Yoga and Pilates have also been associated 

with improved balance, flexibility, strength and reduced fear of falling (Schmid, van Puymbroeck 

and Koceja, 2010; Cruz-Ferreira et al., 2011; Gonul et al., 2011; Of et al., 2011; Tiedemann et al., 

2013). These exercise formats are readily accessible in the UK in group exercise settings and health 

centres. Moreover, a recent ‘Active Lives’ survey by Sport England (Active Lives Adult Survey 

November 2019-20) suggests that adults over the age of 55 (n=37,102) more frequently participated 

in Gym (6.9%), fitness classes (13.3%), weights sessions/exercise machines (7.3%) and generic 

exercise sessions (2.3%) than Tai Chi (0.4%). Therefore, the potential benefits of Tai Chi to prevent 

risk of falling and improve function in older adults will not be atained if the population do not have 

access to this type of training. Whilst Tai Chi will arguably have phsyiological benefits, the dose-

response relationship for this type of training is still yet to be fully understood in the literature. 

Notably, Yoga and Pilates were missing from the Sport England survey as an individual entity, 

possibly as it may be considered within group or generic exercise categories. Yet, Yoga and Pilates 

exercises posess similar challenges to balance at a controlled pace with body weight manipulation 

to challenge muscle strength and endurance (Tiedemann et al., 2013). Yoga is an ancient holistic 
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practice that orginiated in India and expanded into Western culture in the 19th Century. Typically 

comprising of a variety of static and dynamic postures that challenge major msucle groups, there 

are variations of Yoga styles that place relative focus on intensity, breathing and meditation 

elements (Tiedemann et al., 2013; Vergeer et al., 2017; Sivaramakrishnan et al., 2019).  Pilates is a 

more recent exercise format that orginiated as a mind body exercise by Joseph Pilates in the first 

half of the century with movements that originate from observations of gymnastics, ballet and circus 

training (Tiedemann et al., 2011). The exercises place an emphasis on movement quality and has 

evolved to incorporate mat based approaches as well as the use of reformer equipment to develop 

movement control. In the past 3 decades Pilates has grown in popularity for its focus on the torso 

muscle strength and stability. Pilates became synonomous with the popular term ‘core stability’ yet 

it has also evolved to offer exercise with varying formats of delivery and approaches to coaching 

with use in rehabilitation settings as well as a general group exercise format.   

Arguably, the variation of format has led to conflicting findings within the literature. For example, a 

mat based  focus (prone and supine lying) did not improve muscle function and balance in older 

women when compared with both, a balance training protocol that utilised a specially designed 

machine and resistance training  (Markovic et al., 2015). In contrast, improvements in muscle 

function, reaction time, dynamic balance and a reduction in the number of falls was found in elderly 

women when a Pilates intervention over 12 weeks, included use of resistance bands and small 

Pilates exercise balls (Gonul et al., 2011). Clearly, the intensity, time and type of activities adopted 

in each intervention will influence the outcome whether labelled balance training, resistance, body 

weight, Yoga or Pilates, the dose response for exercise interventions requires clear definition to 

understand the efficacy.  

Outlining the intensity and type of activities that can comprise Yoga and Pilates training in studies 

that have investigated their effects is clearly important; so too are the performance outcomes to 

measure functional changes that Pilates or Yoga training may yield, yet these have also varied 
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substantially. In studies that have investigated the effect of Pilates and Yoga on older adults have 

tended to apply the tests that are also used to assess physical performance relating to sarcopenia 

diagnosis. For example, the fear of falling (Schmid, van Puymbroeck and Koceja, 2010), short 

physical performance battery, one legged stance, sit to stand tests, 4-minute walk test (Tiedemann 

et al., 2013), reaction time (response to light and sound signals), strength (manual muscle testing), 

sit and reach test, dynamic balance (used a med SP300 platform), and the number of falls (Gonul et 

al.,2011) have all been found to improve after Pilates and Yoga intervention yet difficult to compare 

findings due to the variety fo outcome measures.    

The implementation of the aforementioned tests and screening tools have been at the centre of the 

EWGSOP2 aims to improve recoginition and treatment of sarcopenia in clinical practice (Cruz-

Jentoft et al., 2019). The recent guidance to offer criteria and tools to define and characterise 

sarcopenia that focus on a four point strategy to: 1. Find cases in the community through routine 

SARC-F questionnaire or clinical suspicion 2. Assess muscle strength with grip strength or chair stand 

tests 3. Confirm with gold standard tests of muscle mass 4. Severity affirmation through 

performance tests using the short phsyical performance battery. 

The updates to the strategy have been developed as a result of research that seeks to stratify risks 

of developing sarcopneia as well as the risks presented to patients who are diagnosed with it, for 

example increased risk of fall and debilittaing injury. Scott et al. (2013) observed notable changes 

of physical performance in their study of 681 volunteers (mean age 61 yrs) that were not entirely 

explained by changes in muscle strength, assessed by dynamomentry and anthropometric changes. 

Rather, they found that changes in physical performance tests were better predictors of likelihood 

of fall in females than males that related to sarcopenia. Therefore the conclusion derived was that 

a combination of muscle strength, muscle mass and performance should all be considered in the 

diagnosis of sarocpenia. Since some of the assessments for msucle mass are costly and time 

consuming, the first two screening tools (SARC-F test appendix D) and grip strength were developed 
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with normative data for the elderly (Dodds et al., 2014, 2018; Malmstrom et al., 2016) to provide a 

more rapid initial diagnostic test for saropenia. Specifcally, the components of the SRAC-F tool ask 

questions that relate to 1. Strength 2. Assistance with wallking, 3. Rise from a chair 4. Climbing stairs 

and 4. Falls (Malmstrom and Morley, 2013).  

Improved sensitivity of SARC-F to diagnose sarcopneia was found when the questionnaire was 

administered with other assessments like calf circumference (Barbosa-Silva et al., 2016) but the test 

has been found to have good levels of internal validity to detect people at risk of adverse outcomes 

due to  sarcopenia (Malmstrom et al., 2016). However, the diagnostic tools recommended by 

EWGSOP2 to identify sarcopenia, and ultimately risk of fall in older adults, rarely assess an 

involuntary neuromuscular component. Yet, an interesting finding in the study by  Gonul et al. 

(2011) was the greater improvement found in reaction time after 12 weeks of Pilates compared to 

controls. This is of particular interest when considering the requirement to augment postural control 

and a correction strategy as quickly as possible in the event of a slip or unexpected lower body 

perturbation. Whilst the evidence for the efficacy of Pilates and Yoga for improving functional 

performance in older adults are emerging, the mechanisms of why they may afford improvements 

is not entirely clear. Therefore, testing neuromuscular responses of a population who are 

extensively experienced in these types of exercises could facilitate a better understanding of the 

possible mechanisms underpinning Pilates and Yoga as exercise interventions. Particularly if the 

testing could also differentiate neuromuscular control of an untrained but healthy population and 

an older population, where the aging process may affect neuromuscular control.  

However, measures of neuromuscular control, specifically muscle activity in older adults using sEMG 

has had conflicted results and RUSI offers a non-invasive alternative to examine muscle onset. 

Despite the emerging evidence that supports the use of RUSI to evaluate muscle thickness, 

echogenicity, cross sectional area and muscle tissue quality (Cruz-Jentoft et al., 2019) there is a 

paucity of evidence to indicate whether RUSI is effective to measure muscle onset in older adults 
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which may yield important information about the muscle quality with regard to neuromuscular 

function.  

Finally, Pilates has produced improvements in TRA thickness (Critchley, Pierson and Battersby, 2011) 

in flexibility and dynamic balance (Cruz-Ferreira et al., 2011; Sureeporn et al., 2011).Yoga 

interventions have been found to improve strength, balance and flexibility (Tiedemann et al., 2013; 

Sivaramakrishnan et al., 2019). Yet neither modes of exercise have been investigated in relation to 

neuromuscular function, specifically whether this type of exercise afford adaptations to the torso 

muscles that include enhanced muscle onset in response to lower body perturbations. The 

improved reaction time of older adults after a Pilates intervention (Gonul et al., 2011) might lead to 

speculation that this would be the case. However, investigation of a Pilates and Yoga trained 

population is needed to identify whether favourable improvements in strength, reaction time and 

balance will yield faster muscle onset and optimum recruitment strategies than older and younger 

participants. 

Therefore, the hypotheses are: 

Table 27 Chapter 8 Hypotheses  

H1 Older adults will recruit left and right side EO, ES, LM, significantly later than younger adults 

and trained participants in an unexpected perturbation.  

H0 There will be no difference in muscle onset of left and right side EO, ES, LM, between older 

adults,  younger adults and trained participants in an unexpected perturbation 

H2 Older adults will recruit right side TrA and IO significantly later than younger adults and trained 

participants in an unexpected perturbation. 

H0 There will be no difference in muscle onset of TrA and IO between older adults,  younger adults 

and trained participants in an unexpected perturbation 
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8.2 Methods 

8.2.1 Experimental Design 

An independent measures between groups design was implemented to compare the TrA, IO, EO, 

LM, and ES muscle onset of three independent participant groups. Three unilateral (left or right side) 

unexpected perturbations were delivered to older adults, younger adults and trained participants 

in randomised order (Latin square). Full deception was considered the first and second trial as 

chapter 6 determined by there were no significant differences between trial 1 and 2. 

8.2.2 Participants 

Power calculation for the differentiation study was performed based on data from Sawers et al. 

(2017) where neuromuscular responses were compared between older  and younger populations. 

The most modest effect size (ES) in this study was 1.09, which was used in the calculation. This ES  

was considered large using Cohen's (1988) criteria. With an alpha = 0.05 and power = 0.80, the 

projected sample size needed for 3 groups of participants (older, younger and trained) with this 

effect size (GPower 3.1) is N =12 in each group.  Therefore, the fifty-six participants were recruited 

for this study (Table 25) was deemed adequate for the main objective of this study.  

Twenty-five young adults (15 males 75 kg ±13.46, 1.78 m + 0.006 and 10 females 58 kg ±5.46, 1.65 

m ±0.04 were recruited from University of Bedfordshire.  Seventeen older adults (8 male 76 Kg 

±9.11, 1.72 m ±0.004 and 9 female 55 Kg ±7.85 1.60 m ±0.06) were recruited via email, social media 

and advertisements placed in the local community. Fourteen female trained participants (59.67 Kg 

±6.47, 1.65m ±0.006) were volunteers from local health clubs (within 20 mile radius) who were 

recruited as a result of direct email and advertisement on social media using a data base of Pilates 

and Yoga instructors, within this group there were no male volunteers (implications of comparisons 



207 
 

referred to in discussion). All participants completed and signed screening forms described in 

Chapter 3.1 and older adults also completed the SARC-F questionnaire (Appendix D).  

Table 28 Participant Information Trained (n=14), Older adult (n=17), Younger adult (n=25) 
 

 Age 
(Years) 

IPAQ 
(MET/mins) 

BMI (Kg/m2) Grip Strength 
(Kg) 

SubCu 
(mm) 

SARC-F 
(score) 

Young Adult  
Male (n=15) 
Female (n=10) 

 
21 +3 
20 +2 

 
4063 +2946 (2) 
2735 +1369 (2) 

 
23.63 + 4.12 
21.30 +1.63 

 
N/R 
N/R 
 
 

 
23 +12 
25 +10 

 

Trained 
Female 
 

 
44 +9 

 
6929 +3744 (3) 

 
22.10+2.81 

 
N/R 
 

 
36 +21 

 

Older Adult 
Male (n=8) 
 
Female(n=9) 

 
70 +6 
 
70 +5 
 

 
3981+2508 (3) 
 
2370+1621 (2) 

 
21.39 + 2.95 
 
25.82 +3.03 

 
(L) 33 Kg +7.08 
(R) 35 Kg +6.02 
(L) 20 Kg +4.55 
(R)21 Kg +3.16 

 
48 +23 
55 +11 

 
0 
 
0 

Age mean (+SD) age, BMI Kg/m2, IPAQ Minutes per week and category, SARC –F risk score 0-10, <4 included >4 
excluded and referred, Grip strength Kg (* denotes under sarcopenia cut off points <27 Kg males, <16 Kg females) 
SubCu-Subcutaneous fat  

 
8.2.3 Procedures 

For full description of the measurement procedures and data analysis for muscle onset during 

perturbations using RUSI and sEMG please refer to chapter three, sections 3.3.1 to 3.5. In addition 

to the preparation described in chapter 3, the older adults also performed the grip strength test and 

completed the SARC-F questionnaire (Appendix D) to identify risk or presence of sarcopenia 

(described in Chapter 3, section 3.6. results in table 28).   

8.2.4 Statistical Analyses 

Prior to completing the between group comparisons the limits of agreement (LOA),95% confidence 

intervals were calculated in Excel (2016, Microsoft Office). The purpose was to identify levels of 

agreement and bias between RUSI and sEMG methods of measuring right EO muscle onset in older 

adults and trained participants, as performed in in chapter 6 for younger participants. Bland Altman 
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plot (Figure 53 and 54 appendix E) and limits of agreement calculated for right EO muscle onset 

(sEMG and RUSI) in older adults found a bias with a mean difference of 4.45 ms (95% CI; -7.25 to 

16.15). This suggests sEMG REO onset detection in older adults is 4.45 ms later than RUSI and for 

95% of measurements the difference will fall between -7.25 and 16.15 ms. The widely spaced limits 

of agreement suggest that RUSI will give onset values up to 85.91 ms (95% CI; 64.25 to 107.57) after 

and 77.01 ms (95% CI;-55.34 to -98.68) before sEMG in older adults. Forty-nine measurements fell 

within the limits of agreement with all mean values above 98 ms. This indicates that although wide 

limits of agreement are apparent in this population, the mean differences occur consistently in REO 

muscle onset above a mean 98 ms.   

In addition, Bland Altman plot (appendix E Figure 54) and limits of agreement between sEMG and 

RUSI measures of right EO muscle onset in trained participants found bias with a mean difference 

of – 7.87 ms (95% CI; -23.26 to 7.52). This suggests sEMG REO onset detection in trained participants 

is 7.87 ms faster than RUSI and for 95% of measurements the difference will fall between -23.26 

and 7.52 ms. In trained participants this suggests that RUSI will give muscle onset values up to 74.68 

ms (95% CI 52.87 to 96.49) after and of 90.41 ms (95% CI; -68.60 to -112.22) before sEMG. Thirty-

one measurements fell within the limits of agreement with the lowest mean onset of 66 ms. There 

is a wider spread of data plots EO muscle onset than seen in the older adult population but a similar 

spread of mean muscle onset to the younger population (Figure 41). However on the limits of 

agreement for both trained and older adults the limits of agreement are much wider that the 

younger adult population (upper 19.78 ms 95% CI; 6.76 to 32.80, lower -39.07 ms 95% CI; -26.05 to 

-52.09). Therefore, to facilitate a more accurate analysis of muscle onset measured using sEMG with 

onset measured using RUSI, the addition (or deduction) of the bias value to TrA, IO and EO RUSI 

measured onset was applied prior to statistical analysis.   

H1, H2: To examine the effects of the right side perturbation on muscle onset of bilateral EO, ES and 

LM (sEMG), right side TrA, IO and EO (RUSI) (9 muscles) between 3 groups (older, younger and 
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trained) a 3 x 9 mixed ANOVA was conducted using SPSS statistical software (IBM, SPSS Version 26). 

Muscle onset data was normally distributed for in almost all participant groups apart from Trained 

LEO, younger group LES, LLM and older group RES determined by Shapiro-Wilk (p>0.05). For the 

data not normally distributed, visual inspection of Q Q plots were deemed adequate, with outliers 

accepted for the analysis.  

Mauchlys test of Sphericity indicated that the assumption of sphericity has been violated for the 

two-way interaction χ2(35) 141.660, p =0.001 and so Greenhouse-Geisser statistic was used in the 

interpretation. There was homogeneity of variances, as assessed Levene’s test of equality of 

variance (all values p>0.05).  Where significant main effects were found pairwise comparisons were 

made with Bonferonni adjustments.  

This was repeated for left side perturbation analyses. Muscle onset data recorded using sEMG was 

normally distributed for apart from younger group REO, LES, and older group LLM as determined by 

Shapiro-Wilk (p>0.05). For the data not normally distributed, visual inspection of Q-Q plots were 

deemed adequate. Due to poorer signal quality in older participants, thirteen signals were omitted 

from the analysis. Similarly, in trained participants 10 signals could not be interpreted in left side 

perturbation and four in younger. Mauchlys test of Sphericity indicated that the assumption of 

sphericity has been violated for the two-way interaction χ2(35) 145.89, p =0.001 and so Greenhouse-

Geisser statistic was used in the interpretation. There was homogeneity of variances, as assessed 

Levene’s test of equality of variance (all values p>0.05).  Where significant main effects were found 

pairwise comparisons were made with Bonferonni adjustments. 

Finally, Cohens effect sizes (d) with qualitative interpretations (0–0.19, trivial; 0.2–0.59, small; 0.6–

1.19, moderate; 1.2–1.99, large; ≥2.0, very large) are reported (Cohen, 1988; Hopkins, 2000) (where 

µ = mean and σp = SD). Descriptive data are presented as mean + standard deviation (SD) and 

Confidence intervals (95%) are presented where appropriate and two tailed alpha level of 

significance testing was set at p<0.05.  
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Equation 12 
Effect size calculation 

Cohens d = µ1 -  µ2 
           σ 

8.3 Results 

  

Figure 43 Mean muscle onset all muscles with LOA mean difference applied to RUSI Measures of 
REO, IO and TrA in older (+4.45 ms), trained (-7.87 ms) and younger (-9.65 ms) participants in right 
side perturbation (*significant difference between older and younger and then # significant 
difference between trained and younger at p<0.05, no significant differences between older and 
trained) 

 
There was no statistically significant interaction between the three populations and muscle onsets, 

(F (8.95,166) = 1.005 p=0.438, ɳp
2 = 0.052) however there was significant effect between muscle 

onset (F(4.5, 166) = 6.715, p=0.001, partial ɳp
2 = 0.154). Pairwise comparisons revealed that there 

were significant differences between older and younger participants, specifically REO, LEO, LES, RES, 

RLM, LLM RUSI determined, REO, IO and TrA muscle onset were significantly faster in younger than 

older participants (figure 43, table 29 mean difference and 95% CI). There were no significant 
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differences between trained and older participants in all muscle onsets. Finally, younger participants 

muscle onset was significantly faster than trained for LEO, REO, LES, RES, LLM and REO (RUSI) but 

there were no significant differences between trained and younger participants for TrA and IO 

muscle onset (table 29). Cohens D effect Sizes indicate a large to very large effect (1.3 to 2.9 table 

29) (Cohen, 1988; Hopkins, 2000). 

Table 29 Pairwise comparisons statistically significant different muscle onsets between Older, 
Younger and Trained participants during right side perturbation.  

Muscle Group  
Mean Difference (ms) 95% Confidence Intervals (ms) Effect Size (d) 

LEO  
Younger - Older 
Younger- Trained 

 
65.607* 
45.667# 

 
36.539  to 94.675 
6.838 84.495 

 
1.9 
1.3 

REO 
Younger Older 
Younger Trained  

 
64.286* 
39.583# 

 
41.872 to 86.700 
9.643 to 69.523 

 
2.1 
1.3 

LES 
Younger Older 
Younger Trained 

 
8.607* 

70.750# 

 
16.393 to 120.822 
1.003 to 140.497 

 
1.3 
1.3 

RES  
Younger Older 
Younger Trained 

 
71.429* 
47.917# 

 
41.398 101.459 
7.803 to 88.031 

 
2.9 
1.9 

LLM 
Younger Older 
Younger Trained 

 
73.464* 
49.000# 

 
37.334 to 109.595 
0.737 to 97.263 

 
1.8 
1.2 

RLM 
Younger Older 

 
75.214* 

 
29.913 to 120.515 

 
2.1 

REO (RUSI) 
Younger Older 
Younger Trained 

 
55.750* 
43.217# 

 
31.383 to 80.117 
10.668 to 75.765 

 
2.7 
2.1 

TrA (RUSI) 
Younger Older 

 
36.586* 

 
13.690 to 59.481 

 
1.4 

IO (RUSI) 
Younger Older 

 
47.770* 

 
22.106 to 73.433 

 
1.4 

LEO-left external oblique, REO-right external oblique, LES-left erector spinae, RES- right erector spinae, LLM-l;eft 
lumbar multifidus, RLM-right lumbar multifidus, REO-right external oblique  measured using RUSI, IO right side 
internal oblique measured using RUSI, TrA- transverse abdominis measured with RUSI (*significant difference 
younger and older, # significant difference between trained and older, p<0.005) 
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Figure 44 Mean muscle onset all muscles with LOA mean difference applied to RUSI Measures of 
REO, IO and TrA in older (+4.45 ms), trained (-7.87 ms) and younger (-9.65 ms) participants in left 
side perturbation (*significant difference between older and younger and # significant difference 
between trained and younger participants at p<0.005) 

 
There was no statistically significant interaction of muscle onset between three participant groups, 

F (10,140) = 1.228 p=0.278, ɳp2 = 0.0.081) however there was a significant effect between muscle 

onset F(5, 224) = 7.385, p=0.001, partial ɳp2 = 0.209). Pairwise comparisons revealed that there 

were significant differences between older and younger participants REO, LEO, LES, RES, RLM, LLM, 

RUSI determined, REO, IO and TrA muscle onset (figure 44, table 30 mean difference and 95% CI). 

There were no significant differences between trained and older participants in all muscle onsets 

but there were significant differences between trained and younger participants for REO, RES, REO 
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(RUSI) (p>0.05). Cohens D effect Sizes indicate a large to very large effect (1.4 to 2.7 table 29) (Cohen, 

1988; Hopkins, 2000). 

Table 30   Pairwise comparisons statistically significant different muscle onsets between Older, 
Younger and Trained participants during a left side perturbation. 

Muscle Group  
Mean Difference (ms) 95% Confidence Intervals (ms) Effect Size (d) 

LEO  
Younger - Older 

 
42.721* 

 
10.485 to 74.956 

 
1.7 

REO 
Younger Older 
Younger Trained  

 
62.463* 
56.422# 

 
14.356 to 110.570  
3.141 to 109.702 

 
1.6 
1.5 

LES 
Younger Older 
 

 
56.103* 

 
18.106 to 94.100  
 

 
2.1 

RES  
Younger Older 
Younger Trained 

 
67.941* 
52.108# 

 

 
26.974 to 108.909  
6.734 to 97.481  

 
2.1 
1.6 

LLM 
Younger Older 
 

 
49.669* 

 

 
10.232 to 89.106 
 

 
1.9  

RLM 
Younger Older 

 
64.265* 

 
27.676 to 100.854 

 
1.9 

REO (RUSI) 
Younger Older 
Younger Trained 

 
55.750* 
43.217# 

 
31.383 to 80.117 
10.668 to 75.765 

 
2.7 
2.1 

TrA (RUSI) 
Younger Older 
 

 
36.586* 

 
13.690 to 59.481 

 
1.4 

IO (RUSI) 
Younger Older 

 
47.770* 

 
22.106 to 73.433 

 
1.4 

LEO-left external oblique, REO-right external oblique, LES-left erector spinae, RES- right erector spinae, LLM-left 
lumbar multifidus, RLM-right lumbar multifidus, REO-right external oblique measured using RUSI, IO right side 
internal oblique measured using RUSI, TrA- transverse abdominis measured with RUSI (*significant difference 
younger and older, # significant difference between trained and older, p<0.005) 
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Figure 45 Radar graph showing mean onset time (ms) for each muscle relative to perturbation for 
older, younger and trained participants (n=14, n= 20, n= 6).   
 
Within each participant group, there were significant differences between the onset of muscles. In 

older participants during right plate perturbation IO and TrA muscle onset were significantly earlier 

than LEO and REO (mean differences 40.62 ms, 95% CI 12.8 to 68.44 ms, and 33.30 ms, 95% CI 8.04 

to 58.58).  In addition, trained participants recruited TrA and IO significantly earlier than LEO and 

REO (mean differences 43.58 ms 95% CI 1.09 to 86.08 and 45.833 ms 95% CI 9.69 to 81.97 ms). In 

younger participants only TrA was significantly earlier than LEO (mean difference 43.58 ms, 95% CI 

2.73 to 84.43 ms). There were no other significant differences between muscle onsets. However, 
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the outer circumference (blue lines) on the radar graph (figure 45) shows the ranges of muscle onset 

from perturbation (left and right) were 110 ms + 20.69 ms to 154 + 66.61 ms for older participants, 

and inner radiated line (orange) how reduced times of onset between 76 ms + 26.87 ms to 156 ms 

+ 65.12 ms for trained participants. Finally, the inner grey lines of the radar graph highlight the 

reduced onset times starting at 67 ms +24.64 ms to 87.5 ms + 35.33 ms) for younger participants.  

 

During left side perturbations, in older and trained participants the muscle onset of TrA was 

significantly earlier than REO (older mean difference 31.50 ms 95% CI 12.43 to 50.56 ms, trained 

mean difference 38.67 ms 95% CI 16.65 to 60.68 ms). In younger participants RES, LLM, RLM, TrA 

and IO were significantly faster than LEO (RES mean differences, 53.82 ms 95%CI 20.39 to 87.26 ms, 

LLM mean differences 46. 17 ms 95% CI 6.60 to 85.74 ms, RLM mean differences 42.67 ms 95% CI 

10.89 to 74.41 ms and TrA mean difference 28.35 ms, 16.91 to 39.76, IO mean difference 33.47 ms 

95% CI20.39 to 46.54 ms). The torso muscle onset times ranged between 104.38 ms +49.96, to 

141.88 ms+ 42.59 for older participants, 90.83 ms +38.78 to 135.83 ms +59.95 in-trained 

participants and 47.06 ms +32.93 to 100.88 ms+ 31.24 for younger participants.  
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8.4  Discussion 

In unexpected perturbation trials, erector spinae, lumbar multifidus, external oblique, internal 

oblique and transversus abdominis muscle onset was significantly earlier in younger compared to 

older adults, with large magnitudes of difference (Cohen, 1988; Lakens, 2013). In right side 

perturbation trials younger participants also recruited external oblique’s, erector spinae and lumbar 

multifidus earlier than trained participants with equally large magnitudes of difference (table 29), 

however right side lumbar multifidus, transversus abdominis and right side internal oblique muscle 

onsets were not significantly different between trained and younger or trained and older 

participants. Similarly, in left side perturbation, younger participants also recruited right side 

external oblique and erector spinae significantly earlier than trained. However, trained participants 

and older participants did not differ significantly in all other muscle onsets. Younger participants 

were only significantly faster in REO muscle onset and RES, compared to trained participants and 

there were no other significant differences. Therefore, the first and second null hypotheses are 

rejected with regard to differences in ES, LM, EO, TrA and IO onset between older and younger 

participants but accepted with regard to comparisons between trained and older participants. 

 

In right side perturbation, the TrA and IO muscle onset measured using RUSI appear to also recruit 

earlier in younger compared with older participants. Although they were not significantly different 

between trained and younger participants, suggesting that TrA recruitment response to the 

perturbation was similar in younger and trained even though the age differences may have 

conferred differences in the superficial muscles.  
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8.4.1 Order of Torso Muscle Onset  

In right side perturbation older participants recruited IO and TrA significantly earlier than all other 

muscle groups. However, left and right side ES, LM and REO were not significantly different to each 

other; rather they activated within 137 ms and 154 ms. The radar graph figure 45 shows trained 

participants appeared to recruit the torso muscles in a similar sequence to the older population 

(Figure 42, 43, 44; IO/TrA, REO, RES, RLM, LLM, LEO, LES). However, within the trained participant 

group, TrA activated significantly earlier than REO and there were no other significant differences 

between ES, LM and LEO, which were activated between 114 ms and 156 ms from perturbation. 

Finally, younger participants only revealed significant differences between TrA and REO with overall 

range of sEMG recorded muscle onsets between 67 ms and 85 ms and RUSI 71 ms to 104 ms. 

Interestingly, the recruitment sequence was slightly different in younger participants as was the 

narrower range of time within which they were activated (RES, IO/RLM, TrA, LLM, REO, LEO, LES). 

The muscle onset times for younger participants are within the time period that Forgaard et al. 

(2015) defines as M2 longer latency period. This window of time (50 ms to 100 ms) reflects the 

period from the stimulus (stretched muscle) receiving input from group 2 afferents travelling the 

spinal pathway as well as group 1 afferents traversing the transcortico route. This timely response 

permits the augmentation of a response that will confer stability and correct posture, however 

longer latencies may result in a shift of centre of mass from which recovery is unachievable and a 

fall is likely.  

 

The timings of ES and LM muscle onset in younger participants of this study are consistent with 

unexpected perturbations found in previous studies with onset latency of 55 ms (Moseley, Hodges 

and Gandevia, 2003)  60 ms (Cholewicki, Simons and Radebold, 2000) and 65 ms (Carlson et al. 1981; 

(Cresswell, Oddsson and Thorstensson, 1994; Stokes et al. 2000). However, muscle onset has varied 
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in studies that have differing definitions of predictability.  Moseley, Hodges and Gandevia (2003) 

found that the LM and medial back muscles could differentially activate when CNS can predict timing 

and load of a perturbation. In the current study, the unexpected nature of the perturbation trial was 

maintained by limiting the information given to participants and reducing the number of trials, 

although arguably the positioning of participants and equipment that surrounded them may have 

yielded some level of anticipation. The perturbation device developed in this thesis was designed to 

instigate a unilateral lower limb translation in an anterior direction, which appeared to result in all 

participant’s right side ES and right side LM activation before EO and left side ES. This is in contrast 

with (Tokuno et al., 2013) who found that in a standing unpredictable task the EO was activated 48 

ms before TrA and this continued when the task became predictable. Tokuno et al., (2013) 

presented their finding as evidence that the abdominal torso muscles are not influenced by the 

predictability of a task. The current study agrees with the consistency of TrA activation but disagrees 

with the finding that EO will recruit before TrA. The only exception to this in the current study was 

when the left side was used to initiate the perturbation for younger participants who appeared to 

recruit all posterior torso muscles before TrA and IO. The mean differences between onset of TrA 

and EO was approximately 20 ms, therefore, it is plausible to speculate that with consideration of 

the measurement error associated with RUSI, the onset would be almost synchronous with the 

posterior torso muscles. Particularly as TrA wraps the anterior posterior and  lateral wall in a hoop 

like structure. Since RUSI probes permitted the view of TrA from the anterolateral position only, it 

is also plausible that activation may differ throughout the muscle as previously found by Allison, 

Morris and Lay, (2008). 

Whilst the current study limited the final test to three trials, Tokuno et al. (2013) omitted the first 3 

trials from their analysis, yet arguably, these trials would have yielded the information required for 

unpredictability. Instead, Tokuno et al. (2013) defined unpredictability as unknown timing. Since 

knowledge or timing has been found to shorten muscle latencies (Milosevic et al., 2016), the findings 



219 
 

of Tokuno et al. (2013) could have been influenced by some knowledge and anticipation unlike the 

current study.  

Whilst there is a significantly later onset of older participants compared to younger and some small 

differences between order of recruitment that can be seen between three different participant 

groups, surprisingly, the time between the first and last muscle onset in each trial was consistent 

between younger and older participants but more varied for the trained partcipants. For example, 

in unexpected right side perturbations the older participants revealed 46 ms (right plate), 42 ms 

(left plate) difference between the first and last muscle onset recorded, younger participants 26 ms 

(right plate) and 22 ms (left plate) but trained participants exhibited a larger spread of muscle onset, 

65 ms (right plate) and 50 ms (left plate), this can also be seen in the radar graph (figure 45) 

particiularly in right side pertriubation trials where LLM sEMG is closer to the onset of older adult 

population yet TrA and IO onset are closer to younger population. The left side perturbation yielded 

somewhat more varied and delayed results as older participants revealed 46 ms differences 

between first and last onset and younger 26 ms but trained 65 ms. It is unclear from the current 

study why there were differences between left and right side. Whilst the effect of repeated 

equipment use on spring compression and therefore velocity of the perturbation device cannot be 

completely ruled out, chapter 5 did not find any significnat differences between tests on the springs 

thorugh the 3 years of testing. Moreover, appendix A shows a bar graph of the velocity of 

perturbation for each study group and shows congruency in the effect of body mass on the 

perturbation velocity. Nevertheless, it is recommened that future research using such perturbation 

devices should monitor the instrument design features and their effects on mechanical features to 

ensure consistency of perturbation.    

 

Arguably, onset of 8 muscles within this window of time suggests that the importance placed in the 

order of recruitment may be trivial. An illustration of this was in the study by Sawers et al. (2017) 
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who found that older adults who had propensity to fall exhibited altered neuromuscular control 

during an unexpected slip compared to those who did not have a propensity to fall. Specifically, they 

found that those with a greater propoensity to fall exhibited less complex neuromuscular control. 

The same could be said in older adults of this study, where the onset was significant later than 

younger partcipants but when recruited, the muscles of the torso appeared to activate within 17 ms 

of each other. The coactivation strategy posited by Sawers et al. (2017) is an interesting notion and 

in the participant populations chosen in this study (differentiated by age but not activity, frailty or 

anthropometric characteristics), this may be plausible. Sawers et al. (2017) measured sEMG activity 

in the muscles of the lower leg and thigh, and found delayed coordination of knee extensors and 

flexors as well as coactivation during slip trials in participants who were prone to falls. Of interest in 

the study by Sawers et al. (2017)  they found a notably later onset time of the lower limb, (bicep 

femoris 120 ms to gastrocnemius 232 ms) possibly due to the distance travelled of neural circuitry 

to the lower limb compared to the torso. However, the difference between the first muscle onset 

and last was 100 ms in the group who did not have a propensity to fall and to 89 ms difference in 

those who did have a propensity to fall. The implication of this is that whilst the time to recruit 

muscles is important, the synergy with which success or failure to prevent a fall from a slip may also 

result from the timely coordinated muscle response.  

In younger particpants onset was within the M2 medium latency period (50 -100 ms, Forgaard et 

al., 2015). However, in older participants all muscle onsets were later however in trained 

participants, only TrA and IO onset occurred within period described as medium latency. In the 

current study, the period of latency described as triggered reactions by Milosevic et al. (2016) (M2 

- 80 to 120ms) and voluntary reactions (M3 -120-180 ms) are window of latency periods that the 

muscle onset values of older adult and trained participants sit within. Whilst muscle onset times in 

this study were evidently not within the time considered a monosynaptic reflex, the medium and 

longer latency period (oligysnaptic period) with which they fall within, is purportedly modulated by 
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task demands, instructions and possibly the type of perturbation (torso loaded while sitting, 

unexpcted upperlimb tasks and standing surface support translations) (Cresswell, Oddsson and 

Thorstensson, 1994; Stokes et al., 2000; Forgaard et al., 2015; Milosevic et al., 2016) and age related 

changes to the supraspinal and cortical regions of the brain (Russ et al., 2012; Papegaaij et al., 2014; 

Bayram and Siemionow, 2015; Scaglioni, Narici and Martin, 2016). However, the task for all 

participants was exactly the same, the slip duration and velocity were consistent therefore, the 

differences observed within and between groups should be attributed to physiological differences. 

 

For example, the loss  of muscle mass can begin at the age of 50 years and acccelerate after 60 

years. This loss of mass has been asscoiated with a  reduction in muscle fibre numbers and partly 

atrophy (type 2 particularly). Physiological mechanisms attributed to this loss include gradual loss 

of spinal motor neurons (MN) due to apoptosis that leads to denervation of muscle fibres. Some 

denervated fibres are reinnervated through collateral sprouting of nearby surviving axons, 

however the resultant large motor units can lead to impaired force steadiness and fine motor 

control as well as altered modulation of agonist and antagonist discharge rate (Aagaard et al., 

2010). The participants in the current study were aged  62 years to 80 years and whilst the IPAQ 

revealed them to be categorised as very active it is unlikely the activity types can attenuate the 

loss of MN that begins ot accelerate after 60 years and could be attributed to the significantly later 

delays in onset. Alterations to age related neural function are identified at peripheral (axon and 

motor end plates) and spinal, supraspinal levels. Reduced number and diameter of myleinated MN 

axons in ventral roots found in aging humans (Mittal and Logmani, 1987) as well as reduction in 

conduction speed can lead to delayed  muscle onset in unexpected postural challenges. Further 

supported by Scaglioni et al. (2002)  who found that despite no differences in M wave between 

younger (29 years) and older participants (68 years), yet soleus H reflex was (elongated in older 

compared to younger participants which they suggest is evidence that aging may affect sensory 



222 
 

afferent neurons more severly than efferent. Supporting the notion that the coactivation startegy 

adopted by older and younger participants remained, but the delay may have been due to sensory 

input deficits associated with aging (Scaglioni et al., 2002; Kandel et al., 2013; Scaglioni, Narici and 

Martin, 2016).  

Stokes et al. (2000) found torso muscle response latencies between 25 to 110 ms in their 

perturbation trial which they suggested was evidence of monosynaptic or stretch reflex responses 

triggered by muscle spindles, golgi tendon organs or joint mechanoreceptors to the perturbation. 

In the current study, when onset was visually checked on sEMG it was apparent that there were 

some younger participants who appeared to reveal much shorter onset times (<30 ms), although 

this was few and possibly a result of anticipatory activation also found by Stokes et al. (2000) and 

Milosevic et al. (2016) to shorten latency time. Nevertheless, unexpected perturbation appeared to 

yield complex motor responses despite one common objective, to remain upright, and delays may 

be due to sensory afferent axons and synapses.  

 

The yoga and pilates population derived notably more varied onset than younger and older 

populations between the first and last muscle activated (80 ms in right side, 45 ms left side). 

However, several limitations should be noted that constrain the succinct conclusions that can be 

derivved from this study and sample. Firstly, it is worth noting that the age of the volunteer trained 

population were mid range (44 ±9 years) which falls between the mean age of the older and younger 

participants. Secondly, the trained volunteers were free of back pain and injury within 2 years of the 

test,  but over half of the participants cited reasons, anecdotally, for being engaged in teaching or 

participating in Yoga and Pilates were due to historic lower back or musculskeletal issues, which 

inevitably have been associated with altered torso muscle responses (Hodges and Richardson, 1997; 

Hammill, Beazell and Hart, 2008; Hodges and Danneels, 2019). Although, interestingly the trained 

populations consistently recruited TrA and IO muscles before the posterior torso muscles in both 
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left and right perturbations which may suggest that the training focus within Pilates and Yoga 

(centering and isolating TrA, IO and breath control) yield positive results in automatic postural 

control with regard to the onset of deeper torso muscles.  

Thirdly, there was a smaller sample size within the trained group that potentially reduced statistical 

power, but importantly, only females volunteered and the lack of male Yoga and Pilates trained  

participants variation prevented matching groups consistently across all three participant group. 

Finally, trained and older female participants were multiparous, but all female younger participants 

were nulliparous. Whilst all participants were screened for pregnanacy in the last 2 years, the effects 

of pregnancy on torso muscle function has been reported to alter sEMG activity in the torso 

extensors during pregnancy (Biviá-Roig, Lisón and Sánchez-Zuriaga, 2018) and lower back pain 

experienced through pregnancy has been reported up to 2 years in post natal follow up studies 

(Stuge et al., 2004; Gutke, Östgaard and Öberg, 2008). Therefore, musculoskeletal and 

neuromuscular variations that exist between female populations should consider musculosketal 

changes that may have arised as a consequence of parity in gravidity. A delimitation may have been 

to match the age group of the trained participants and gravidity status to identify whether the 

participants age or training status was attributed to the muscle onset times, which appear to fall 

between younger and older adult onset times. Therefore, it cannot be fully discerned from the 

current study, whether the sex of the trained population or their training status influenced the 

results and future studies should consider matching groups to consider influences of assigned sex 

gene as well as training status.  

8.5 Conclusion 

 Older adults responded to unexpceted perturbation with significantly later torso muscle onset 

that younger participants. Both younger and older participants revealed large standard deviations 

within onset which was indicative of varied sequential order of msucle recruitment. Although the 
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first torso muscle onset was significantly later in older adults, both older and younger adults 

recruited the torso muscles with 17-18 ms. This suggests age related changes to the motor control 

response led to delayed responses in older adults even though a similar strategy to coactivate the 

torso muscle appeared common between the two populations. The significantly delayed muscle 

onset in older participants could be indicative of age related changes to sensory MN which reveal 

greater task demands in unexpected perturbation conditions (slip) like those experienced in this 

study.  Older and younger participants were matched with regard to activity levels (revealed 

through IPAQ questionnaire) and body mass, BMI, subcutaneous abdominal fat measures yielding 

some strength to these conclusions. However, despite trained participants revealing torso muscle 

onset responses later than younger participants and earlier than older participants, it is unclear 

whether these responses can be attributed to training experience, their sex (being female only 

volunteers) or training status. Within the trained participant volunteer group,  TrA and IO were 

recruited significantly earlier than posterior torso muscles which may be a function of the training 

focus in Pilates on the deeper torso muscles and centred breathing in Yoga. However, further 

research is needed to explore this with a larger sample size where training experience is 

specifically identified and incorporates either matched male and female participants or just one 

sex to eliminate differences that this issue may yield.   
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Chapter 9 Comparison of Torso Muscle Thickness in Older, Younger and 

Trained Participants  

9. 1 Introduction  

 9.1.1 Torso Muscle Thickness in Older Adults  

Chapters 2 and 3 reviewed the literature with regard to the capacity of RUSI to reliably capture torso 

muscle thicknesses and relate to posture and function. Muscle mass, and density are measured to 

assess risk or presence of sarcopenia in older adults (Cruz-Jentoft et al., 2010, 2019). The gold 

standard measures to assess mass and density are computed tomography, magnetic resonance 

imaging, dual X-ray absorptiometry and bio impedance analysis which are costly, require attendance 

to a medical setting and so usually only administered after initial community screening (Cruz-Jentoft 

et al., 2010; Malmstrom and Morley, 2013; Barbosa-Silva et al., 2016; Malmstrom et al., 2016). 

However, the recent revisions by EWGSOP included recommendations for the use of ultrasound in 

clinical settings and potentially in the community (Cruz-Jentoft et al., 2019). As a simple non-invasive 

portable test, RUSI has the potential to add information on muscle thickness, cross sectional area, 

fascicle length, and echogenicity although recommendations for the use of RUSI either as a 

composite part of sarcopenia and falls risk screening or single score are not yet conclusive (Perkisas 

et al., 2018).  

However, the recommendations based on a review of literature by the European Geriatric Medicine 

Society (EuGMS) for using RUSI to screen for sarcopenia, are based on appendicular skeletal muscle. 

Despite the plethora of research on torso muscle thickness available on younger populations, the 

sites for scanning torso anterior or posterior muscles were not included in the recommendations 

with no notable reason. Possibly the paucity of research on torso muscle thickness in older 

populations is contributory, yet good reliability has been reported when measuring torso TrA and 

IO thickness in a relaxed and contracted state of older adults (ICC 0.77 to 0.97) (Stetts et al., 2009; 
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Wilson et al., 2015), clearly more evidence is required for appropriate comparisons. In Chapter 3, 

torso muscle thickness of young healthy adults was compared to the normative data provided by 

Rankin and Stokes, (1998b) with resonant findings. Therefore, the exploration of torso muscle 

thickness with other measures of torso muscle function and performance could provide valuable 

insight into the risk or presence of sarcopenia in an older adult population which is also associated 

with risk of falls (Anderson et al., 2016; Shahtahmassebi et al., 2017).  

9.1.2 Torso Muscle thickness in a trained Population  

 Rankin, Stokes and Newham, (2006) established lateral abdominal wall (LAW) thicknesses and the 

relative percentages of each muscle to total LAW to establish some normative data on healthy male 

and female participants. Increased torso muscle thicknesses have been observed in weightlifters 

(Sitilertpisan et al., 2011) compared to matched controls and in participants while performing Pilates 

exercises. However, there is a paucity of evidence that has observed the LAW of Pilates and Yoga 

trained participants to identify significant differences in LAW, particularly the TrA and IO muscle, 

which are the focus of Pilates, based exercises and utilised in the breathing control strategies of 

Yoga. Therefore, comparisons between older, younger and holistically trained populations here will 

provide insight into the assumptions made on muscle thickness. This will help identify whether 

Pilates and Yoga training benefits include increased muscle thickness that could be associated with 

torso muscle onset.  
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Table 31 Hypotheses for Chapter 9 Torso Muscle Differences 

H1 TrA muscle thickness at inhalation and exhalation will be significantly greater in healthy young 

adults than older participants  

HO The TrA muscle thickness will be not significant difference between younger and older 

participants. 

H2 IO muscle thicknesses at inhalation and exhalation will be significantly greater in healthy young 

adults than in older participants.   

HO IO muscle thickness will not be significantly different between younger and older and 

holistically trained participants 

H3 EO muscle thickness at inhalation and exhalation will be significantly thinner in older adults 

compared to younger and older participants 

H0 EO muscle thickness will not be significantly different between younger and older participants. 

H4 Younger male IO muscle thickness will be significantly greater than females 

H5 There are no significant differences of IO muscle thickness between males and females 

H5 The female-trained group will have significantly greater TrA and IO muscle thickness than 

female older and younger participants at Exhalation. 

HO There will be no significant differences of TrA and IO muscle across all three groups of female 

participants. 

H6 The percentage contribution of TrA, IO and EO of the total LAW will be significantly greater in 

trained populations compared to younger and older participants. 

HO The percentage contribution of TrA, IO and EO of the total LAW will be not be significantly 

different in trained populations compared to younger and older participants. 

H7 There will be a significant positive relationship between IO thickness and IO muscle onset  

HO There will be no relationship between IO thickness and IO muscle onset. 

H8 There will be a significant relationship between TrA thickness and TrA muscle onset.  

HO There will be no relationship between TrA thickness and TrA muscle onset. 

H9 There will be a significant relationship between LAW and gip strength in an older adult 

population. 

HO There is no relationship between LAW and gip strength in an older adult population. 
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9.2 Methods  

9.2.1 Experimental Design 

An Independent measures between group design compared the TrA, IO, EO muscle thickness of 

three independent participant groups, older, younger and trained. Six RUSI B-mode scans of the 

right side lateral abdominal wall were captured at the start of testing described in 3.2 in a standing 

position. Images were saved off line and analysed using the methods described in chapter 3.2.  

9.2.2 Participants  

Fifty-six participants were recruited for this study as fully described in Chapter 8.2.2, in (Table 28).  

9.2.3 Procedures 

Measurements of torso muscle thickness of all participants were obtained from the RUSI B-mode 

scanned images of the abdominal wall at the start of testing procedures described in Chapter 3, 

section 3.2. The initial scanning procedure facilitated the accurate placement of probe in relation to 

sEMG sensor as described in chapter 3 section 3.2 and 3.4. In addition to muscle thickness, 

subcutaneous fat thickness on each scan were also measured (defined as the area between EO fascia 

and the base of the skin epidermis, figure 46 a) as part of the demographic information retrieval.  

When using RUSI B-Mode to scan abdominal muscles in older participants a greater depth was 

occasionally applied (6.5 mm) and higher frequency due to difficulty identifying structures, slightly 

thicker subcutaneous fat layers in some individuals and what appeared to be more white structures 

that are resonant of fatty infiltration. Figures 46 to 48 show typical images retrieved from each of 

the three different participant groups and sites. Figure 46 (A to D) shows a typical older adult scan 

where the image shows slightly more whitish colour, evidence of fatty infiltration of the external 

oblique and slightly thicker layers of subcutaneous fat. 
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Figure 46  Images A to D RUSI B-Mode scan of abdominal muscles in an older participant. Image 
C is at Inhalation and D is at exhalation. EO- External Oblique, IO-Internal Obliques. TrA- Transversus 

Abdominis, SubCu - Subcutaneous area of measurement  
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Figure 47 An example of RUSI B-Mode image of a trained participant at A. inhalation and B. 
exhalation. SubCu – Subcutaneous fat over image site. 
 

 

Figure 48 Younger Participants RUSI scan indicating measurement methods notably different 
subcutaneous fat thickness A-inhalation B-exhalation  
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9.2.4 Statistical Analysis 

Chapter 4 identified significant differences in muscle thickness between males and females, 

therefore comparisons with trained participants will only compare female older and younger 

participants with trained. In addition, significant differences in muscle thickness between inhale and 

exhale were observed in chapter 4, therefore muscle thickness at inhale and exhale will be analysed 

separately.  

H1, H2, H3, H4: Comparison of TrA, IO and EO (3) muscle thickness between male and female (2) 

younger and older (2) participants at inhalation a between groups two-way ANOVA (3 x 2 x2) was 

performed. Data was normally distributed for IO, EO and TrA thickness in older and younger 

participants as assessed by Shapiro-Wilks p>0.05, where one group revealed significant p value 

(p=0.013) the Q-Q plots were also visually inspected. In addition, there were homogeneity of 

variances in TrA, IO and EO thickness (p=0.578, p=0.593 p=0.123 respectively). The two-way ANOVA 

(3 x 2 x 2) was repeated for muscle thickness at exhalation and data was again normally distributed 

as assessed by Shapiro-Wilks (p>0.05), apart from male EO thickness (p=0.016) and visual inspection 

of Q-Q plots determined data was acceptable. There was homogeneity of variances in TrA, IO and 

EO thickness (p=0.672, p=0.691 p=0.247 respectively).  

H5 H6:  To examine differences of TrA, IO, EO and the total muscle thickness of LAW (4) muscle 

thickness in older, younger and trained female participants (3) at inhalation a one-way ANOVA (3 x 

3) was performed.  Data was normally distributed as assessed by Shapiro-Wilk (p>0.05) and there 

was homogeneity of variance as assessed with Levene’s test of homogeneity of variance (p=0.618, 

p=0.629, p=0.199, p=0.192). This was repeated for muscle thickness recorded at exhalation in 

female trained, older and younger sample groups. Data was again normally distributed as assessed 

by Shapiro Wilk, apart from female older participants (p=0.044) and inspection of QQ-plots revealed 

data was acceptable for analysis. There was homogeneity of variance as assessed with Levenes test 
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of homogeneity of variance (p=0.594, p=0.593, p=0.090, p=0.243). Where statistically significant 

interactions were found, post hoc pairwise comparisons with Bonferroni adjusted p values were 

performed with qualitative interpretations (0–0.19, trivial; 0.2–0.59, small; 0.6–1.19, moderate; 

1.2–1.99, large; ≥2.0, very large) of Cohens effect sizes (d) (Cohen, 1988; Hopkins, 2000) (where µ = 

mean and σp = pooled SD). Confidence intervals are presented where appropriate and two tailed 

alpha level of significance testing was set at p≤0.05.  

H7 H8 and H9: Finally, a Pearson’s Product moment correlation was run to assess the relationship 

between individual muscle thickness (TrA, IO) total lateral abdominal wall thickness (LAW) and 

muscle onset of TrA and IO in older, younger and trained participants. The additional variable of grip 

strength was added for correlation within the older adults group. Qualitative interpretation of the 

correlation statistic was based on (Cohen, 1988, Schober and Schwarte, 2018) 0.00–0.10 Negligible 

correlation, 0.10–0.39 Weak,  0.40–0.69 Moderate, 0.70–0.89 Strong, 0.90–1.00 Very strong.  
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9.3 Results 

9.3.1 Torso Muscle Thickness Comparisons Between Older and Younger Participants 

 

Figure 49 Mean (sd) male and female muscle TrA, IO and EO muscle thickness at inhalation in 
older and younger participants (older male n=8, female = 8 and younger male n=15, female n=10). 
(* significant difference between younger and older male IO thickness at inhalation, ** significant 
difference between younger male and younger female IO thickness at inhalation, p<0.05 
statistically significant difference). TrA- transversus abdominis, EO –external oblique, IO-internal oblique. 
 

Comparison of TrA, IO and EO (3) muscle thickness between male and female (2) younger and 

participants at inhalation a between groups two-way ANOVA (3 x 2 x2) was performed. There was a 

statistically significant interaction between sex and age for IO muscle thickness at inhalation F(1,37) 

= 6.92, p = .012, partial η2 = 0.158. Pairwise comparisons revealed that male younger participants 

had significantly greater IO thickness at inhalation than older participants (mean difference 2.29 

mm 95% CI 0.756 to 3.828, ES 1.2). There were no other statistically significant interactions between 

for TrA or EO muscle thickness at inhalation between older and younger participants. There were 

no statistically significant interactions between males and females muscle thickness in older or 
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younger participants for TrA and EO thickness, however in younger participants there was a 

significant difference between male and female IO muscle thickness F(1,37) =9.139, p=0.005, partial 

η2 = 0.198. Males had significantly greater IO thickness than female and the effect was large (mean 

difference 1.597 mm, 95% CI 0.164 to 3.029, ES 1.6).  

 

 

Figure 50 Comparison between male and female muscle TrA, IO and EO muscle thickness at 
exhalation in older and younger male and female participants (older n=8, 9 and younger n=15, 
10). (*significant difference between younger and older male IO thickness at exhalation, ** 
significant difference between younger male and younger female IO thickness at exhalation, 
p<0.05 statistically significant).  
TrA- transversus abdominis, EO –external oblique, IO-internal oblique. 

 

When the tests were repeated for muscle thickness measure at exhalation, there was a significant 

interaction between age and sex for IO muscle thickness at exhalation F(1,37) =6.774, p=0.013, 

partial η2 = 0.155. Pairwise comparisons revealed that IO thickness was significantly greater in 

younger males than older (mean difference 2. 719 mm 95% CI 0.697 to 4.741 ES 1.1). In addition, 

there was also a significant difference between IO muscle thickness at exhale between younger 
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female and male participants F (1,37) = 7.426, p=0.10, partial η2 = 0.167. Younger male participants 

had significantly great IO thickness than females (man difference 2.692 mm, 95% CI 0.806 -4.577, 

ES 1.7). There were no other significant differences in muscle thicknesses for TrA and EO between 

male and female participants, or older and younger. 

9.3.2 Torso Muscle Thickness Comparisons Between Trained, Older and Younger Female 

Participants 

 

Figure 51 Comparison of muscle TrA, IO and EO muscle thickness at inhalation and exhalation 
between older and younger and trained participants (older n=8, 8 and younger n=15, 10).(* EO 
thickness statistically significantly greater in trained compared to older  p<0.05) 
 TrA- transversus abdominis, EO –external oblique, IO-internal oblique. 
 

A 2 x 3 x 4 ANOVA was conducted to determine whether Muscle thickness (TrA, IO, EO and as one 

sum of lateral abdominal wall thickness) of the torso muscle was different in older, younger and 

trained female participants. The EO muscle thickness was statistically significantly different between 

female older, younger and trained participants F(3,30) = 5.547 p=0.009, partial η2= 0.270. EO muscle 

thickness was notably thinner in older participants (2.6 mm ± 0.62) compared to younger (3.32 mm 

± 0.92) and trained (4.0 mm ± 1.12). Tukey post hoc analysis revealed that the differences between 
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trained and older were statistically significant (mean difference 1.4 mm, 95% CI 0.351 to 2.448, p 

=0.007), but differences between older and younger and trained and younger were not statistically 

significant. There were no other statistically significant differences across inhalation muscle 

thicknesses, although notably, trained muscle thicknesses are greater than younger and older and 

IO muscle thickness appears reduced in older participants compared to older participants. 

 

Figure 52 Comparison of muscle total lateral abdominal wall (LAW) thickness at inhalation and  
exhalation  in older and younger and trained female participants (older n=8, and younger n=10 
trained 15) (* statistically significantly greater LAW thickness in trained compared to older and 
**greater in trained compared to younger at exhale, p<0.05).  
 

A 3 x4 ANOVA was also conducted on muscle thickness at exhalation to determine whether Muscle 

thickness of the torso muscle was different in older, younger and trained female participants. There 

were no significant differences between older, trained and younger TrA, IO and EO muscle thickness, 

however when the lateral abdominal muscles were considered together as a sum there were 

significant differences between older, younger and trained females F(2,30)=6.792, p=.004, partial 

η2=0.312). Figure 52 shows that muscle thickness in trained female participants was significantly 
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greater at exhalation than younger and older. Specifically, the sum of lateral abdominal wall 

thickness was greater in trained (18.94 mm +2.57) than younger 14.79 mm+2.40) and older 15.54 

mm +4.20). Tukey post hoc analysis revealed that the differences between trained and older were 

statistically significant (mean difference 3.40 mm 95% CI 0.075 to 6.72, p=0.044 ES=1.0) as were the 

differences between trained and younger participants (mean differences 4.153 mm 95% CI 1.053 to 

7.25, p=0.006, ES =1.7). 

 

Figure 53 TrA, IO and EO percentage thickness of the lateral abdominal wall muscles at inhalation 
and exhalation in Trained (n=14), younger (n=25) and older (n=17) participants. 
 

The percentage thicknesses of TrA, IO and EO of total LAW are consistent for TrA although EO shows 

notable differences at exhalation compared to inhalation, which appears offset by IO and TrA 

percentages. 
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9.3.3 Relationship between Muscle onset and Muscle thickness 

Table 32  Pearson Correlation statistics for older, younger and trained IO and TrA muscle Onset 

Older Older Adults (n=17) Trained (n=12) Younger Adults (n=23) 

Muscle 
Thickness (mm) 

TrA Onset IO Onset TrA Onset IO Onset TrA Onset IO Onset 

TrA Inhale  -0.113 -0.122 -0.739* -0.739* -0.085 -0.030 

TRA Exhale  -0.066 -0.090 -0.193 -0.193 -0.096 -0.046 

IO Inhale 0.114 0.155 -0.107 -0.107 -0.119 -0.133 

IO exhale 0.342 0.401 0.460 0.460 -0.315 -0.162 

LAW Inhale 0.071 0.083 -0.511 -0.511 -0.242 -0.194 

LAW Exhale 0.232 0.256 -0.006 -0.006 -0.012 -0.099 

Grip Strength (Kg) 0.495* 0.416     

TrA= Transversus Abdominis, EO=External Obliques, IO = Internal Obliques, (* denotes a statistically significant 
relationship between TRA/IO onset and TrA thickness, p<0.05). 

 

A Pearsons’s product-moment correlation was run to assess the relationship between muscle onset 

and muscle thickness in older, younger and trained participants. There was a statistically significant 

strong relationship in trained (n=12) participants between TrA onset and TrA thickness at inhalation 

r(10) = 0.739, p=0.06, with 54% variation in muscle onset in this group explained by muscle 

thickness.  

 
Figure 54 Scatter Graph A shows significant negative relationship between TrA thickness at inhale 
and muscle onset in female trained participants p=0.006. Graph B shows no significant 
relationship between TrA thickness at exhale and muscle onset. p=0.548. 
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In addition, the relationship between muscle thickness and muscle onset was negative for TrA and 

only positive for IO thickness in exhalation in older and trained participants, the relationship 

between torso muscle thickness and muscle onset was negative in all factors for younger 

participants. Finally, of interest was a significant moderate relationship revealed between grip 

strength and TrA onset in the older population r(15) = 0.495, p=0.043, with 25% of the variation in 

grip strength explained by TrA muscle onset. 

9.4 Discussion 

Younger male participants revealed significantly greater IO muscle thickness at inhalation and 

exhalation than older adults with a very large magnitude of differences, therefore the second null 

hypothesis is rejected in relation to IO but the first null hypothesis is accepted for TrA. The 

differences between male and female participants were consistent in the younger population with 

males revealing significantly greater IO thickness than females, this also had a very large effect size, 

however this was not the case for older adults, as there were no significant differences observed 

between older male and females. Therefore the fourth null hypothesis was rejected for younger 

participants but accepted for younger. 

In female-trained participants, LAW thickness at inhalation was significantly greater in trained than 

in female younger and female older participants that revealed large magnitude of significant 

differences. However, there were no individual statistically significant muscle thickness differences 

between TrA and IO, therefore the fifth null hypothesis was rejected. Within trained participants, 

there was a significant negative relationship between TrA onset and muscle thickness at inhalation. 

Therefore, the eighth null hypothesis was rejected but the seventh null hypothesis was accepted. 

However, there were no other relationships between muscles thickness and muscle onset across 

the younger and older participant populations. 
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In the current study, resting muscle thickness was captured in standing position at the end of an 

inhalation and exhalation and analysed separately to control for differences that were revealed in 

Chapter 4. It was worth noting that IO muscle thickness was significantly greater in younger 

participants than older participants in both inhalation and exhalation phases. Although previous 

studies have found weak associations with age and torso muscle thickness (Rankin, Stokes and 

Newham, 2006) the current study is in agreement with Tahan et al. (2016) who found a significant 

reduction of IO muscle thickness as age increased, although only in males in the current study. Tahan 

et al., (2016) did not find any association between increasing age and TrA thickness, which also 

aligns with the current study and with chapter 4 (specifically in standing positions) where there, 

were no significant differences between male and female TrA thickness and also between older and 

younger participants.  

 Kanehisa et al. (2004) found reduced rectus abdominis (RA) thickness in older participants 

compared younger participants, although RA was not measured in this study, the study also noted 

significant increases in subcutaneous fat in older participants which is resonant with the current 

study. The RA muscle has a smaller cross sectional area and larger fascicle length than IO (Brown et 

al., 2011), therefore the reduced muscle thickness observed in IO of older adults in this study could 

be attributed to the reduction in muscle fibre number and size. Whilst IO, RA, EO and TrA have 

similar fibre type composition (5-58% type 1, 15-12% type 2a and 21-28% type 2b and no type 2c 

fibres) (Haggmark and Thorstensson, 1979), the reduction in muscle fibre size or fibre number may 

be more markedly observed in reduced IO thickness due to its overall size and representation on 

RUSI images (Deschenes, 2004). Moreover, in healthy individuals young and older, the continued 

rhythmic use of TrA in mechanical ventilation, control of intra-abdominal pressure and use of TrA in 

normal torso muscle function may offset the significant reduction in thickness associated with age.  
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In addition, there was a consistent finding in this study and chapter 4 with regard to significantly 

different IO thickness between male and female younger participants which is in agreement with 

sex differences found by Kanehisa et al., (2004); Rankin, Stokes and Newham, (2006); Springer et 

al., (2006) and Rho et al., (2013). Reasons for these differences cannot be entirely discerned from 

the current study. However, Springer et al., (2006) suggests that consideration should be given to 

the fat distribution differences that may exists between male and females. Whilst, notionally males 

tend to exhibit larger muscle cross sectional areas due to the effects of testosterone on muscle 

mass, sex alone cannot be entirely attributed to the significantly greater thickness observed here in 

male IO muscle.  Partly due to the information that was obtained regarding activity levels. The IPAQ 

identifies quantity in minutes per week, however intensities, durations and types were not strictly 

controlled in healthy young and older adult populations, therefore whether the differences can be 

attributed solely to increased muscle mass attributed to males or training activity (or both), and 

warrants further investigation.   

In contrast, TrA and EO were not significantly different between younger male and females in the 

current study, unlike the findings of Rho et al. (2013) and Rankin, Stokes and Newham, (2006) who 

found significantly geater thickness in males compared to females. The older and younger 

population tested in this study were differentiated by age, however phsyical activty levels were 

similar (Table 28) and although subcutaneous fat levels were different, BMI, height and mass were 

all closely matched. Therefore, factors that could affect torso muscle thickness like activity type 

(Hides et al., 2008; Sanchis-Moysi et al., 2010; Gildea, Hides and Hodges, 2013; Izumoto et al., 2019) 

injury and spinal deformity (Rankin, Stokes and Newham, 2006; Teyhen et al., 2008) were screened 

and formed part of the exclusion criteria. The current findings suggests that using RUSI to measure 

IO muscle thickness may be a useful screening tool to identify torso muscle reductions in older male 
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older adults, but not females. The use of IO in isolation may not be senistive enough to discern age 

related  changes in older female populations. 

It is also worth noting that the lack of statistical differences between older and younger populations 

for the other muscle groups could be attributed to the standing position adopted in the current 

study, which is contrast with the use of supine lying by Rho et al., (2013) and Rankin, Stokes and 

Newham, (2006). Chapter 4 revealed differences of IO, TrA and EO thickness that showed significant 

differences with regard to respiration phase but not in relation to participant postion during 

scanning. Despite not being statistically significant, the variation in position could contribute to lack 

of differences seen between older and younger participants, particulalrly as the horizontal fibre 

arrangement of TrA and oblique angles of IO and EO will result in shape change as a result of possible 

low level activtaion that act to control posture as force is applied through the body in upright 

standing comapred to supine lying.  

The significant differences of LAW between female older, younger and trained participants is of 

interest as individual muscles did not reveal any significant differences, therefore the sixth null 

hypothesis is rejected. Rankin, Stokes and Newham, (2006) suggested that measures of LAW and 

particularly expressing individual muscles as a percentage of LAW could yieled a quick and useful 

assessment of muscle imbalance between the torso muscles. Highlighting imbalances could identify 

selective atrophy and posisble dysfunction, although the use of this measure to detect changes in 

response to interventions is still not clear. In the current study, the use of LAW as one total thickness 

rather than relative thickness percentages revealed a promising use with regard to differntiating 

torso thickness in a trained population from younger and an older population. When expressed as  

individual muscle thicknesses, only EO was statistically significantly greater in female trained than 

older and younger participants. This could be attributed to selective hypertrophy of the EO muscle 

resulting from higher levels of activity that the trained participants engage in. When comparing 



243 
 

levels of activity using the international physical activity questionnaire (IPAQ) female trained 

particiapnts were engaged with approximatley 7,000 mets/minute (category 3) of activity per week 

compared with 2370 mets/minute for older adults and 2735 mets/minute for younger adults. Whilst 

the measure can be ambiguous with regard to the approximations of type and intensity of physical 

activity and exercise that is revealed about particiapnts in this questionnaire, it has discerned similar 

levels of activity between older and younger participants and increased activity in trained 

participants therefore could be associated with the differences and similarities in torso muscle 

thickness overall (LAW) and specifically EO muscle thickness. Of interest would be a matching a male 

trained group to indentify whether males matched by age and training status would again yield 

significant increases in IO muscle thickness that have been found in healthy untrained particpants 

(Rho et al., 2013). 

The overall thickness of the LAW was greater in trained participants in this study and the notion that 

training status can affect the torso muscle thickness is based on the assumption that cross sectional 

area of muscle is related to force capacity which is greater as a result of specific training, usually 

strength based (Shahtahmassebi et al., 2017; Suchomel et al., 2018). As such it was also assumed 

that the inclusion criteria specically targetting Pilates and Yoga training experience, would yield 

torso muscle thickness differences that are as a result of specific adaptation to the torso muscles 

from the exercises. However, the current study is in some agreement with Critchley, Pierson and 

Battersby, (2011) who found that despite 8 weeks of Pilates training and significantly greater TrA 

and IO thickness during exercise there were no changes in thickness of these specific muscles at rest 

or during functional postures. Therefore, it could be argued that the endurance focus of Pilates and 

Yoga training would elicit changes to type 1 muscle fibres in TrA (Brown, Ward and Cook 2011) that 

may result in adaptation to the muscles that do not reflect large changes in cross sectional areas, or 

thickness. Nevertheless, the significant differences of LAW between female trained and female 
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older and younger participants suggests that the training volume will impact the LAW muscle 

thickness combined which needs to be explored further in relation to neuromuscular control. 

Finally, the lack of differences between older and younger participants TrA and EO thickness could 

be a result of similar activity levels, which were closely matched along with BMI, height and mass.  

It should be noted however that attributing training status entirely to these significant differences 

is limited due to the age of the participants. Whilst the analyses on older, younger and trained 

participants were matched by sex (female data), the demographic data show that the ages of the 

trained participant (44+9 yrs) lies between the mean ages of older (70 +5 years) and younger (20 +2 

years) population sample in this study. Future studies should consider matching training status and 

age as well as BMI, mass and height. 

 There was no significant relationship between IO muscle onset and muscle thickness, thefeore the 

seventh null hypothesis is accepted. However, the finding of a significicant negative relationship 

between TrA muscle onset and TrA thickness in the trained population means that the eighth null 

hypothesis is rejected. There is little evidence to suggest that muscle thickness is associated with 

neuromuscular control, specifically respsonses to unexpected perturbations. The very strong 

correlation (Cohen, 1988; Schober and Schwarte, 2018) was only evident for the trained population 

which is not surprising as there were no significant differences between muscle thickness of female 

older and younger participants, yet there were significant differences between them for torso 

muscle onset. Therefore, it could be suggested, for Pilates and Yoga trained participants, the 

increases in muscle thickness are associated with decreased muscle onset times, however matching 

ages to training status in future studies will imporve the confidence in this conclusion. Arguably, a 

benefit of Pilates and Yoga type training may be to improve neuromuscluar control. This could be 

attributed to the commonly employed strategy to encourage recruitment of TrA called the 

abdominal drawing in manouever (ADIM). This strategy has also been used in studies to identify 
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increased TrA and IO activity that target LBP rehabilitation (Stetts et al., 2009; Bjerkefors et al., 2010; 

Ishida and Watanabe, 2013; Hwang and Park, 2017) and has been associated with LBP reduction 

(Vasseljen and Fladmark, 2010). This strategy is also described as a motor control exercise, and is 

coached in Pilates before and during each exercise is performed to ensure TrA is activated with the 

targetted torso muscles (Akuthota et al., 2008). Although the performance of ADIM can be difficult, 

in particular isolating TrA and IO from EO (Urquhart, Hodges, et al., 2005). Therefore, arguably 

enahnced EO activation and possible associated muscle thickness would be a positive residual 

outcome in non injured participants as a result of this type of training.  

Finally, the surprising finding in this study was a positive relationship between TrA and IO onset and 

grip strength in an older adult population. The ninth null Hypothesis predcited there would be no 

relationship between grip strength and LAW based on the relationships previously observed 

between strength and physical performance in older adults (Lauretani et al., 2003; Cruz-Jentoft et 

al., 2019). Indeed, the relationship in older adults and younger adults was weak, not significant and 

therefore the ninth null hypothesis is accepted. However, a positive moderate (Cohen, 1988) 

corelation between IO muscle onset and grip strength (r=0.416), and TrA onset and grip strength 

(r=0.495, p=0.043) suggests that muscle onset times reduce with increased grip strength. Inspection 

of the data revealed a single outlier with grip strength of 48.2 Kg which when removed reduced the 

corelation statistic reduced to very weak,  r=0.130 and therefore the current study is not able to 

discern a conclusive finding in this area.  

9.5 Conclusion 

Obtaining IO muscle thickness in healthy older male participants may be a worthwhile addition in a 

battery of tests that seek to identify risk of and diagnosis of sarcopenia that is related to an increased 

risk of falling. However, large-scale studies on a wider range of older adults would be required to 

generate normative data for torso muscle thickness in this demographic. Female participants torso 
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muscle thickness was not able to discern differences between older and younger participants in the 

current study, possibly due to the congruency of anthropometric characteristics and similar activity 

levels or because these structures cannot discern differences in a standing position. The onset of 

TrA muscle in the unexpected perturbation task was strongly and significantly associated with TrA 

muscle thickness at inhalation in trained participants. This suggests that the mode of training that 

this group participated in (Yoga and Pilates) may help to yield favourable results in both the overall 

TrA muscles thickness and LAW muscle thickness. However, the contribution that this single muscle 

has in stabilising to confer risk of falling is inconclusive from the current study. In addition, the 

increased thickness of TrA specifically is strongly associated with faster TrA onset time when 

responding to unexpected lower body perturbation. However, due to the age of trained participants 

and inability to recruit volunteers that matched age with training status in the current study, it was 

not possible to conclude whether training is the underlying reason for increased thickness of TrA in 

this population sample.   
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Chapter 10 Discussion  

The aim of this thesis was to develop a test that could measure torso muscle function in a healthy 

young adult population that could be compared to an older adult population and those trained in 

Yoga and Pilates. This would then be able to contribute toward a body of knowledge that seeks to 

understand, the role of the torso muscle in postural control in unexpected lower body 

perturbations, like a slip that could precede a fall. Thereby, determining if future work could be 

directed at understanding those differences, if they exist. The objectives were aligned to the steps 

that were taken to create a test that would be able to measure torso muscle function reliably and 

effectively.  With regard to creating a device to deliver a perturbation and synchronising equipment 

that could measure deeper and superficial muscle onset, the objectives were achieved. 

Furthermore, whilst the objective was achieved in relation to differentiating results between older 

and younger adults, the conclusions surrounding the trained participants were limited and the 

summary of findings and limitations within each of them are presented. 

10.1 Establishing Reliability of RUSI to Measure Muscle Thickness  

The current study was able to reveal good and excellent reliability with regard to B-Mode measures 

of torso muscle thickness. Exploration of the effect that different body positions and respiratory 

phases had on thickness permitted the development of this measurement to assess and compare 

torso thickness in different populations and to ensure skills as sonographer were reliable in 

preparation for the dynamic assessment of torso muscles using RUSI M-mode in chapter 6. 

Measurement reliability of a single sonographer was good to excellent (0.995-0.997, Koo and Li, 

2016) however, the absence of inter rater reliability arguably presents a limitation. The limitation is 

that any measurement errors attributed to sonography skill cannot be discerned as there were no 

comparisons of image capture or thickness measurements with another rater, however a single 
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rater was used for all studies and measurements therefore, arguably the same error (all be it small 

0.05, 0.08 mm) is inherent in all measurements.   

When scanning the abdomen to identify the muscle and fascia structures it was apparent that the 

architecture and positioning of the torso muscles were extremely varied even though RUSI probe 

was consistently placed using the same anatomical landmarks. Anecdotally, of interest was the 

echogenicity variation between participants and possible factors that contribute toward it. The 

potential implication of fatty infiltration within the muscle was inherent in several of the older 

population scans but also in some of the younger participants, methods to discern the active tissue 

within the image and the redundant tissue would yield interesting insight. However, the main focus 

of RUSI to determine muscle quality through thickness measurements is supported in the current 

study. Investigation of older adult torso muscle thickness has the potential to differentiate IO muscle 

thickness between older and younger adults but TrA and EO did not reveal any significant 

differences for older and younger males and females, although the differences between younger 

males and females remained consistent in the study. One of the reasons for these findings may be 

the predominance of type 1 fibres that are within TrA (Haggmark and Thorstensson, 1979; 

Deschenes, 2004) and possible larger size of IO that also contains a mix of type 1 and 11 muscle 

fibres. Type 11 fibres appear to reduce in aging to a greater extent than type 1 (Lauretani et al., 

2003; Deschenes, 2004). Therefore, since TrA has smaller cross sectional area than IO and fibre 

orientation that influences the thickness measurements, the reduction in male IO thickness in older 

adults could be attributed to reduced type 2 fibres and the ability of RUSI to differentiate this muscle 

in a  standing position more so than EO and TrA .  

Although there were no significant differences between older and younger female muscle thickness, 

the lack of differences observed in younger and older females could be also be attributed to the 

similar activity profile that each group exhibited. In addition, the differences of muscle thickness 
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between younger male and female participants is in agreement with Rankin, Stokes and Newham, 

(2006); Rho et al., (2013). However, the significant difference between trained female total LAW 

thickness at inhalation suggests that female muscle thickness in older and younger participants 

could be influenced by activity choices.  Trained participants reported high levels of activity 

compared to younger and older female participants, although this was mainly targeting Pilates and 

Yoga, therefore benefits that these modes of exercise may have for torso muscle function warrants 

further investigation. Since the age of the older and younger participants was not matched to the 

trained group, it is difficult to discern whether any differences observed were the result of the type 

or quantity of training alone. Future research should match the ages and demographic details of the 

participant groups to help discern the effects of Yoga and Pilates training on muscle thickness at 

rest. 

One of the limitations to the current use of RUSI to determine muscle thickness was the use of only 

right side muscle measurements. The reason for single side measurements included equipment 

synchronization capacity and physical space needed to measure the torso in dynamic conditions. 

However, static measures of left and right side torso muscles might have revealed asymmetry and 

therefore provided more thorough anthropometric detail from which to establish torso muscle 

function across the participants. Although, studies observing torso muscle asymmetry has yielded 

more information regarding LBP and sport specific populations (Hides et al., 2008; Sanchis-Moysi et 

al., 2010; Gildea, Hides and Hodges, 2013) rather than suggesting any predictive quality for posing 

risks.  

10.2 Identify Reliable sEMG Methods and agreement with RUSI to detect Muscle Onset 

Interestingly when muscle onset was correlated with muscle thickness, it was only in the trained 

group that a significant strong positive relationship between TRA onset and thickness was 

established. Whilst this is a novel and interesting finding, consideration should be given to the fact 
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that overall, trained female muscle onset was not significantly different to older participants for 

superficial torso muscle groups. Although TrA and IO revealed faster onset times than the superficial 

torso muscles, the response in unexpected perturbations will arguably require a fast collective 

response to correct posture. In younger participants, this was significantly faster and within 17-18 

ms of each other, indicative of a coactivation strategy. 

 Although, the older participants recruited the torso muscles significantly later than younger, the 

strategy was similar and activation of the torso muscles was within 17 ms. The trained population 

results of early TrA and IO onset but later superficial torso muscles, could be attributed to the focus 

of deeper muscle onset during the majority of training they participate in. However, it was a 

surprising finding that the superficial torso muscle onset was not significantly different to the older 

participant group. As previously stated (10.1) since the trained group mean age was 44 years, it 

could be possible that lack of difference to older participants were also related to motor unit 

innervation, speed of nerve conduction and also the speculated decline in supraspinal motor control 

associated with aging have presented. Other factors that could have contributed to the lack of 

differences between older and younger groups could be that altered motor control due to historic 

lower back and musculoskeletal issues have residual and long-term effects beyond the exclusion 

period used in the current study (2 years). In addition, the differences in muscle onset between 

deeper and superficial muscle could also be attributed to the error between sEMG methods and 

RUSI combined. Although the bias between RUSI agreement and sEMG was added to the RUSI 

measures of onset, the limits of agreement were wider in trained and older populations, which 

suggests there could be more error associated with the measurement on onset of TrA and IO using 

RUSI in these populations. The wider LOA in these populations could be partly attributed to the 

longer electromechanical delay observed in older participants. The muscle onset times for the 

younger adult group (67-85 ms) were within a reflex time frame that has been described as M2 
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medium latency (50-100 ms, Forgaard et al., 2015). However muscle onset in both trained (114 – 

156) and older adults  (137 -154 ms) fell within a latency period that has been described as triggered 

reaction (M2 - 80 to 120ms) or volluntary reactions period (M3 -120-180 ms) Milosevic et al.,( 2016). 

Both of these latency periods have been shows to be modulated with altered task demands or 

instructions and anticipation. In the current study there were no instructions, apart from remain 

upright and the perturbation was completely unexpected. Therefore, the mechanisms that could be 

attributed to the delay could include the reduced number of motor units (MU) (senescence) but 

increased number of fibres that the MU innervates could result in delayed activation across the 

muscle membrane and subsequent delay in myoelectric activity picked up with sEMG.  In addition, 

age related changes in the supraspinal pathways have been implicated with muscle onset times 

beyond 50 ms, as they are no longer determined as monosynaptic reflexes (spinal) at that point. 

Therefore, it is possible that the altered neurochemistry, reduced cortical excitability and cortical 

atrophy could also be contributory to be the delay in torso muscle onset of the older adults 

(Deschenes, 2004; Russ et al., 2012). 

10.3 Develop a Device to Deliver a Perturbation  

One of the main objectives and challenges within the study was to develop a device that could 

deliver an unexpected perturbation of sufficient magnitude to elicit a response of the torso muscles. 

Technical features of the perturbation device were monitored for consistency and the application 

was successful in numerous trials. Whilst the device was able to deliver controlled perturbations in 

set space and time, one of the limitations to the use of the device was the manual release 

mechanism. In each testing session, there was more than one trial. Whilst the first trials were used 

to measure muscle onset responses, second and third trials were administered to ensure data was 

acquired and retain the element of unpredictability to the perturbation by initiating combinations 

of left and right side perturbations. One unexplained finding in the study was that the left side 
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yielded faster muscle onset consistently. This is worthy of further investigation however, there were 

no explanations available with the data that were collected. It could be speculated that limb 

dominance may have influenced muscle onset during left side perturbation as studies have found 

increased myoelectric activity of the dominant limb (Bhorania and Ichaporia, 2009; Ditroilo et al., 

2010; Promsri et al., 2020). However, 80 % of the participants in Chapter 7 were right side lower 

limb dominant, therefore if it is a factor the relationship is unclear in the current study and paves 

the way for future research to investigate this. Potentially, if the left side perturbation yielded 

heightened responses due to the lack of motor control pathways emerging during left side 

disturbances, the motor control system may have compensated with a faster muscle onset. 

However, this needs further exploration.  

10.4 Conclusion 

Deeper and superficial torso muscle responses to a unilateral unexpected lower body perturbation 

were significantly later in older healthy adult populations compared to a younger healthy 

population. The order of recruitment differed slightly between older and younger participants but 

the torso muscles recruited within 17 ms (older) and 18 ms (younger) of each other suggesting that 

the muscles co-activated in response to an unexpected perturbation. Participants trained in Yoga 

and Pilates revealed similar onset times to older adults and recruitment of torso muscles were in 

different sequential order to older and younger participants and within a much wider margin of time 

(180 ms) indicative of longer reflex latencies. However, discerning whether these differences for the 

trained group were exclusively due to their experience and training status associated with Yoga and 

PiIates is not possible due to the lack of age matching and inability to recruit male-trained 

participants.  

Whilst IO torso muscle thickness was significantly greater in younger participants than older, this 

was not significantly correlated with torso muscle onset in older or younger populations, suggesting 
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that there is no relationship between onset of the IO muscle and its thickness at rest. However, the 

total LAW thickness was significantly greater in female-trained participants than older female and 

younger female participants were. Whilst TrA was not significantly different between female groups, 

there was a significant positive relationship between TrA thickness and TrA onset in the trained 

participant group. This finding needs further exploration with a larger samples size and comparisons 

with matched untrained healthy control participants. Finally, the use of RUSI as non-invasive 

measures of torso muscle thickness and muscle onset has been a novel and successful development 

reinforced with this study. Whilst the agreement between sEMG and RUSI methods of onset in older 

and trained participants revealed wider limits of agreement than younger participants, the use of 

RUSI to measure the torso in dynamic conditions is an appealing development. It will be interesting 

to explore future methodologies with RUSI to be able to increase the detection accuracy, particularly 

when studying populations that may benefit from less invasive procedures such as an aging adult 

population who possess a risk of falling in other dynamic capacity tests.  
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Appendices  

Appendix A – Perturbation Device Materials  

Perturbation Device Materials  

Appliance Rollers Code Description Packaging Type Barcode Pack Contents 9601 Steel Appliance 

Rollers Box 039003096017  

https://www.amazon.co.uk/Select-Hardware-9601-Appliance-rollers/dp/B001CJ12WIHardware  

 Nylon wheels - Nylon Properties – 0.15-0.25 static coefficient of friction.  

“Nylon is one of the most common plastics. Nylon parts are easy to machine, 

low cost and long lasting. Parts made of the plastic are often used in 

mechanisms that rotate or slide due its low coefficient of friction. Like most 

plastics, nylon parts need no surface finish and continue to look good and work well over extended 

periods. The plastic is resistant to heat and chemicals. It is abrasion resistant and flexible. Nylon is 

resistance to fungi and animals, moulds and mildew”. 

CV0500-7500-052 Compression Heavy Duty  Spring  

https://www.assocspring.co.uk/compression-heavy-duty/CV0500-7500-052  

maximum difference a difference of Working Length (mm) (142.875 to 

190.500)  Set Hole Fit, min (H) (mm) 12.70, Rod Fit, max (R) (mm) 7.14, Wire 

Width, Approx. (ww) (mm) 2.36,  Wire 

Height, Approx. (wh) (mm) 1.32, Free Length (L) (mm) 190.5, 

Solid Height, Approx (mm) 95.3, Spring Rate (N/mm) 2.1, Load 

Length (L1) (mm) 143.0, Load needed at pre load  at L1 (N) 

100.1 

141.3N 

 

https://www.amazon.co.uk/Select-Hardware-9601-Appliance-rollers/dp/B001CJ12WIHardware
https://www.assocspring.co.uk/compression-heavy-duty/CV0500-7500-052


275 
 

Perturbation device effect on velocity and momentum through all studies  

  

Figure 55 The mean (+SD) velocity of right and left plate perturbation across three populations. 
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Appendix B Chapter 5 sEMG Signals 

The initial processing of images yielded the following results: 

 

Analogue raw EMG 

 

          

 

 

 

 

LES signal with High pass 30Hz filter applied     
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Both images with Low pass 50Hz filter applied  

Final trial with processes outlined above, but with filtering bandwidths were High pass 20Hz and 

Low pass 20Hz, yielded following signal images: These were trialed but omitted from observations 

as it was deemed to have smoothed some insightful data from the signal, which would be necessary 

for VisD.  

 

       

Graphs without TKEO applied and b) with TKEO applied 
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Appendices C Screening and Informed Consent 

Researcher: Cheryl Barford    

Title of Study: Investigation of trunk muscle responses to a lower body perturbation 
Name of participant:    
Date of Birth:    
Date: 
 
School of Physical Therapies and Rehabilitation  

Faculty of Health, Education, Sport and Social Science Park Square 

Luton  

Bedfordshire 

LU1 3JU 

 

Investigation into the onset of muscle activation in response to a lower body perturbation using 

Surface Electromyography and Rehabilitative Ultrasound Imaging 

Name of Investigators: C Barford 

Healthy Volunteer’s Information Sheet 

You have been invited to take part in a research study.  In order that you can decide whether to take 

part it is important for you to understand, why the research is being done and what it will involve.  

We hope that the following information about the study will be sufficient for your needs. Please 

take time to read it carefully and ask us if there is anything that (a) is not clear or (b) that you would 

like more information on, before deciding whether you wish to take part or not.   

Background  

According the HSE (2015) about 80% of adults experience lower back pain in their lifetime. Delayed 

activation of abdominal muscles (commonly referred to as core muscles) and asymmetry have been 

implicated in incidences of lower back pain (LBP). Therefore improving core muscle function through 

training (isolating and recruiting strategies) the core muscles remains the focus of many LBP 
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rehabilitation programmes, injury prevention and sport performance improvement. However, there 

is a lack of evidence to support use of these activations strategies in all incidences of LBP and indeed, 

whether a “normal” pattern of core muscle recruitment exists in response to a perturbation that 

would suggest a training strategy for injury prevention. Therefore you will be assessed for torso 

muscle asymmetry and for your ability to recruit (activate) trunk muscles while performing a lower 

body task. It is hoped this research contributes toward a body of research that seeks to inform 

practice through optimising prevention and treatment of LBP. 

Why have you been chosen? 

You have been chosen because you will have been screened for suitability and availability and met 

the requirements.  

What does the study involve? 

Taking part in this research would involve: 

After completing a questionnaire and sending this back to us, you may be asked to attend the 

laboratory on a single testing day (approximately 1 hour of your time required). Upon arrival limb 

dominance will be determined, as well as your height and body mass. You will then be asked to 

adopt a standing position while images of the lateral abdominal wall (LAW) are captured upon 

inhalation and exhalation on your left and right sides using an ultrasound machine. You should be 

post prandial (avoid eating less than 3 hours prior to testing and drinking less than 2 hours), free of 

injury and not taken part in any high intensity physical activity for 24 hours prior to testing. Please 

ensure you empty your bladder and bowel before testing. You may be asked to wear clothing 

suitable for motion capture (body stockings) so please arrive with comfortable sport wear and 

undergarments. 
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Surface EMG will also be applied and this will involve cleansing of the skin with possible hair removal 

to those areas of application only. You will also be required to perform a lower body task.  

What do you have to do? 

On the day of the testing session you (after completing all screening and informed consent 

documentation) the investigators will arrange a suitable time to come into the labs and complete 

the tests. Reminder**Please do not eat 2-3 hours prior to the test, avoid alcohol 24 hours prior to 

the test and wear comfortable clothes (sportswear, with appropriate undergarments) that you can 

exercise in.   

What are the possible disadvantages and risks of taking part? 

Providing that you are healthy and that you follow all instructions given by the researchers, there 

are minimal risks to participating in this study.  During testing you will be asked to take part in a 

lower body task which is low intensity and will not physically exert you (no substantial increase in 

heart rate and only limited localised muscle fatigue from the tests). You will also be asked to perform 

a maximal contraction of your torso in flexion and extension to help us when we analyse the data. 

Should you experience any form of discomfort as a result of the functional tests sand maximal tests 

alert the researchers and supervisor immediately or indeed if you experience any discomfort in  the 

days following whereupon suitable advice can be given. The screening form, PAR Q and informed 

consent provide investigators with all the required information to make sure you are suitable and 

safe to take part in the study. Therefore it is imperative you are as clear and honest in your responses 

as possible.  Once you agree to take part in the study you are free to withdraw any time.  

Will my taking part in this study be kept confidential? 

All information which is collected about you during the course of the research will be anonymised 

using a participant number instead of your name. Any record linking your identity to the anonymised 
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data will be stored solely on a secure, password protected, database.  Only members of the research 

group will have any knowledge about which data belongs to you and they will be obliged to keep 

that information confidential. All documentation will be destroyed at the end of the research study 

although anonymised data will be stored by the School for possible future reanalysis.   

Do you have to take part? 

It is up to you to decide whether or not to take part.  If you do decide to take part you will be given 

this information sheet to keep and be asked to sign a consent form (below).  If you decide to take 

part you are still free to withdraw at any time and without giving a reason.   

What will happen to the results of the research study? 

The results of the research will be written up as a student dissertation, PhD thesis, poster 

presentations. The data will be analysed for a submission to a journal for publication. As indicated 

above, you will not be identified personally in any report or publication. 

Who has reviewed the study? 

Institute of Sports and Physical Activity Research (ISPAR) panel for ethical clearance.    

Contact for Further Information 

Please contact Cheryl Barford by email on cheryl.barford@beds.ac.uk for further enquiries and 

information.   

Thank you for taking part in the study. 
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YES NO    

  □   □ 1. Has your doctor ever said that you have a heart condition and that you should only do   

  physical activity recommended by a doctor? 

  □  □ 2.  Do you feel pain in your chest when you do physical activity? 

  □  □ 3.  In the past month, have you had chest pain when you were not doing physical activity? 

  □  □ 4. Do you lose your balance because of dizziness or do you ever lose consciousness? 

  □  □ 5. Do you have a bone or joint problem that could be made worse by a change in your   

  physical activity? 

  □   □ 6. Is your doctor currently prescribing drugs (for example, water pills) for your blood   

   pressure or heart condition? 

  □  □ 7. Do you know of any other reason why you should not do physical activity? 

 
Physical Activity Readiness Questionnaire (PAR-Q) and You 
 
Regular physical activity is fun and healthy, and increasingly more people are starting 
to become more active every day.  Being more active is very safe for most people.  
However, some people should check with their doctor before they start becoming much more physically active. If you 
are planning to become much more physically active than you are now, start by answering the seven questions in the 
box below.  If you are between the ages of 15 and 69, the PAR-Q will tell you if you should check with your doctor 
before you start.  If you are over 69 years of age, and you are not used to being very active, check with your doctor.  
Common sense is your best guide when you answer these questions.  Please read the questions carefully and answer 
each one honestly: 

 
 
 

 

 
Informed use of the PAR-Q: The Canadian Society for Exercise Physiology, Health Canada, and their agents assume no liability for persons who 

undertake physical activity, and if in doubt after completing this questionnaire, consult your doctor prior to physical activity. 

 

I have read, understood and completed this questionnaire.  Any questions I had were answered to 
my full satisfaction. 
Name _________________________________ 
Signature_________________Date_____________date of Birth____________________________ 

      NO to all questions  Delay becoming much more active: 
If you are not feeling well because of a temporary illness such 
as a cold or a fever – wait until you feel better; or 
If you are or may be pregnant – talk to your doctor before you 
start becoming more active. 

 
Please note:  If your health changes so that you then 
answer YES to any of the above questions, tell your 
fitness or health professional.  Ask whether you 
should change your physical activity plan. 

YES to one or more questions  

If 
you 
answered: 

If you answered NO honestly to all PAR-Q questions, 
you can be reasonably sure that you can: 

 Start becoming much more physically 
active – begin slowly and build up gradually.  This is 

the safest and easiest way to go.  
 Take part in a fitness appraisal – this is 
an excellent way to determine your basic fitness so 
that you can plan the best way for you to live 
actively. 

Talk to your doctor by phone or in person BEFORE you start becoming much more 
physically active or BEFORE you have a fitness appraisal.  Tell your doctor about 
the PAR-Q and which questions you answered YES. 
You may be able to do any activity you want – as long as you start slowly and build 
up gradually.  Or, you may need to restrict your activities to those which are safe 
for you.  Talk with your doctor about the kinds of activities you wish to participate 
in and follow his/her advice. 
Find out which community programs are safe and helpful for you. 
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Medical and Lifestyle Screening Form   
Participant Name: 

 Yes NO 

Is there any other reason why you should not participate in physical activity? 
 
 

  

Do you have any history of upper body injury in the last 5 years (shoulder, 
wrist, elbow, neck, head)? 
If yes please detail: 
 
 
 
 

  

Do you have any history of lower body injury or surgery (ankle, foot, lower 
leg, knee, thigh),?  
If yes please detail: 
 
 
 
 
 

  

Do you have a known balance or motion disorder e.g. Meniere’s disease, 
vertigo)? 
If yes please detail: 
 
 
 

  

Do you have any respiratory disorders e.g. COPD, asthma? 
 
 
 

  

Have you been pregnant? 
If you have been pregnant please answer the following: 
When were you pregnant?................................ 
Any other relevant information (C-section, complications pre or post natal) 
 
 
 
 

  

Do you have diabetes ? 
Please state type and medication used to treat it.  
 
 
 

  

Are you aware if you have any known postural deformity or anatomical / 
musculoskeletal asymmetry? 
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Medical and Lifestyle Screening Form cont. 

 
 
If you have answered YES to any of the questions please provide details and discuss with the researcher: 
:….................................................................................................................................................................................. 
……………………………………………………………………………………………………………………………………………………………………………….. 
 

All questions have been answered to the best of my knowledge and I have read, understood and 
completed this questionnaire. 
 
 

Participants  signature                                         Date: 

 

 
 
 

Do you have any allergies to adhesive tape/plasters? 
 
 
 
 
 

  

 Yes  No 

Do you smoke?   

Have you consumed alcohol in the past 24 hours   

Have you eaten / drunk in the past 2 hours? 
If yes pleas provide details  
 
 
 

  

How many hours do you sleep regularly at night? 
 

   

  

Are you currently employed?    
If so what is your occupation? 
If so Describe your job o:   Sedentary      Active      Physically Demanding 
 
 

  

Are you left or right handed? 
 
 

  

Would you say you are you left or right footed? 
 
 

  

What recreational activities do you participate in and how often? 
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Researcher to complete 

Date of birth / age 

Height:      Mass:  

Grip Strength Left hand   Right Hand 

Notes: 

 
Researchers signature     Date:  
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Informed Consent  

 

Investigation of muscle activation in known and unknown perturbations to the lower limb in 

healthy asymptomatic, at risk and trained participants. 

 

Name of Investigators: C Barford 

Please read this form and sign it once the above named or their designated representative has 

explained fully the aims and procedures of the study to you, an overview of which is presented 

below:  

 

Purpose: Assess torso muscle activity using rehabilitative ultrasound and surface 

electromyography (SEMG) during movement responses .  

 

Procedures: You will be required to take part in one testing session 

  

You will be required to attend the laboratory on one occasion. You will perform a maximal 

voluntary muscle contraction for 3 muscle groups .You will encounter three to five trials of a lower 

body perturbation during which measurements of muscle activity and movement are recorded. 

Surface EMG electrodes will be placed on the skin which requires preparation and possible 

removal of any hair in the area. This is a non- invasive procedure. A cool gel and ultrasound probe 

will be applied to the abdomen which will reveal the image of the abdominal muscles. The tests 

should take no longer than 1 hour.  

 

Queries: Do not hesitate to ask if you have any questions regarding your participation 

Withdrawal:You are free to withdraw your consent and cease to participate at any time without 

giving reason.  

Confidentiality: Your identity will be kept strictly confidential and all data collected will be 

anonymous. 

 

 I voluntarily agree to take part in this study. 

 I confirm that I have been given a full explanation by the above named and that I have  

 read and understand the information sheet given to me which is attached. 
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 I have been given the opportunity to ask questions and discuss the study with one of the 

above investigators or their deputies on all aspects of the study and have understood the 

advice and information given as a result. 

 I agree to comply with the reasonable instructions of the supervising investigator and will 

notify him/her immediately of any unexpected unusual symptoms or deterioration of 

health. 

 I authorise the investigators to disclose the results of my participation in the study but not 

my name. 

 I understand that information about me recorded during the study will be kept in a secure 

database.  If data is transferred to others it will be made anonymous.   

 I understand that I can ask for further instructions or explanations at any time. 

 I understand that I am free to withdraw from the study at any time, without having to give 

a reason for withdrawing. 

 I confirm that I have disclosed relevant health, injury and medical information before the 

study. 

 

I…………………….have read and understood the information on this form and agree to take part in 

the investigation. As far as I am aware, I do not have any infirmity that would be affected by the 

experimental procedures. 

  

Name: ………………………………………………………………… Signature:  ……………………………………… 
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IPAQ – please complete 
INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE 
(August 2002) 
 
Short last 7 days self-administered format 

 
FOR USE WITH YOUNG AND MIDDLE-AGED ADULTS (15-69 years) 
 
The International Physical Activity Questionnaires (IPAQ) comprises a set of 4 
questionnaires. Long (5 activity domains asked independently) and short (4 generic 
items) versions for use by either telephone or self-administered methods are 
available. The purpose of the questionnaires is to provide common instruments that 
can be used to obtain internationally comparable data on health–related physical 
activity. 
 
Background on IPAQ 
The development of an international measure for physical activity commenced in 
Geneva in 1998 and was followed by extensive reliability and validity testing 
undertaken across 12 countries (14 sites) during 2000.  The final results suggest 
that these measures have acceptable measurement properties for use in many 
settings and in different languages, and are suitable for national population-based 
prevalence studies of participation in physical activity. 
 
Using IPAQ  
Use of the IPAQ instruments for monitoring and research purposes is encouraged. It is 
recommended that no changes be made to the order or wording of the questions as this 
will affect the psychometric properties of the instruments.  
 
Translation from English and Cultural Adaptation 
Translation from English is supported to facilitate worldwide use of IPAQ. Information on 
the availability of IPAQ in different languages can be obtained at  www.ipaq.ki.se. If a new 
translation is undertaken we highly recommend using the prescribed back translation 
methods available on the IPAQ website. If possible please consider making your 
translated version of IPAQ available to others by contributing it to the IPAQ website. 
Further details on translation and cultural adaptation can be downloaded from the website. 
Further Developments of IPAQ 
International collaboration on IPAQ is on-going and an International Physical Activity 
Prevalence Study is in progress. For further information see the IPAQ website.  
 
More Information 
More detailed information on the IPAQ process and the research methods used in the 
development of IPAQ instruments is available at www.ipaq.ki.se and Booth, M.L. (2000).  
Assessment of Physical Activity: An International Perspective.  Research Quarterly for 
Exercise and Sport, 71 (2): s114-20.  Other scientific publications and presentations on the 
use of IPAQ are summarized on the website. 
 

http://www.ipaq.ki.se/
http://www.ipaq.ki.se/
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INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE 
 
We are interested in finding out about the kinds of physical activities that people do as part 
of their everyday lives.  The questions will ask you about the time you spent being 
physically active in the last 7 days.  Please answer each question even if you do not 
consider yourself to be an active person.  Please think about the activities you do at work, 
as part of your house and yard work, to get from place to place, and in your spare time for 
recreation, exercise or sport. 
 
Think about all the vigorous activities that you did in the last 7 days.  Vigorous physical 
activities refer to activities that take hard physical effort and make you breathe much 
harder than normal.  Think only about those physical activities that you did for at least 10 
minutes at a time. 
 
During the last 7 days, on how many days did you do vigorous physical activities like 
heavy lifting, digging, aerobics, or fast bicycling?  
 
_____ days per week  
 
   No vigorous physical activities  Skip to question 3 
 

 
How much time did you usually spend doing vigorous physical activities on one of those days? 

 

_____ hours per day  

_____ minutes per day   

 

  Don’t know/Not sure  
 

 

Think about all the moderate activities that you did in the last 7 days.  Moderate activities 
refer to activities that take moderate physical effort and make you breathe somewhat 
harder than normal.  Think only about those physical activities that you did for at least 10 
minutes at a time. 
 
 
During the last 7 days, on how many days did you do moderate physical activities like 
carrying light loads, bicycling at a regular pace, or doubles tennis?  Do not include walking. 
 
_____ days per week 
 
   No moderate physical activities  Skip to question 5 
 
 
How much time did you usually spend doing moderate physical activities on one of those days? 

 

_____ hours per day 

_____ minutes per day 

 

  Don’t know/Not sure  
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Think about the time you spent walking in the last 7 days.  This includes at work and at 
home, walking to travel from place to place, and any other walking that you might do solely 
for recreation, sport, exercise, or leisure. 
 
5. During the last 7 days, on how many days did you walk for at least 10 minutes at a 
time?   
 
_____ days per week 
  
   No walking     Skip to question 7 
 
 
How much time did you usually spend walking on one of those days? 

 

_____ hours per day 

_____ minutes per day  

 

  Don’t know/Not sure  

The last question is about the time you spent sitting on weekdays during the last 7 days.  Include 

time spent at work, at home, while doing course work and during leisure time.  This may include 

time spent sitting at a desk, visiting friends, reading, or sitting or lying down to watch television. 

During the last 7 days, how much time did you spend sitting on a week day? 

 

_____ hours per day  

_____ minutes per day  

 

  Don’t know/Not sure  

In your own words please can you describe the quality (type, intensity, locations) 

and quantity (how often, duration) of exercise you do (add sheets if necessary): 
 

 

 

This is the end of the questionnaire, thank you for participation 
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Appendix D SARC-F 

Assessment Older Adult SARC-F Movement Quality  

SARC-F Screening Questionnaire for Sarcopenia 

Component Question Scoring 

Strength 
How much difficulty do you 
have in lifting and carrying 10 
pounds? 

None = 0 
Some = 1 
A lot or unable = 2 

 

Assistance in 
walking 

How much difficulty do you 
have walking across a room? 

None = 0 
Some = 1 
A lot, use aids, or unable = 2 

 

Rise from a 
chair 

How much difficulty do you 
have transferring from a chair 
or bed? 

None = 0 
Some = 1 
A lot or unable without help = 2 

 

Climb stairs 
How much difficulty do you 
have climbing a flight of 10 
stairs? 

None = 0 
Some = 1 
A lot or unable = 2 

 

Falls 
How many times have you 
fallen in the past year? 

None = 0 
1-3 falls = 1 
4 or more falls = 2 
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Appendix E Bland and Altman Plots  

Limits Of Agreement relating to Chapter 7  

 
Figure 56 Limits of Agreement for sEMG and RUSI measures of EO muscle onset (ms) in older adult 
population (n=16) 
  

 

  
Figure 57 Limits of Agreement for sEMG and RUSI measures of EO muscle onset (ms) in trained 
population (n=14) 
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Appendices F 

Motion Capture Markers 

Ensure plate perturbation device is has 4 markers on the exterior of the box and then 5 on each 
plate, total 14 (Figure 12 and 13).  Using motion markers and double sided sticky tape. 
 
Markers should be placed on skin where possible or on very tight skin to skin clothing. 
 
Mark up on participant to follow anatomical landmarks proposed by Van Sint, (2007)as follows: 
 
Left and right side of lower body 

1. Calcaneus left and right (2) 
2. Left and right base of first metatarsal MT (2) 
3. Left and right Tuberosity of 5th metatarsal (MT) (2) 
4. Medial and Lateral malleolus (4) 
5. Lower leg left / right (6) 
6. Femoral condyle medial and lateral (4) 
7. Upper leg/thigh left / right (6) 
8. Greater trochanter (2) 

 
Pelvis  

1. ASIS left / right (2) 
2. PSIS left / right (2) 
3. SI left / right (1) 
4. Iliac Crest left / right (2) 

 
Upper body 

1. Acromion Process left / right (2) 
2. Sternum jugular notch (1) 
3. C7 (1) 
4. MAI (Mid point between most caudal points of scapula) (1) 

 
Total 40 markers. 
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Appendix G Ethics documentation 
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UNIVERSITY OF BEDFORDSHIRE 
 
Research Ethics Scrutiny (Annex to RS1 form) 
 
SECTION A To be completed by the candidate 
 
Registration No: 99094822 
 
Candidate: Cheryl Barford    
 
Research Institute: ISPAR 
 
Research Topic: ““Efficacy Of Group Exercise (Pilates) in improving Spinal Stability In Novice And 
Experienced Participants Without Chronic Low Back Pain”. 
 
Now – Investigation of muscle activation in known and unknown perturbations to the lower limb 
in healthy asymptomatic, but at risk and trained participants. 
 
  
External Funding:  
 
The candidate is required to summarise in the box below the ethical issues involved in the 
research proposal and how they will be addressed. In any proposal involving human participants 
the following should be provided: 
 
• clear explanation of how informed consent will be obtained,  
• how will confidentiality and anonymity be observed,  
• how will the nature of the research, its purpose and the means of dissemination of the 

outcomes be communicated to participants, 
• how personal data will be stored and secured 
• if participants are being placed under any form of stress (physical or mental)  identify what 

steps are being taken to minimise risk 
 
If protocols are being used that have already received University Research Ethics Committee 
(UREC) ethical approval then please specify. Roles of any collaborating institutions should be 
clearly identified. Reference should be made to the appropriate professional body code of 
practice. 
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1. Subjects will be recruited under voluntary basis. Informed consent will be written and read by 

each volunteer explaining the nature of the measurements (non invasive Ultrasound) and the 
task to perform. They will be asked to sign the form to show understanding and agreement to 
participate and given the opportunity to leave the study at any time. 

 
Anonymity will be paramount with reference to subject’s by number or letter in any written 
document. Contact information, medical questionnaire (Par Q), lifestyle and exercise history 
information will be gathered to examine suitability of subjects for the study (no history of lower 
back pain).  Any storage of such information will be password protected by the PhD student and 
supervisor if necessary. Any exercise activity that is undertaken will be explained and taught 
thoroughly by experienced and qualified (to an industry standard) coaches and scientists. 
 
Risk of participation will be minimal although subjects will be reporting regularly if any 
discomfort is experienced either during testing or the administration of an exercise protocol. 
Any such (unlikely) experience will lead to termination of their part in the study and treatment 
(sport or physiotherapy) sought. Outcomes of the study will be emailed or posted to each 
subject that participates within the study. 
Please also refer to “Ethical guidelines to standard procedures associated with sport and 
exercise physiology, psychology and biomechanics”. Approved by ISPAR 2010. 
Section 4.8.8, Appendix 3 section 2, Appendix 6.1, 6.2, 6.4 

 
Continuation of Project  
The following provides information for ethical review as the research project progresses after a 
successful RS4 submission (2015).  
 
Context 
 
Panjabi (1992) first hypothesised that lumbar spine instability (linked to CLBP) could be partly 
attributed to deficiencies of the torso muscles responsible for creating stability. Panjabi (1992) 
described three subsystems that should work together in a normally functioning spine to provide 
stability in response to changes in spinal position and static or dynamic loads; the musculoskeletal 
subsystem, the neural/feedback subsystem and the passive subsystem (intervertebral discs, joint 
capsules and ligaments). The proposed model of the stabilising system has formed the basis of 
scientific investigation for the past 2 decades, with particular interest in the abdominal 
musculature, widely referred to as the “core”. Stability and mobility are arguably key factors in 
maintaining healthy spine and have been implicated in causes and prevention of lower back pain, 
yet it is not clear how or if the key core muscles coordinate activation to confer stability of the 
lumbar region in everyday tasks or movements. (Hodges and Richardson, 1996, Ferreira et al., 
2004, and Hodges et al., 2003). 
 
Therefore this research seeks to investigate the onset of core muscle activity in response to known 
and unknown perturbations. The study direction now proposes to investigate muscle activation in 
key core muscles lumbar multifidus (LM) erector spinae (ES), external oblique (EO),  internal 
oblique (IO) and transversus abdmoninis (TrA), as a perturbation occurs to the left lower and right 
lower limbs.  Since the testing methods now propose the inclusion of surface electromyography 
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(SEMG), a perturbation device and investigations in varying population groups, further ethical 
consideration is required. 
 
Proposed Methodology 
Participants will be a) healthy male and females aged between 18-25 b) healthy trained male and 
female (pilates, holistic (yoga/tai chi) aged 25-50 c) sedentary population 25-50 (categorised with 
IPAQ). All participants will be undergoing the measurements and testing procedures. All 
participants will be screened using PAR-Q, International Physical Activity Questionnaire and will be 
excluded if the following criteria are met: history or current lower limb injury, lower back injury, 
abdominal surgery < 3 years, self-reported balance or motion disorder, postural abnormality 
requiring surgical intervention, balance or motion disorders.      
 
Participants will attend the laboratory on one occasion, any familiarity sessions before the day of 
testing could lead to anticipatory events which could alter the response of participants and is not 
needed. On this occasion they will complete the following:  

1. Sign the consent form (this will be sent prior to the study via email for them to read 
and ask questions at least 2 weeks prior to testing) 
2. Complete the PAR-Q, health screening and IPAQ forms (reveal any exclusion criteria 
at this point) 
3. Complete limb dominance ratification of their self-declared limb dominance 
4. Complete mass and height tests, check food and beverage consumption 
information (no alcohol, 2 hours post prandial)  
5. Ensure participant is in appropriate clothing (body suits or close fitting lycra 
shorts/tops) 
6. Complete skin preparation on the torso for External Oblique (EO), Lumbar 
Multifidus (LM), Erector Spinae (ES) (Longissimus) surface electrode placement. 
7. Apply motion capture markers to anatomical landmarks (identified in appendices) 
8. Identify optimum placement of the ultrasound linear head probe 7LS (with 
ultrasound gel applied) by capturing static images of Internal oblique, external oblique 
and transervsus abdominis. Ensuring optimum and consistent focus position for B-
Mode and M-Mode. 
9. Complete maximal voluntary contraction (see methods below) of LM, EO, ES 
10. Complete up to 5 trials (3 optimum with no errors) of slip perturbation 
11. Remove electrodes, gel, motion capture markers and de-brief. 
 

 
Further procedure information: 
 
Warm up  
There will be no warm up as this could affect rate of recruitment, range of motion, mental 
preparedness and general response to the perturbation. In order to maintain validity, the initial 
trial must maintain some unknown qualities; Time and motion (quantity and quality).  
  
Surface EMG - Muscle Onset Activation (LM, EO, ES, RA)  
Collection of data for onset of muscle activation will be through the use of surface 
electromyography (SEMG). Therefore, preparation of surface electrode placement will involve 
cleansing of participants skin using abrasive skin cleanser (to reduce skin impedance), removing 
hair with disposable razors, and wipes. Skin will be palpated and electrodes will be placed on LM, 
EO and ES according to the Seniam guidelines for electrode placement (www.seniam.org). 



298 
 

Electrodes will be checked using appropriate active movements prior to testing. Electrodes will 
have a common reference electrode which will be placed on the bony prominences of the wrist 
(Appendix 2, Risk assessment 3) 
   
Ultrasound - Muscle Onset Activation (TrA, EO, IO)  
 
In addition to SEMG recordings, participants will also undergo simultaneous rehabilitative 
ultrasound image (RUSI) capture to gather real time cine loops of the deeper torso muscles (TRA, 
EO, IO). Activation of these muscles will be recorded using mmode on the Mindray M7 
rehabilitative ultrasound scanner using an L7 linear probe. Participants will be familiarised with the 
machinery and gel application by initial static measures taken to capture initial at rest muscle 
thicknesses (Appendix 2, Risk assessment 2) . 
 
Timing of perturbation and synchronising between SEMG and RUSI  
 
Motion capture 
Participants will have motion capture markers placed on anatomical landmarks (appendices) and 
on the perturbation device to capture their movement and the movement of the device plates. 
This information is synchronised using a national instruments device which sends timed pulses 
through with SEMG information to the cortex motion capture system and through the ECG module 
on the ultrasound machine  
 
Perturbation device  
The lower body perturbation device has been used in several pilots and is undergoing reliability 
tests throughout the testing period. During testing the operators will follow a pre-planned latin 
square arrangement of perturbation order and pull the relevant lever (left or right) without 
indicating to the participant which is going to move.  Up to 5 perturbations per trial could take 
place, although pilot test revealed 3 to be optimum. The perturbation creates an anterior slip 
action over a short range (15-20cm) which is well within the range of the participants (e.g. less 
than stepping up onto curb, similar to slipping on ice or slippery surface, within designated small 
range of ankle plantar/dorsi flexion, knee flexion/extension and hip flex / extension) but will be 
unexpected. Trials have indicated a velocity of between 1.21 and 1.6m.s-1 for the left plate and 
1.22-1.6m.s-1 for the right plate. Tests with no weight and 2 loads (participants) of 57kg and 
70.5kg were trialled (appendices). Distance of anterior slips is maintained as the plates are 
encased, however the effect of the tensile spring could have on the velocity will be monitored 
with compression tests (appendices). There are two plates (image in appendix 1) that can be 
moved with the left or right release mechanisms, but only 1 will be released on each trial 
(Appendix 2, Risk assessment 3).  
 
To allow the synchronisation of equipment and for the first of each trial to be unknown the 
following procedures and instructions will be implemented every time, once the participant is 
prepared: 
 

1. Participants stand on slip device with feet placed within prepared markers  
2. Participants will be informed to look ahead at green sign over the door, hands below the 

sternum and holding the data biometric data logger to ensure all wires are kept away from 
the floor, body markers, ultrasound and electrodes. 

3. Participants are asked to stay “upright” no matter what happens.  
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4. A time lapse of no more that 20-30 seconds from this instruction will be to minimise any 
anticipatory effect of the event.  

5. After 20-30 seconds lead researcher (holding the ultrasound probe on the abdomen) will 
lightly tap their foot to get fellow researchers to initiate the NI device, cortex and 
ultrasound simultaneously.  

6. The perturbation device will be triggered approximately 2-6 seconds after the lead 
researchers foot tap to ensure cine loop is captured. This works within the limitations of 
the equipment and optimises the amount of time needed to capture all the data for muscle 
onset. 

 
All data will be collected through several sessions of planned testing on left and right dominant 
participants. Participants will be recruited from healthy, trained and asymptomatic but at risk of 
lower back pain population.    
 
Answer the following question by deleting as appropriate: 
 

1. Does the study involve vulnerable participants or those unable to give informed consent 
(e.g. children, people with learning disabilities, your own students)? No 

 
2. Will the study require permission of a gatekeeper for access to participants (e.g. schools, 

self-help groups, residential homes)? No 
 
3. Will it be necessary for participants to be involved without consent (e.g. covert observation 

in non-public places)? No 
 
4. Will the study involve sensitive topics (e.g. sexual activity, substance abuse? No 
 
5. Will blood or tissue samples be taken from participants? No 
 
6. Will the research involve intrusive interventions (e.g. drugs, hypnosis, physical exercise)? 

Yes 
 
 
7. Will financial or other inducements be offered to participants (except reasonable 

expenses)? No 
 
8. Will the research investigate any aspect of illegal activity? No 
 

9. Will participants be stressed beyond what is normal for them? Yes  
 

10. Will the study involve participants from the NHS (e.g. patients or staff)?? No 
 
If you have answered yes to any of the above questions or if you consider that there are other 
significant ethical issues then details should be included in your summary above. If you have 
answered yes to Question 1 then a clear justification for the importance of the research must be 
provided. 
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*Please note if the answer to Question 10 is yes then the proposal should be submitted through 
NHS research ethics approval procedures to the appropriate COREC. The UREC should be informed 
of the outcome. 
 
In answering ‘Yes’ to questions 6 and 9 the following considerations and actions will be 
implemented: 
 
Q6. Will the research involve intrusive interventions (e.g. drugs, hypnosis, physical exercise)? Yes 
 

a. Participants will have 3-5 perturbations of their lower body, first is unknown. Measures will 
be in place if the perturbation leads to exiting the platform, with unwanted body movement. 
Researcher is next to participant and will steady them if required in the event of 
“overreaction”. In Trials of 10 people this only happened once and the researcher was able to 
steady the participant with ease and no subsequent injury or incident.  
 
b. In addition the use of disposable razors to prepare skin for electrode placement will have 
minimal risk of abrasion. Guidelines for skin prep will be adhered to as per ISPAR generic 
guidelines (gloves, disposable razors, appropriate disposable waste used)  and clinical waste 
disposal - “4.3.1.4 Handling  equipment which may be contaminated with blood or body fluids”   
 

Q9. Will participants be stressed beyond what is normal for them? Yes  
 

a. Participants will be told something will happen but not what or when to ensure the 
validity of the testing situation e.g. external environment is known and whilst the slip is 
well within the range of movement of participants, the perturbation should mimic an 
unknown event or unexpected surface change which comes with some risk, this is 
managed by the degree of perturbation that the slip device will produce (see section 
above – Perturbation Device). 
 

b. Maximal voluntary contraction (MVC) of the LM, EO and ES muscles will be performed 
to permit normalisation of data at a later date. To create MVC for each participant  a 
similar protocol to that of Dankaerts et al (2004) will be used. However, since the 
perturbation is standing the MVC will not be created in a supine or prone position, but 
rather in standing. To create MVC for EO, a resisted standing “crossed or oblique 
motion” will be generated. To generate right EO MVC the investigator will apply 
manual isometric resistance through the right shoulder as they attempt to move 
towards the left. For the left EO the same procedure will be repeated to the left 
shoulder with investigator standing at the right side to apply resistance to the left 
shoulder. For the LM and ES one normalisation technique will be used. Whilst 
participant stands, feet hip width distance, equal pressure on both limbs, they will 
apply contraction whilst trying to extend the spine (no pelvis or hip movement, as 
restricted by position of investigator).  Clear instruction will be given to the participant 
to perform a maximum contraction whilst the investigator applies symmetrical manual 
resistance to the scapular region.   Any experience of delayed onset muscle soreness 
will be explained to participants with advice on how to treat and who to come back to 
if there is any discomfort lasting longer than 2-3 days.     
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Checklist of documents which should be included: 
Project proposal (with details of methodology) & source of funding 
 RS4  - PhD PROPOSAL attached 
Documentation seeking informed consent (if appropriate) 
  
Information sheet for participants (if appropriate) 
  
Questionnaire (if appropriate) 
  

 
 
Signature of Applicant:               Date: 27TH June 2017 
 

Cheryl Barford  
 
 
Signature of Director of Studies: Dr Iain Fletcher  
 

    Date: 27TH June 2017 
 
This form together with a copy of the research proposal should be submitted to the Research 
Institute Director for consideration by the Research Institute Ethics Committee/Panel  
 
 
 
Note you cannot commence collection of research data until this form has been approved 
 
SECTION B  To be completed by the Research Institute Ethics Committee: 
 
Comments: 
 
 
Due to biomechanical nature of the study, 1st review conducted by Dr Laura Charalambous 
26/06/17 
 
Comments provided on text and in summary:  
 
Some further details are required in your recent ethics application. Please may you add/include:  
 
1)      Further detail than currently provided on the perturbation device and the protocol used (this 
is not in the Generic Ethics Document, so it is essentially new equipment).  
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E.g. Details about the device. What is the movement? What is the range of movement? Joint/s etc. 
Time between perturbations? Footwear? Countdown?  
 
2)      Any familarisation to the equipment? Any warm up / cool down? 
3)      States participants will be screened, but no further details of this are provided. E.g. Screening 
for existing injuries? Range of movement/palpation tests prior to participation?  
4)      Any other exclusion criteria?  
5)      What is the protocol for the maximal voluntary contractions?  
6)      More detail of potential risks and how they will be minimised – refer to or include risk 
assessments for the activities  
 
Also, please may you remove the older consent forms (and other references to the original study) 
if the participants are not doing this anymore as it is quite confusing.  
 
 
Changes received 27/06/17 and approved by reviewer 27/06/17.  

Dr Laura Charalambous  Date: 27/06/17 
2nd review conducted by Dr Andrew Mitchell as acting Chair of Ethics Committee for this 
application:  
 

 
 
 
 
 
Signature Chair of Research Institute Ethics Committee: 
 
    Date: 17-7-17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


