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Abstract 

 

Background: Maintaining postural stability during sitting or standing depends critically on 

motor function in the trunk muscles. Trunk muscle function is typically assumed to be poor or 

absent in people with a complete spinal cord injury (SCI) at or above the thoracic level. 

However, recent studies have revealed sparing of trunk muscle function in people with high-

thoracic motor-complete SCI, opening up the possibility for training techniques to improve their 

function. The Lokomat and Ekso are used in gait rehabilitation for people with SCI, but it 

remains unknown how much they engage those trunk muscles that are normally activated during 

walking. These devices provide gait training in different methods. In Lokomat, the trunk is 

rigidly and passively supported by a body weight support harness, which could imply lesser 

recruitment of postural muscles. In contrast, the Ekso requires continuous weight shifting from 

one limb to the other to trigger steps, which could lead to better postural muscle activation.  

 

Objective: To compare trunk muscle activation patterns during Ekso- vs Lokomat-assisted 

walking in people with high-thoracic motor-complete SCI.  

 

Methods: 8 individual with C7-T4 chronic motor-complete SCI were recruited. Subjects 

performed 3 walking conditions (at matched speeds): Lokomat-assisted walking (Loko-TM), 

Ekso-assisted walking on treadmill (Ekso-TM), and Ekso-assisted walking overground (Ekso-

OG). Surface electromyography (EMG) signals were recorded bilaterally from rectus abdominis 

(RA), external oblique (EO), and erector spinae (ES) and normalized to (attempted) maximum 

voluntary contraction (MVC). EMG amplitudes were compared during baseline (lying supine) 
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(BAS) and across the 3 walking conditions. EMG onset and total activity times were compared 

across the 3 walking conditions. 

 

Results: Trunk EMG amplitudes were significantly higher in Ekso-TM compared to both Loko-

TM and BAS. RA and ES amplitudes were not different during Loko-TM walking compared to 

BAS. When Ekso-OG was compared to Ekso-TM, only ES amplitude was significantly different. 

Onset and total activity times were not significantly different across the walking conditions 

 

Conclusion: Ekso-assisted walking was better in activating trunk muscles than the Lokomat-

assisted walking. These results suggest that Ekso could possibly be used to train trunk strength 

and improve sitting postural control in people with high-thoracic motor-complete SCI. 
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Chapter 1: Introduction 

 

Sustaining a spinal cord injury (SCI) is a traumatic and devastating event that has a 

severe impact on a person’s life. The consequences of such injury can be physical, social and 

psychological in nature (Dijkers, 1997; Kennedy & Rogers, 2000; Kennedy, Lude, & Taylor, 

2005; Leduc & Lepage, 2002). It is estimated that there are 12-58 cases per million of SCI 

annually worldwide (van den Berg, Castellote, Mahillo-Fernandez, & de Pedro-Cuesta, 2010). 

Spinal cord injuries could occur as a result of traumatic or non-traumatic injuries to the spinal 

cord. Motor vehicle accidents and falls are the most common causes of traumatic SCI (Singh, 

Tetreault, Kalsi-Ryan, Nouri, & Fehlings, 2014; van den Berg et al., 2010). Non-traumatic SCI 

are caused by other diseases affecting the spine, such as vertebral spondylosis, tumors, vascular 

ischemia, congenital diseases and inflammatory conditions (New, Rawicki, & Bailey, 2002; van 

der Putten, Stevenson, Playford, & Thompson, 2001). 

Depending on the level and severity of the injury, a SCI could result in various levels of 

paralysis causing severe mobility and functional limitations. Many of these functional limitations 

arise from the loss of postural control and the ability to maintain sitting balance due to complete 

or partial paralysis of the trunk muscles (Seelen, Potten, Huson, Spaam, & Reulen, 1997). 

However, trunk muscle function is usually overlooked during SCI classification. The 

International Standards for Neurological Classification of Spinal Cord Injury is used world-wide 

for evaluating and classifying SCI. However, it relies on sensory tests only to evaluate motor 

function in the thoracic segments of the spinal cord, which could result in uncertain assumptions 

about the motor function of these segments (Kirshblum et al., 2011). Electromyography, 

ultrasound, and transcranial magnetic stimulation have been used in several studies to provide 
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evidence that there could be sparing of motor function in the abdominal muscles below the level 

of injury in high thoracic motor-complete SCI (Bjerkefors, Carpenter, Cresswell, & 

Thorstensson, 2009; Bjerkefors et al., 2014; 2015).  These findings have implications for 

rehabilitation as any preserved abdominal muscle function has the potential for further 

improvements in postural control and function (Chen et al., 2003; Fujita et al., 2015). Therefore, 

finding rehabilitative techniques to reactivate and train these muscles could improve postural 

control and stability in persons with SCI.  

In able-bodied individuals, the axial muscles are rhythmically activated during walking 

(Anders et al., 2007; de Sèze, Falgairolle, Viel, Assaiante, & Cazalets, 2007; Tang, Woollacott, 

& Chong, 1998). Robotic exoskeletons, such as the Lokomat and Ekso, are used in gait 

rehabilitation for people with SCI, but it remains unknown the extent to which they engage and 

have the potential to retrain those trunk muscles that are normally activated during walking. The 

Lokomat and Ekso use different methods to provide gait training. In the Lokomat, gait training is 

provided on a treadmill with the trunk passively supported by an overhead harness that provides 

weight support. However, the user’s body is rigidly held within the Lokomat, which could imply 

lesser degree of recruitment of postural muscles. In contrast, gait training in the Ekso is provided 

overground and requires continuous participation from the user to maintain balance while 

shifting weight from one limb to the other in order to activate the Ekso’s legs to walk. This 

mechanism could lead to better postural muscle activation. Therefore, the overall objective of 

this study was to characterize and compare the activation patterns of the axial muscles during 

walking with the Ekso and the Lokomat in people with high thoracic motor-complete SCI. It is 

anticipated that improved understanding of the potential for different rehabilitation therapies to 
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recruit and possibly strengthen the trunk muscles could have implications for improving postural 

control in SCI, thereby enhancing functional performance in daily activities. 

 

1.1 Clinical assessment of neurological damage due to spinal cord injury 

Injury to the spinal cord may occur at various levels of the spine affecting the 

neurological fibers at and below that level. The level and severity of injury determine the extent 

of sensory and motor deficits and the classification of the SCI. The spinal cord consists of 31 

segments: eight cervical, twelve thoracic, five lumbar, five sacral and one coccygeal. Injuries at 

the cervical spine level are the most common, representing 54% of all injuries, followed by 

thoracic- and lumbar-level injuries representing 24 and 19% of all injuries, respectively (van den 

Berg et al., 2010).  High thoracic injuries account for two thirds of all thoracic injuries (Goebert, 

Ng, Varney, & Sheetz, 1991) making the majority of SCIs occurring above T6 level. An SCI can 

also be characterized as complete or incomplete. Complete spinal cord injuries account for 55% 

of all SCIs (Rahimi-Movaghar et al., 2013; M. Wyndaele & Wyndaele, 2006), and are defined as 

the absence of sensory and motor function below the level of injury and extending to the lowest 

sacral segment. An incomplete SCI is defined by partial preservation of sensory and/or motor 

functions in all of the spinal segments below the injury level (Kirshblum et al., 2011).  

Each spinal segment has a pair of dorsal (sensory) and ventral (motor) roots that merge 

together to form spinal nerves projecting from each side of the spinal segment. The skin over the 

entire body can be divided into sensory regions (dermatomes) that are innervated by these 

sensory nerve roots. Likewise, motor roots innervate the muscles and form myotomes. Each 

myotome consists of a single motor nerve root and all the muscles that it innervates (Cho, 2015). 

The International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI) 



4 

  

assessment of the level and severity of a spinal cord injury relies on the systematic clinical 

examination of the sensation and muscle strength as mapped by these dermatomes and certain 

‘key’ myotomes, respectively. In the sensory examination, light touch and pin prick sensation are 

tested on key points in 28 dermatomes from C2 to S4-5 on the right and left sides of the body. 

The motor examination is based on manual muscle testing of key muscles representing 10 

myotomes from the upper (C5-T1) and lower (L2-S1) limbs on both sides of the body. The 

presence of non-key muscle activity can be documented but is not used in determining motor 

levels or scores (Kirshblum et al., 2011). Therefore, the INSCSCI assessment relies only on the 

sensory tests to determine the level and completeness of the lesion in the thoracic segments of 

the spinal cord, which results in uncertain assumptions about the motor function of the axial 

muscles. 

There are two major descending pathways that travel through the spinal cord to innervate 

the trunk muscles: the anterior corticospinal tract, which originates in the motor cortex and 

controls the voluntary movement of the proximal musculature, and the vestibulospinal tract, 

which originates from the brainstem and controls axial muscles to maintain postural stability 

during sitting, standing and walking (Lemon, 2008). According to the site of the lesion, a spinal 

cord injury could affect axial muscle innervation through these tracts. The anterior corticospinal 

tract and the vestibulospinal pathways descend in the ventral column of the spinal cord white 

matter and terminate in the cervical and upper thoracic spinal segments except the lateral 

vestibulospinal pathway, which descends through the ventrolateral and ventral regions of the 

spinal cord white matter (Blumenfeld, 2010).  The majority of abdominal muscles are innervated 

by the intercostal nerves that arise from the anterior rami of the thoracic spinal nerves from T7-

T11, whereas the erector spinae muscles of the back are innervated by the posterior rami of the 
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cervical, thoracic and lumbar nerves (Leonard & Collection, 1995). Thus, lesions to the anterior 

cord in the cervical or upper thoracic tract could result in damage to these tracts.  

 

1.2 Trunk impairment and functional implication after SCI 

Axial muscles have a major role in maintaining sitting and standing postural stability 

(Masani et al., 2009). In sitting and standing positions, trunk muscles are activated to support the 

spine and maintain stability during different postures. For instance, the superficial lumbar 

multifidus (MF), internal oblique (IO), and erector spinae (ES) muscles tend to be activated more 

during erect sitting compared to slump sitting position while rectus abdominis (RA) and external 

oblique (EO) remain activated in both positions (O'Sullivan et al., 2002). In standing, superficial 

MF, IO and ES muscles activity significantly decrease as subjects moved from erect standing 

into sway standing (when participants relax and allow the pelvis to translate anteriorly relative to 

the trunk). Conversely, RA muscle and EO increase in activity in the sway standing position 

(O'Sullivan et al., 2002).  

The ability to maintain postural stability either during sitting or standing is important for 

people with spinal cord injury to perform daily functional activities (Chen et al., 2003; Janssen-

Potten, Seelen, Drukker, & Reulen, 2000; Scivoletto et al., 2008). Seated postural stability is 

especially significant because the majority of people with SCI need to perform their daily 

functional activities while in a seated position. For example, transfers, grooming, showering, 

eating, reaching and dressing all require seated stability, whether in a wheelchair, regular chair, 

commode or over the edge of the bed. Indeed, performance in these activities is correlated to the 

ability to maintain sitting balance (Chen et al., 2003). Consequently, SCI individuals with poor 

sitting balance usually have reduced level of physical activity, participation in sport and quality 
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of life (J. Douglas, 2005). Thus, improving seated postural stability is an essential goal in most 

SCI rehabilitation programs. 

 

1.3 Evaluation of trunk control in SCI reveals sparing of motor function below the level 

of injury 

Clinical assessments of trunk control in SCI typically rely on functional tests of postural 

stability (Boswell-Ruys, Sturnieks, et al., 2009b; Field-Fote & Ray, 2010; Lynch, Leahy, & 

Barker, 1998; Sprigle, Maurer, & Holowka, 2007). Reach tests such as the modified Functional 

Reach test, the Reach Area task, and the Bilateral Reach evaluate postural stability by testing the 

ability of people with SCI to reach in different directions while seated unsupported without 

losing balance (Lynch et al., 1998; Sprigle et al., 2007). Other tests include the Upper Body 

Sway test, which measures how much the person with SCI sway in unsupported quiet sitting and 

the T-shirt test, which measures the time required to put on and take off a t-shirt to evaluate 

sitting balance (Boswell-Ruys, Sturnieks, et al., 2009b). However, these tests could be limited in 

their ability to identify the reliance on compensatory strategies (Potten, Seelen, Drukker, Reulen, 

& DROST, 1999; Seelen, Potten, Drukker, Reulen, & Pons, 1998; Seelen & Vuurman, 1991) to 

complete these tasks.  

In recent years, there has been a move towards developing more precise assessment tools 

to evaluate trunk muscle function. Manual palpation of the abdominal muscles during different 

trunk tasks has been used to assess trunk function in Paralympic athletes (Altmann, Groen, van 

Limbeek, Vanlandewijck, & Keijsers, 2013; Pernot et al., 2011). Ultrasound has also been used 

for assessing abdominal muscle activity by measuring the changes in the muscle thickness 

(Ferreira et al., 2011; Hodges, Pengel, Herbert, & Gandevia, 2003; Teyhen et al., 2007). The use 
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of electromyography (EMG) has also been demonstrated as an effective and reliable method to 

measure abdominal muscle activity and function (Bjerkefors et al., 2014). In a study by 

Bjerkefors et al. (2014) of people with SCI, the sensitivity and specificity of ultrasound and 

manual palpation of abdominal muscles were compared to that of surface EMG. Participants 

with motor-complete SCI ranging from C4 to T5 and matched able-bodied participants were 

tested while performing four different trunk tasks: trunk flexion, trunk rotation to left and right 

and hollowing maneuver. Ultrasound showed high specificity in measuring voluntary muscle 

activity but had poor sensitivity in all tasks. Manual abdominal muscle palpation was more 

sensitive in detecting abdominal muscle function than ultrasound, but with less specificity. 

However, both methods had similar overall agreement and likelihood ratios with EMG 

(Bjerkefors et al., 2014).  

The development of these more precise methods of trunk assessment has revealed the 

presence of abdominal muscle activity below the level of injury in individuals with motor-

complete SCI who would not otherwise be expected to have spared trunk function (Bjerkefors et 

al., 2009; 2014; 2015). Bjerkefors et al. (2009) assessed trunk muscle activation in a person 

classified as T3 complete SCI by recording intramuscular EMG signals in response to balance 

perturbations. They found that the person could activate his trunk muscles voluntarily and also in 

response to sitting balance perturbations (Bjerkefors et al., 2009). Similarly, abdominal muscle 

activity has been detected by using surface EMG while individuals classified as T6 and above 

motor-complete SCI performed different trunk muscle tasks while lying supine: trunk flexion, 

trunk rotation to left and right, trunk lateral flexion to the left and right, hollowing maneuver and 

Valsalva maneuver (Bjerkefors et al., 2015). Surface EMG data showed voluntary muscle 

activity in one or more of the abdominal muscles while the participants performed the trunk tasks 
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(Bjerkefors et al., 2015). In the same study, transcranial magnetic stimulation (TMS) was used to 

investigate the connectivity of the motor tracts below the injury level. Motor evoked potentials 

were observed in the abdominal muscles of all these subjects, despite being clinically classified 

with motor-complete SCI (Bjerkefors et al., 2015). Squair et al. (2016) also showed that persons 

with motor-complete SCI had some observable activation in muscles below the level of injury in 

response to corticospinal or vestibulospinal stimulation (Squair, Bjerkefors, Inglis, Lam, & 

Carpenter, 2016). These findings are valuable because they reveal sparing of motor function in 

muscles that are assumed to be denervated (based on neurological injury level). This has 

implications for rehabilitation as any preserved abdominal muscle function has the potential for 

further improvements in postural control and function (Chen et al., 2003; Fujita et al., 2015). 

 

1.4 Trunk muscle activation during locomotion 

In addition to their role in sitting and standing (Masani et al., 2009), the axial muscles are 

also sequentially recruited during walking and other rhythmic motor tasks (Beliez, Barrière, 

Bertrand, & Cazalets, 2015; de Sèze et al., 2007). During walking, the whole body is involved. 

The lower extremities are the main walking actuators, but the arms and trunk are also involved. 

Indeed, successful locomotion requires not only the production of forces that propel the body 

into motion, but also forces that maintain postural stability (Earhart, 2013). 

 

1.4.1 Recruitment of axial muscles during locomotion: animal studies 

Detailed studies in animals have revealed an organized pattern of coordinated activation 

of muscle groups across the body (Falgairolle, de Sèze, Juvin, Morin, & Cazalets, 2006). For 

example, forward swimming movement in lampreys is achieved by left and right alterations of 
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locomotor burst activity and sequential rostro-caudal activation of trunk muscles which result in 

a propagated wave moving the body forward (Grillner & Wallén, 2002). Notably, this 

coordinated rostro-caudal activation was also found in the isolated spinal cord and the pattern of 

EMG activity obtained from the spinal animals was similar to those obtained from the intact ones 

(Grillner & Wallén, 2002; Wallén & Williams, 1984). The spinal networks that control this 

activity consist of segmental oscillators distributed bilaterally along the spinal cord called the 

central pattern generators (CPGs) (Falgairolle et al., 2006). The CPGs are clusters of 

interconnected neurons that are capable of producing different types of rhythmic motor 

behaviors, such as swimming and walking, in the absence of sensory input (Falgairolle et al., 

2006). The timing of the burst activity in the oscillators is critical for locomotion in lampreys. 

The rostro-caudal activation of the trunk muscles is achieved by a phase lag between bursts in 

adjacent segments. Oscillatory networks on both sides of each segmental level are coupled 

locally to the next segmental oscillators and to the distant segments by long propriospinal 

interneurons to coordinate the timing of activation (Falgairolle et al., 2006; Miller & Sigvardt, 

2000). 

Similar spinal organization to control trunk movements had also been found in 

quadrupeds. In the salamander (or newt), the EMG pattern during swimming is characterized by 

a rhythmic activation of the myomeres and a tonic activation of the limb muscles (as the limbs 

are held against the body). The activation of the epaxial musculature follows a lamprey-like 

rostrocaudal wave down the length of the body, but the propagation stalls at 2 sites along the 

trunk, at the segments located at the fore- and hindlimb level (Delvolve, Bem, & Cabelguen, 

1997). During stepping, both myomeres and limb muscles are rhythmically activated, however, 

two waves of activity are initiated in the anterior and posterior regions of the trunk and travel in 
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opposite directions to generate synchronous activity in the mid-trunk (Delvolve et al., 1997; 

Falgairolle et al., 2006).  These two patterns of axial muscle activity in salamanders were 

proposed to be influenced by the limb CPGs in different ways according to the mode of 

locomotion (Delvolve et al., 1997). During swimming, the propagated wave is accelerated by an 

extra tonic excitation generated by the limbs CPGs and sent to the segmental networks nearby 

the limbs, whereas during walking, the axial oscillators are entrained by the limb CPGs 

(Delvolve et al., 1997).  

Activation of the trunk muscles in synchrony with limb muscles has also been reported in 

different species of mammals (Falgairolle et al., 2006). For example, in walking spinal cats, the 

lumbar trunk muscles contract bilaterally with two bursts of activity per step cycle, similar to 

activation patterns of intact cats (Zomlefer, Provencher, Blanchette, & Rossignol, 1984). A study 

on neonatal rats has also found a rhythmic sequential change in trunk curvature during the step 

cycle (Falgairolle & Cazalets, 2007). In that study, recordings from multiple ventral roots were 

made to determine the pattern of coordination in the isolated spinal cord. It was found that during 

locomotor-like activity, rhythmic ventral root motor bursts propagate caudo-rostrally in the 

sacral and the thoracic spinal cord regions. Also, when isolated, the thoracic, lumbar and sacral 

regions were capable of generating right and left alternating motor bursts. However, the rhythmic 

activity generated by the thoracic and sacral areas is slower than the lumbar area (Falgairolle & 

Cazalets, 2007). 

Studies on adult rats have found that rhythmic hindlimb locomotor activity is driven by 

the circuitry in the lumbar region. Neuronal circuitry capable of rhythmogenesis is distributed 

throughout the lumbar enlargement (Cowley & Schmidt, 1997; Kremer & Lev-Tov, 1997; 

Saunders, Rath, & Hodges, 2004). However, a study on the functional consequences of a spinal 
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cord contusion at the lumbar level in adult rats has found that rhythmic hindlimb motor activity 

is dominated by circuitry in the L1 and L2 segments of the intact spinal cord (Magnuson et al., 

2005). This CPG located in the rostral part of the lumbar enlargement is proposed to provide 

rhythmic locomotor output to neighboring rhythmic elements that in turn transfers and modulates 

the output to segmental motor neurons (Magnuson et al., 2005). Falgairolle et al., (2007) expands 

on this view to incorporate the entire spinal cord proposing that in an intact spinal cord, the 

lumbar area imposes its own timing on the thoracic and sacral spinal cord generators (Falgairolle 

& Cazalets, 2007). The model proposed by Falgairolle et al., (2006) is that there are bilateral 

chains of rhythmic elements at each segmental level. These rhythmic elements are responsible 

for the propagation of activity and axial muscle control. Each segment is connected to the 

adjacent segment by a local circuit interaction. The local circuit interactions between adjacent 

segments mediate the longitudinal propagation of motor activity. Additionally, there are long 

propriospinal pathways that project over many segments along the spinal cord that are also 

involved in the coordination of the propagated activity. Left-right alternation of burst activity is 

regulated by cross-cord inhibitory connections in each segment. Fore- and hind limbs as well as 

axial motor activity are dominated by hindlimb CPG circuitry located in the L1 and L2 segments 

of the intact spinal cord. Therefore, the coordinated axial motor activity in the caudo-rostral 

direction is influenced by the lumbar CPG (Falgairolle et al., 2006).  

 

1.4.2 Axial muscle activation patterns during human walking 

Achieving successful locomotion is more challenging and complex in human bipedal 

walking than quadrupeds. This is due to the smaller base of support in bipedal gait, the long 

single-support stance phase, and the fact that 2/3 of the body’s mass is located in the head, arm 
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and trunk segments (Winter, Ruder, & MacKinnon, 1990).  With these extra challenges, the axial 

muscles need to counter-balance the upper body acceleration and help maintaining its steadiness 

during walking (de Sèze et al., 2007; Tang et al., 1998; Winter & Yack, 1987). 

 

Kinematic studies of the trunk during walking showed a general inclination of the trunk 

in the sagittal plane with lateroflexion on each side per gait cycle in the frontal plane and a phase 

opposition between higher and lower trunk rotations in the horizontal plane (Ceccato, de Sèze, 

Azevedo, & Cazalets, 2009; Feipel, De Mesmaeker, Klein, & Rooze, 2001). The general 

inclination of the trunk in the sagittal plane occurs during the preparatory phase of gait initiation 

until the double support phase with a decrease in lordosis angle. This inclination oscillates 

cyclically during walking, with peak inclination occurring just before double support and the 

lowest just after double support. In the frontal plane, the trunk bends towards the side of the first 

stance leg during the preparatory phase until the middle of the unloading phase. This bending 

reverses towards the side of the first swing passing through an aligned position at the transition 

between unloading and swing phase until the middle of the double support phase. In the 

horizontal plane, the thoracic region of the trunk rotates towards the swing leg and the direction 

of the rotation inverts around the double support phase (Ceccato et al., 2009).   

Trunk muscles are sequentially activated during walking and have been noted along with 

the hip muscles to play several roles to maintain upper body steadiness (de Sèze et al., 2007; 

Tang et al., 1998). For instance, the head-arm-trunk flexion moment, which result from the 

posterior hip acceleration at heel strike is counter-balanced by the activation of the trunk and hip 

extensor muscles (Winter & Yack, 1987). Activity in the ES, gluteus maximus and hamstrings 

muscles is initiated prior to heel strike and remains active during the first half of the stance phase 
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of walking to maintain the upright posture of the trunk (Tang et al., 1998). Lower limb, 

abdominal and back muscles contribute to the angular acceleration of the trunk during walking. 

A study investigating the contribution of individual muscles to sagittal and frontal plane angular 

accelerations of the trunk in walking found that during the initial double support phase, the back 

and hip-flexor muscles accelerated the trunk backward, while the hamstring, abdominal and 

gluteus muscles accelerated it forward (Klemetti, Steele, Moilanen, Avela, & Timonen, 2014). In 

the frontal plane during double support, the abdominal and back muscles on each side are 

primarily responsible for producing the angular accelerations for their side of the body. During 

single support phase in the sagittal plane, muscles that contributed to trunk angular movement 

during the double-support phase had the same role, but the contribution of individual muscles 

varied with time. For example, the contribution of the hip flexors in the swing limb (contralateral 

side) decreased from the initial double support phase to the end of single support phase. 

However, abdominal and back muscles had large contributions to the trunk angular acceleration 

in both the sagittal and frontal planes (Klemetti et al., 2014). Therefore, enhancing the function 

of the abdominal and back muscles could improve postural stability during locomotion. 

Activation of the trunk muscles is modulated throughout the gait cycle and each muscle 

has a different activation onset time and pattern (Saunders, Schache, Rath, & Hodges, 2005; 

Waters & Morris, 1972; White & McNair, 2002). As aforementioned, the peak activity for the 

ES muscles occur just before heel-strike to control forward rotation of the trunk (White & 

McNair, 2002; Winter & Yack, 1987). However, its EMG activity considerably decreases after 

heel strike (White & McNair, 2002). RA, IO and EO muscles have been reported in several 

studies to have two patterns of EMG activity during locomotion (Callaghan, Patla, & McGill, 

1999; Sheffield, 1962; Waters & Morris, 1972; White & McNair, 2002; Winter & Yack, 1987). 
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In the majority of able-bodied participants in these studies, RA muscle activity was low and 

constant throughout the gait cycle. However in a small group of participants, RA was active at 

heel strike (White & McNair, 2002), and in another study, RA was active at mid stance in 50% 

of the participants (Waters & Morris, 1972). The IO muscle in the majority of participants 

showed continuous activity throughout the gait cycle (Waters & Morris, 1972; White & McNair, 

2002), although 36% of the participants in the White et al. study had a peak activity at mid to late 

stance phase of each leg (White & McNair, 2002). Similar to IO, the EO muscle had a low and 

constant activity throughout the gait cycle in the majority of participants (Callaghan et al., 1999; 

White & McNair, 2002). However, 19% of the participants in the White et al. study showed peak 

EMG activity in the EO muscle occurring close to heel strike (White & McNair, 2002). 

Trunk activation pattern also has been noted to change with walking speed. In a study by 

Anders et al. (2007), trunk muscle activation in able-bodied participants was investigated by 

recording surface EMG during treadmill walking at different speeds. They observed that each 

muscle had a different activation pattern throughout the gait cycle. With increasing walking 

speed, the phase dependent activation remained similar, but the mean amplitudes increased 

generally (Anders et al., 2007). RA was most activated at ipsilateral heel strike, and at ipsilateral 

as well as contralateral propulsion. In the IO and EO, peak EMG amplitude occurred during 

contralateral propulsion phase. Also, distinct but smaller amplitude peaks for IO occurred at 

ipsilateral heel strike and pad (the ball of the foot) contact and for EO with the contralateral heel 

strike. For the MF and ES, peak amplitude was observed for both at heel strike (Anders et al., 

2007). Also, activation peaks at ipsilateral heel strike and pad contact as well as during 

contralateral heel strike and propulsion phase increased with increasing speed. However, low-
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level activations during stance phases were independent from walking speed (Anders et al., 

2007).  

The speed and mode of locomotion also affects the pattern of recruitment of the trunk 

muscles and their respiratory and postural coordination. In a study by Saunders et al. (2004), 

participants walked and ran on a treadmill at different speeds while EMG activity was recorded 

from deep and superficial abdominal muscles. Similar to Anders et al. study, all trunk muscles 

showed increased activation with speed except transverse abdominis (TrA). At low speeds, TrA 

was activated tonically, but when speed increased, periods of inactivity of TrA (possibly due to 

increased intra-abdominal pressure) were noted following the ipsilateral toe-off phase. 

Additionally, when participants walked and ran at the same speed, there was a significant 

increase in the duration of EMG activity of ES and deep and superficial MF muscles with the 

change from walking to running, however the tonic activation of TrA was not affected. Saunders 

et al. (2004) also identified a dual postural and respiratory modulation for TrA, IO and OE 

muscles, but no respiratory activity was identified for the paraspinal muscles. Remarkably, as 

locomotor speed increased, postural demand increased, but the TrA, IO and EO muscles 

respiration’s demand decreased. This was explained as that during locomotion, the central 

nervous system has to coordinate abdominal muscle activity to simultaneously control expiratory 

airflow and postural control, however under certain conditions it may give one system a priority 

(Saunders et al., 2004). 

Similar to cats, lumbar ES muscles during human locomotion contracts bilaterally with 

two burst of activity per step cycle (Thorstensson, Carlson, Zomlefer, & Nilsson, 1982). In fact, 

the metachronal propagation is not only restricted to animals. In a study by de Seze et al., (2007), 

EMG recordings were obtained from back muscles across various trunk levels while participants 
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performed different locomotor behaviors: forward walking (FW), backward walking (BW), 

amble walking (arms moved in phase with ipsilateral leg), walking on hands and knees (HK), 

walking on hands with the knees on the edge of a treadmill (Hand), and swinging arms while 

standing (Swing). Back muscle activation and the direction of the motor wave differed according 

to the walking condition. Double bursts of rhythmic activity with rostro-caudal propagation 

occurred during FW, BW and HK conditions, and with a stationary motor wave in amble walk 

condition, while Swing and Hands conditions produced a monophasic rhythmic activity with a 

caudo-rostral propagation. These results show specificity in the temporal pattern elicited in the 

axial muscles that depend on the performed motor task. These similarities between human (de 

Sèze et al., 2007) and rat data (Falgairolle & Cazalets, 2007) indicate that comparable 

mechanisms could be at work, which suggest that despite the more complex coordination, the 

coordination of trunk activity during bipedal walking is based on the same bilaterally-distributed 

chain of oscillators identified in the lamprey, but with limb CPGs and the associated 

interconnected pathways described in the model of Falgariolle et al. (Falgairolle et al., 2006). 

 

1.5 Gait training as a potential strategy to facilitate trunk muscle activation 

Dynamic postural control is a major contributor to independent gait performance (Winter, 

1995). As reviewed above, the trunk muscles are sequentially activated during locomotion to 

maintain upper body steadiness (de Sèze et al., 2007; Tang et al., 1998). Gait training 

exoskeletons are commonly used to train walking function in people with SCI, but it remains 

unknown how much they engage postural control muscles that are normally activated during 

walking (Anders et al., 2007). Successfully engaging and training these muscles during walking 

with exoskeletons could possibly enhance their activation. 
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Various gait orthosis have been used to facilitate walking for people with complete SCI, 

starting with the knee-ankle foot orthosis (KAFO), first introduced in the 1950s as a walking 

brace for people with lower thoracic and lumbar SCI (Mikelberg & Reid, 1981; Rusk, 1964). 

Soon after that, a pelvic component was added to it forming the hip-knee-ankle-foot orthosis 

(HKAFO) to train people with higher thoracic SCI (Rusk, 1964). It consists of bilateral knee-

ankle-foot orthoses that are connected together with hip joints. The HKAFO provides 

mediolateral stability during stance and prevent the pelvis from tilting downward on the swing 

leg to assist foot clearance during swing. Persons with paraplegia can walk using traditional 

HKAFOs and crutches with a swing-through gait pattern. However, this gait pattern has high 

levels of energy consumption as it exerts high loads on the upper limbs (Noreau, Richards, 

Comeau, & Tardif, 1995). The reciprocal gait orthosis (RGO) was then introduced as a more 

effective modification of the traditional HKAFOs (R. Douglas, Larson, D'Ambrosia, & McCall, 

1983). A key feature of the RGO is its hip mechanism, hip extension in one leg assist hip flexion 

of the other leg when stepping. This is achieved by linking the two legs of the RGO together by a 

band, two cables or a push-pull rod to transfer movement from one leg to the other (Harvey, 

2008). While the RGO is more effective than the traditional HKAFOs in improving gait 

parameters for people with SCI, its energy expenditure was also high (Arazpour, Bani, & 

Hutchins, 2012; Jefferson & Whittle, 1990). 

The powered gait orthoses or powered robotic exoskeletons were introduced later to 

lower the energy expenditure. In these devices, the lower limbs are moved by electrically 

motorized actuators acting at the hips and knees. Robotic exoskeletons can be divided into two 

categories: treadmill-based robotic exoskeletons, and those that provide gait training overground. 

In treadmill-based robotic exoskeletons, such as the Lokomat (Hocoma, Switzerland) or the 



18 

 

lower-extremity powered exoskeleton (LOPES) (University or Twente, Netherlands), hip and 

knee actuators assist the lower limbs to move through the gait cycle while the user’s body weight 

is partially supported through an overhead harness system. Body weight support treadmill 

training (BWSTT), whether manually-assisted or robot-assisted, has arguably received the most 

attention in recent years in gait rehabilitation research for people with SCI (Hicks et al., 2005; 

Hornby, Zemon, & Campbell, 2005; Lam et al., 2015; Protas et al., 2001; Thomas & Gorassini, 

2005; Wernig, Nanassy, & Muller, 1998; Wirz et al., 2005). Through BWSTT, participants can 

gain intensive and repetitive practice of walking while being safely supported to their capacity.  

Continued technological developments have seen the availability of devices that enable 

overground gait training. These devices are powered by wearable rechargeable batteries and have 

an exoskeleton with joints that correspond to those of the human body’s lower limbs. Several 

devices are commercially available for personal or rehabilitation use, such as the ReWalk 

(ReWalk Robotics, Israel), the Indego (Parker Hannifin Corporation, USA) and the Ekso (Ekso 

Bionics, USA).  All these devices require the use of a hand-held assistive walking aid (wheeled 

walker or forearm crutches). However, the control of walking varies between these devices. In 

the ReWalk, a controller is used to switch between sitting, standing and walking modes. Steps 

are triggered by a tilt sensor worn in the pelvic brace that detects upper body forward flexion 

(Zeilig et al., 2013). Similar to the ReWalk, the Indego relies on upper body forward tilt to 

trigger stepping. It has a control system that estimates the user’s center of pressure (CoP) and 

uses the distance between it and the location of the ankle joint to trigger the stepping and switch 

between sitting, standing, and walking (Quintero, Farris, Hartigan, Clesson, & Goldfarb, 2011). 

The Ekso uses a different mechanism for stepping as it depends on the user’s ability weight shift 

from side to side. It has adjustable lateral and forward targets that the user has to achieve to 
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trigger each step. Unlike the treadmill-based exoskeletons, walking with these devices require 

weight shifting, maintaining standing balance, and repositioning of the assistive device (walker 

or forearm crutch). However, both the treadmill-based and the overground robotic exoskeletons 

have the advantage of reducing the energy consumption compared to the mechanical orthoses, 

such as the RGO (Arazpour et al., 2015). In fact, one study has found that the Ekso has a similar 

energy expenditure to walking in persons without disability (Jochen Kressler et al., 2014).  

Both the Lokomat and Ekso robotic exoskeletons facilitate gait training for people with 

SCI (Alcobendas-Maestro et al., 2012; Kressler et al., 2014; Lam, Eng, Wolfe, Hsieh, & 

Whittaker, 2007; van Hedel, 2006), but it remains unknown how they engage postural muscles 

that are normally activated during standing and walking. BWSTT has not been shown to be 

successful in improving standing balance in people with motor-incomplete SCI (Alexeeva et al., 

2011). In an RCT by Alexeeva et al (2011), they compared BWS ambulation on a fixed track and 

on a treadmill with comprehensive physical therapy for improving walking speed and standing 

balance in chronic motor-incomplete SCI. They found that significant improvement in standing 

balance was noted when BWS ambulation was delivered on the overground fixed track or with 

comprehensive physical therapy but not with treadmill-based BWS ambulation (Alexeeva et al., 

2011). The reason was likely that the overground walking challenges standing balance and the 

users need to continuously reposition their body and the assistive walking device to maintain 

balance before taking the next step (Alexeeva et al., 2011). Similarly, research on individuals 

with multiple sclerosis showed no activity in the postural muscles (RA, EO, ES and MF) while 

participants walked with a BWS system on a treadmill (Swinnen, Baeyens, Pintens, Van 

Nieuwenhoven, Ilsbroukx, Clijsen, et al., 2014a). Treadmill-based gait training with the trunk 

passively supported by a harness implies less challenge to postural stability, and therefore less 
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postural muscle activity (Swinnen, Baeyens, Pintens, Van Nieuwenhoven, Ilsbroukx, Clijsen, et 

al., 2014a). Consequently, BWSTT might not trigger postural muscles and movements of the 

trunk that are important for balance control. 

 

1.6 Summary and rationale 

Motor function in the thoracic segments of the spinal cord is usually overlooked because 

standard clinical assessments have relied only on the sensory tests to infer the level and 

completeness of the lesion in the thoracic segments of the spinal cord. Indeed, recent studies 

using targeted approaches to assess the trunk have revealed sparing of trunk muscle function in 

individuals with SCI classified with thoracic or cervical motor-complete injuries. Therefore, 

finding training techniques to recruit this preserved muscle function in the trunk could enhance 

their activation and potentially lead to better improvements in postural control and function. 

Trunk muscles are sequentially activated in a specific pattern according to the performed 

locomotor task. The timing of this rhythmic activity in the trunk muscles is suggested to be 

controlled by the spinal cord CPGs and influenced by lower limb CPGs. The Lokomat and Ekso 

are two robotic exoskeletons that have been developed as tools to retrain walking function in 

people with SCI. But it remains unknown how well they engage the axial muscles that are 

normally activated during walking. The Lokomat provides gait training on a treadmill with the 

trunk passively supported by an overhead harness with varying levels of body weight support, 

depending on the functional status of the subject. Although modulating the level of body weight 

support has been touted as a key factor in facilitating locomotor recovery, it also implies lesser 

degree of recruitment of postural muscles (since the body is supported and held rigidly within the 

Lokomat). In contrast, gait training with the Ekso is provided overground and requires active 
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participation from the users to reposition their body and the assistive walking device to maintain 

balance before taking the next step. It should be expected, therefore, that using the Ekso could 

better facilitate axial muscle recruitment, and ultimately, postural control. 

Therefore, the purpose of this study was to characterize and compare the activation 

patterns of the trunk (abdominal and back) muscles during walking with two different robotic 

exoskeletons (Lokomat and Ekso) in people with high thoracic motor-complete SCI. A 

secondary aim was to reference the activation patterns of the axial muscles elicited from these 

two exoskeletons in people with SCI with those normally observed during regular overground 

walking in able-bodied individuals. 

 

1.7 Specific aims: 

Aim 1A: To compare the amplitudes of the trunk muscle activity during quiscent 

Lokomat-assisted treadmill walking (Loko-TM) vs. Ekso-assisted walking on a treadmill (Ekso-

TM) in people with high thoracic motor-complete SCI. 

Aim 1B: to compare the timing of trunk muscles activity during Loko-TM walking to 

Ekso-TM walking in people with high thoracic motor-complete SCI. 

Aim 1C: To determine the effect of the hand-held walking aid on trunk muscle activation 

patterns (amplitude and timing) during Ekso-assisted walking in people with high thoracic 

motor-complete SCI by comparing Ekso assisted walking overground (Ekso-OG) with Ekso-TM. 

Aim 2: To compare the trunk muscle activation patterns elicited during Ekso- and 

Lokomat-assisted walking with those recorded from able-bodied participants during Ekso and 

Lokomat assisted walking as well as regular overground walking at matched speeds. 
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1.8 Specific hypotheses: 

Hypothesis 1a: Trunk muscles will have higher EMG amplitude during Ekso-TM 

walking compared to baseline (supine lying) and similar amplitudes during Loko-TM walking 

compared to baseline in people with high thoracic motor-complete SCI.  

Hypothesis 1b: The activation patterns of the trunk muscles will have similar timing but 

greater mean EMG amplitude during Ekso-TM walking compared to Loko-TM walking in 

people with high thoracic motor-complete SCI. 

Hypothesis 2: The timing and mean EMG amplitude of the trunk muscles will not be 

different between Ekso-OG and Ekso-TM conditions in people with high thoracic motor-

complete SCI. 

 

 



23 

 

Chapter 2: Methods 

 

2.1 Study design 

Cross-sectional. 

 

2.2 Study participants 

Participants with SCI were recruited to this study if they met the following inclusion 

criteria: 1) had chronic (≥9 months post-injury) motor-complete (ASIA A or B) spinal cord 

injury at C7-T6 with bilateral functional upper extremity strength; 2) were in a stable medical 

condition; 3) involved in a standing program and were able to tolerate standing on a standing 

frame for at least 30 minutes; 4) were 19 to 65 of age; 5) within the capacity limits of the 

Lokomat and Ekso (weight <100kg, height between 157 and 188 cm, standing hip width <47.5 

cm, and near normal range of motion in hips, knees and ankles); and 6) were able to understand 

and follow directions; 7) had been trained to walking with the Ekso and had just achieved their 

self-selected comfortable Ekso-assisted overground walking speed of 1 km/h. The exclusion 

criteria were: 1) SCI onset less than 9 months; 2) age under 19 years or over 65 years; 3) were 

pregnant 4) had a medical condition that affect their capacity to exercise, such as cardiovascular 

conditions and orthopedic conditions; 4) significant hip, knee, ankle range of motion limitation; 

5) leg length discrepancy >1.25 cm in the upper leg or 2 cm in the lower leg; 6) spasticity 

classified 4 (rigidity) on modified Ashworth’s scale; 7) spinal instability; 8) uncontrolled 

autonomic dysreflexia; 9) open skin ulceration on buttocks or surfaces in contact with Lokomat 

or Ekso;10) uncontrolled orthostatic hypotension; or 11) did not receive gait training on Ekso 

and Lokomat. 
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Able-bodied participants with the following inclusion criteria were recruited: 1) were 19 

to 65 years of age; 2) were in a stable medical condition; 3) were able to tolerate an upright 

posture for 30 minutes 4) were able to understand and follow directions. The exclusion criteria 

are: 1) under 19 years of age or over 65 years of age; 2) had a medical condition that affect their 

capacity to exercise, such as cardiovascular conditions and orthopedic conditions; 3) unable to 

understand and follow directions. 

 

2.3 Procedures 

All study measurements were conducted at the Human Locomotion Laboratory at the 

Blusson Spinal Cord Center (ICORD) in a single recording session.  

 

2.3.1 Assessment of impairment 

Participants with SCI underwent a standard neurologic examination, the ISNCSCI, to 

evaluate motor and sensory function and classify their injury (Kirshblum et al., 2011). The motor 

score of the ISNCSCI is a 5-point grading scale ranging from 0 (total paralysis) to 5 (active 

movement through full range of motion against full resistance) to measure upper and lower 

extremities muscle strength. A score out of 50 is summed for each side. The sensory score of the 

ISNCSCI measures light touch and pin prick sensation at each dermatome using a 3-point 

grading scale ranging from 0 (absent) to 2 (normal). A score out of 112 is recorded for each light 

touch and pinprick sensation. The ISNCSCI examination was conducted by an experienced 

registered nurse working in a spinal cord injury unit. 
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2.3.2 Trunk function and balance assessment 

Participants with SCI performed a trunk function and balance test that was developed to 

classify para-kayak athletes (Aaslund & Moe-Nilssen, 2008a).  The test consisted of a series of 

manual muscle tests and functional trunk tests (Appendix A). For the manual muscle tests, the 

participants performed seven trunk muscle tasks: trunk flexion, trunk rotation to the right and 

left, trunk side bending to the right and left, trunk lumbar extension and trunk and hip extension. 

Each task was scored on a 0-2 scale where 0 indicated the participant inability to perform the 

task or had no palpable muscle activity, 1: the participant is able to partially perform the task and 

had detectable contractile activity, and 2: is able to complete the full range of motion of the task. 

As for the functional tests, the participants performed a series of static and dynamic sitting 

balance tasks, as well as, perturbation tasks while sitting on plinth or a wobble cushion. Similar 

to the manual muscle tests, the functional tasks were scored on a 0-2 scale according to the 

participant’s ability to perform the task. The maximum score for the manual muscle tests and 

functional tests is 84. Finally according to the participants’ scores, the test classifies them into 3 

clusters: cluster 1 is (0-16 points), cluster 2 (17-68 points), and cluster 3 (69-84). This test was 

suggested to be a valid method to assess specific trunk function in para-kayak athletes and can be 

used in defining whether the athlete had no, partial or full trunk function (Aaslund & Moe-

Nilssen, 2008a). 

 

2.3.3 Data Collection Testing Protocol 

2.3.3.1 Maximum (attempted) voluntary contraction 

In order to normalize the electomyographic (EMG) signals from the trunk muscles during 

the walking tests, a series of EMG recordings were collected from each participant while 
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attempting to perform a maximum voluntary contraction (MVC) of the following muscles, 

bilaterally: RA, EO, and ES. Surface EMG sensors (EMG sensor SX230-1000, Biometrics, 

Newport, UK) were placed on each muscle as follows: RA - 3 cm lateral and 2 cm caudal to 

umbilicus; EO - 2 cm below the lowest point of the rib cage (Bjerkefors et al., 2015); ES - 2 cm 

lateral to the L4-L5 spinous processes (Cholewicki, Panjabi, & Khachatryan, 1997). The skin 

area was prepared by shaving and cleansing using alcohol swabs to reduce skin impedance 

before placing the electrodes. Adhesive tape was applied to secure the electrode with the skin. 

EMG data were recorded through a portable data acquisition system (DataLOG, Biometrics, 

Newport, UK) with a ground reference placed around the wrist (R506 Wrist Strap, Biometrics, 

Newport, UK). EMG signals were recorded at a sampling frequency of 1000 Hz.  

To record RA MVC, participants were lying supine on a plinth and instructed to breath 

out for 2 seconds, breath in (2 seconds), then breath out (2 seconds), then do an attempted trunk 

flexion and hold for 5 seconds. A research assistant stabilized the participant’s trunk to the plinth 

by holding them down by the shoulders. Using a similar breathing technique, EO MVC was 

recorded by asking the participant to perform a lateral trunk flexion to the right and to the left 

while the participant’s shoulder and hip were stabilized. Participants also performed an 

attempted back extension for 5 seconds while lying prone and the shoulders stabilized against the 

plinth. Each test was repeated 2 times with 1 minute of rest between contractions.  

In addition to the MVC, baseline EMG activity (BAS) for all muscles was recorded while 

participants lay relaxed on the plinth. This was used to define quiescent background trunk 

muscle EMG amplitude.  

Breathing was monitored during the MVC and the walking trials by a custom made 

thermocouple (a temperature sensor) placed under the participants’ right or left naris. Breathing 



27 

 

was monitored by the change in the air temperature, warm air (expiration), and cold air 

(inspiration) (Noah, Boliek, Lam, & Yang, 2008). Data recorded from the thermocouple was 

sampled at 1000 Hz. 

 

2.3.3.2 Walking trials 

Foot switches (FS4, Biometrics, Newport, UK) were placed under the heel and big toe of 

each foot to determine heel strike and toe off for each step. An accelerometer (ACL300, 

Biometrics, Newport, UK) was placed on the spinous process of C7 to detect the trunk 

acceleration. Data recorded from the foot switches and accelerometer was sampled at 1000 Hz. 

The EMG electrodes, ground reference, accelerometer and thermocouple were connected to 2 

portable dataports (PS900, Biometrics, Newport, UK). The portable systems were connected 

over Bluetooth to a data management and analysis software (DataLOG, Biometrics, Newport, 

UK).  

Data were recorded while participants walked in three walking conditions: 1) Ekso 

overground (Ekso-OG); 2) Ekso on a treadmill (Ekso-TM); and 3) Lokomat (Loko-TM). Ekso 

and Lokomat walking conditions were performed in a counterbalanced order. 

 

2.3.3.2.1  Ekso-OG trial 

A trained physical therapist took the lead to monitor and instruct the participant on how 

to transition from sit-to-stand and walk using the Ekso device. Another research assistant walked 

beside the participant to monitor their safety. The physical therapist provided a familiarization 

period to allow the participant to become comfortable using the device and set appropriate levels 

for each gait parameter (e.g. step length, height, and swing time). Participants were asked to walk 
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back and forth along a 14-m walkway at their comfortable speed while tethered on an overhead 

track to provide support in case of falling.  

Participants had previously completed prescribed Ekso training (concurrent clinical 

study), and achieved “ProStep” walking mode on the Ekso and a walking speed of at least 1 

km/h (0.3 m/s; the lowest treadmill speed of the Lokomat). Speed was calculated from the time 

taken to traverse the middle 10 meters of the 14-m walking, as measured by a stopwatch. All 

participants walked with the “ProStep” mode, in which steps are automatically triggered when 

the Ekso sensed the participant reached weight-shifting targets.  

 

2.3.3.2.2 Ekso-TM trial 

In this condition, participants walked with the Ekso on the Lokomat’s treadmill while 

using the handrails for support. The Lokomat’s body-weight support system was used as a tether 

for safety. A physical therapist stood behind the participant for guidance and support while a 

research assistant increased the speed of the treadmill to ensure it matches with the participant’s 

walking cadence with the Ekso-OG. EMG and kinematic data was recorded for at least 30 steps. 

Rest breaks were provided as needed. 

 

2.3.3.2.3 Loko-TM trial 

Participants were fitted to the Lokomat with cuffs around the mid-thigh, upper shank, and 

lower shank as well as a waist belt to provide trunk support. An overhead suspension system that 

is positioned over the treadmill was used to provide BWS through a wearable harness that was 

attached to the suspension system. The Lokomat assisted leg movements. The ankles were 

secured in a neutral position by elastic straps attached around the foot and suspended from a 
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horizontal bar positioned below the knee. The amount of BWS through the suspension system 

was adjusted to 50% of the participant’s body-weight. Participants were checked for proper 

stance limb kinematics (i.e. upright posture, hip and knee joints extended) during walking. The 

treadmill speed was matched to the other walking conditions. EMG and kinematic data were 

recorded for at least 30 steps. Rest breaks were provided as needed. 

 

2.3.3.2.4 Additional and control experiments 

To control for the effects of BWS on trunk muscle activity, 3 able-bodied participants 

additionally performed a Loko-TM condition with 5 kg BWS (the lowest BWS possible during 

Loko-TM) to be compared with 50% BWS (required of the SCI subjects during Loko-TM 

condition).  

To investigate the potential effects of speed, we asked able-bodied subjects (n=5) to walk 

on a treadmill without robotic assistance at the same treadmill speed matched to their robotic-

assisted walking trials. Additional Ekso-TM and Loko-TM trials at variable speeds were also 

attempted in SCI subjects who could walk in Ekso-TM with higher speed.  

We additionally recorded EMG activity in SCI subjects from ES at T3 and T12 level to 

observe ES onset at different levels. 

 

2.4 Data analysis 

All EMG data were filtered with a sixth-order dual pass Butterworth filter at a high-pass 

of 30 Hz, rectified, then filtered with a sixth-order dual pass Butterworth filter at a low-pass of 

50 Hz using custom-written routines written in MATLAB (Mathworks, Natick, MA, USA). For 

each MVC trial, a MVC value for each muscle was obtained by calculating the root mean square 
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(RMS) of a 1000-ms window centered around peak contraction. The average RMS value of the 2 

MVC trials was then calculated and used to normalize the EMG data obtained during the 

walking trials.  

Signals from the footswitches were used to divide the data into gait cycles (right heel 

strike to the next right heel strike). The filtered and rectified EMG data of the walking trials were 

divided into individual periods synchronized to the gait cycles. The RMS amplitude was 

calculated over each gait cycle for each muscle in each condition. The mean RMS across all gait 

cycles in each condition was then calculated for each muscle and normalized to the MVC (i.e. 

the mean RMS was divided by the MVC mean RMS value and multiplied by 100 to represent 

EMG amplitude as a percentage of MVC). Then the RMS values for the right and left sides were 

summed for each muscle for each participant. 

EMG onset and total activity times were quantified as a percentage of the averaged gait 

cycle. The EMG signal for each muscle in each condition was rescaled to the minimum and 

maximum amplitude of the gait cycle. The minimum EMG amplitude was considered as 0 and 

the maximum as 100. The threshold for the muscle activity was set at 30% of the maximum 

muscle contraction (de Sèze et al., 2007). The EMG onset was defined as the earliest time in the 

gait cycle when EMG amplitude crossed above the threshold and remained there for more than 

5% of the gait cycle. EMG burst offset were defined as the point where EMG activity returned 

below the mean and remained there for more than 5% of the gait cycle. The total percentage of 

the gait cycle for which each muscle was active was calculated for each walking condition (total 

activity time). In addition to onset and total activity times, the number of bursts for each muscle 

in each condition was calculated. 



31 

 

Breathing and accelerometer data were filtered with a fourth-order dual pass Butterworth 

filter at a low-pass of 1 Hz before it was divided into individual periods (gait cycles) to show 

breathing activity and trunk acceleration during walking.  Breath-to-gait cycle ratio was also 

calculated by counting the number of breathing cycles (inhalation-exhalation) in the first 20 gait 

cycles synchronized by the right heel strike of each condition and dividing that by 20 (number of 

gait cycles). Respiration ratio (respiration/minute) was also calculated for each walking 

condition. The trunk anterior-posterior and medial-lateral accelerations were calculated from the 

averaged gait cycle by subtracting the minimum anterior-posterior and medial-lateral 

accelerations from the maximum in each direction for each walking condition.  

Data from the able-bodied participants were recorded and analyzed in the same way to 

provide a reference and for descriptive purposes. 

 

2.5 Statistical analysis  

All statistical tests were analyzed at an alpha of 0.05 using SPSS software. EMG 

amplitude of each muscle was compared across 4 conditions: BAS, Loko-TM, Ekso-TM, and 

Ekso-OG. Onset, total activity time, and number of bursts for each muscle, as well as, trunk 

acceleration were compared across 3 walking conditions (Loko-TM, Ekso-TM, and Ekso-OG). 

All comparisons were performed using a repeated measures ANOVA. Four a priori post-hoc 

comparisons were performed to compare EMG amplitude between the following pairs of 

conditions: BAS–Loko-TM; BAS–Ekso-TM; Loko-TM–Ekso-TM; Ekso-TM–Ekso-OG. The 

Bonferroni correction was used to account for the 4 multiple comparisons (adjusted alpha = 

0.05/4 = 0.0125). For EMG onset time, total activity time and number of bursts, 2 a priori post-

hoc comparisons were planned to compare between Loko-TM–Ekso-TM, Ekso-OG–Ekso-TM 
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(adjusted alpha = 0.05/2 = 0.025). For significantly different results, partial Eta squared was 

calculated to report effect size. Observed power was also reported. Prior to conducting ANOVA, 

normal distribution of data was checked by Shapiro-Wilk test. The assumption of Sphericity was 

tested with Mauchly’s test, and when violated, Greenhouse-Geisser correction was applied. 
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Chapter 3: Results 

 

3.1 Participant characteristics 

8 SCI and 8 able-bodied subjects enrolled in this study. All SCI subjects were able to 

complete all assessment procedures and the three testing conditions with a walking speed 

ranging between 1-1.4 km/h. Key participant characteristics are summarized in Table 1 and 

Table 2. 
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Table 1 Detailed characteristics of participants with SCI 

 

Abbreviations: M = male; F = female; AIS = American Spinal Injury Association Impairment Scale; A = complete impairment; B = sensory incomplete; 

ZPP R/L= zone of partial preservation on the right and left side.

 

Subject 

ID 

 

Age 

(years) 

 

 

Sex 

 

Height 

(cm) 

 

Weight 

(kg) 

Years 

post 

injury 

 

Level of 

injury 

Sensory score Total 

motor 

score 

 

 

AIS 

 

ZPP 

R/L 

Trunk 

test 

score 

Testing 

speed 

(km/h) 

Light 

touch 

Pin-

prick 

S01 33 M 177 68 13 T4 48 49 50 A T6/T6 4 1.1 
S02 41 M 183 92.3 23 T3 41 43 50 A T3/T5 1 1.3 
S03 42 M 170 68 19 C7 66 68 34 B - 10 1.3 
S04 39 F 177 68.6 25 T3 44 42 50 A T4/T4 6 1.4 
S05 32 M 190.5 99.7 7 T4 46 50 50 A T6/T6 3 1 
S06 36 M 177.8 79 1 C7 27 28 29 A T2/T1 2 1 
S07 32 M 175 79 3 C7 42 44 50 B - 6 1.1 
S08 52 M 176.5 75 2 T4 46 46 50 A T5/T5 10 1.1 
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Table 2 Characteristics of able-bodied subjects 

 

 

 

 

 

 

 

 

 

3.2 Maximum voluntary contraction 

Figure 1 shows trunk muscle activity during MVC trials in SCI subjects and a sample 

able-bodied subject. All muscles showed higher EMG activity during MVC trials compared to 

baseline. 

 

Subject 

ID 

Age 

(years) 

 

Sex 

Height 

(cm) 

Weight 

(kg) 

Testing 

speed (km/h) 

C01 26 Male 170 56.7 1 
C02 20 Female 170 62 1.4 
C03 41 Female 168 68 1.2 
C04 28 Male 174 75 1.4 
C05 33 Female 167.5 55 1.3 
C06 32 Female 169 62.5 1 
C07 23 Male 179 83.9 1 
C08 24 Male 171.5 72 1.3 
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Figure 1 Trunk muscle EMG activity during maximum voluntary contractions 

 

Figure 1: Trunk muscle filtered and rectified EMG activity during maximum voluntary contraction (MVC) trials in all SCI subjects (black) and a sample of able-

bodied subjects (C8) (grey). Each EMG plot shows baseline and MVC activity. Subjects were arranged according to their injury level from highest to lowest, left 

representing the highest. RA = Rectus Abdominis, EO = External Oblique and ES = Erector Spinae.
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3.3 Trunk muscle activation patterns during robotic-assisted walking 

Figure 2 shows ensemble EMG gait patterns during normal treadmill walking (Fig. 2A) 

and robotic-assisted walking (Fig. 2B) from able-bodied subjects compared to ensemble SCI 

subjects EMG data during robotic-assisted walking (Fig. 2C). The trunk muscles showed higher 

muscle activity during the Ekso walking conditions (Ekso-OG and Ekso-TM) compared to 

Loko-TM in both the SCI and the able-bodied subjects. Moreover, trunk muscle activation 

patterns during robotic-assisted walking were comparable in timing to EMG patterns during 

regular treadmill walking in able-bodied individuals at similar speeds, however they showed 

generally higher activation. Figure 3 shows individual EMG patterns from each of the SCI 

subjects. 
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Figure 2 Trunk muscle activation patterns during robotic-assisted walking in able-bodied 

and SCI subjects 

 

Figure 2: A) Mean trunk muscle activity patterns averaged across 5-able-bodied participants during walking on 

treadmill with an average speed of 1.2 km/h. B) Mean trunk muscle activity patterns averaged across 5 able-bodied 

participants during walking in the Lokomat (Loko-TM), Ekso on treadmill (Ekso-TM) and Ekso overground (Ekso-

OG) with an average matched speed across conditions of 1.26 km/h. All plots represent the mean trunk muscle 

activity normalized to 100% of the gait cycle (n>20 steps each plot for each subject). Grey shaded areas in each plot 

represent baseline EMG activity recorded in supine position (BAS). C) Mean trunk muscle activity patterns 

averaged across all SCI subjects (n=8) during the same walking conditions with an average matched speed across 

conditions of 1.16 km/h. RA = Rectus Abdominis, EO = External Oblique and ES = Erector Spinae.
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Figure 3 Trunk activation patterns in all SCI subjects 

 



40 

 

Figure 3: Activation patterns recorded from the rectus abdominis (RA), external oblique (EO) and erector spinae 

(ES) muscles in each SCI subject are plotted separately (individual rows, ordered top to bottom by lesion level), in 

addition to the ensemble EMG activity in these muscles averaged across able-bodied subjects (n =5, bottom row) 

and compared across the three walking conditions: Lokomat on treadmill (Loko-TM, black lines), Ekso on treadmill 

(Ekso-TM, red lines) and Ekso overground (Ekso-OG, blue lines). All data are normalized to 100% of the gait cycle 

and aligned to right heel contact. Thick vertical bars in each plot represent 50% of the MVC for that muscle. 

 

3.4 EMG amplitude 

There was a main effect of walking condition in all muscles (RA: F(1.085, 7.597) = 

8.566, p = 0.019, partial =  0.550, observed power = 0.739; EO: F(1.677, 11.736) = 24.723, p 

< 0.001, partial =  0.779, observed power = 1.000; ES: F(1.248, 8.737) = 18.170, p = 0.002, 

partial =  0.722, observed power = 0.980; (Fig. 4).  

Pairwise post-hoc comparisons using Bonferroni correction revealed significant 

differences between BAS and Loko-TM only in EO (p = 0.008), but not in RA (p = 0.112), nor 

in ES (p =0.062). There were significant differences between BAS and Ekso-TM in RA (p = 

0.006), EO (p = 0.001), and ES (p = 0.005).  

Pairwise post-hoc comparisons between Loko-TM and Ekso-TM also revealed 

significance difference in all muscles (RA: p = 0.006; EO: p = 0.001; ES: p = 0.009). 

There was a significant difference between Ekso-TM and Ekso-OG in ES (p =0.007), but 

not in RA (p = 0.072), or EO (p = 0.192), showing no walking aid effect on EMG amplitude for 

RA and EO. 

 

 

η2

η2

η2
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Figure 4 Trunk muscle EMG amplitudes across baseline and walking conditions 

 

Figure 4: Comparison of EMG amplitude across quiet supine lying and robot-assisted walking conditions. The 

average RMS EMG amplitude in A) Rectus Abdominis, B) External Oblique, and C) Erector Spinae during quiet 

supine lying (BAS), Lokomat-assisted walking (Loko-TM), Ekso on the treadmill (Ekso-TM) and Ekso overground 

walking (Ekso-OG) are plotted for each SCI participant (represented by different coloured circles). Grey bars 

represent the average RMS EMG amplitude across all SCI participants and error bars represent the standard 

deviation. * = p <0.0125. 

 

3.4.1  EMG timing 

Figure 5 shows trunk muscle EMG timings during walking with the Ekso and the 

Lokomat in SCI subjects and regular treadmill walking in able-bodied subjects. Trunk muscles 

onset time did not show main effect of the walking condition (Loko-TM, Ekso-TM and Ekso-

OG) (Table 3). Similar to the onset time, the total activity time of the trunk muscles also did not 

show significant main effect of the walking conditions except for the left EO. However, pairwise 

post-hoc comparisons on left EO total activity time revealed no significant difference between 
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Loko-TM and Ekso-TM (p = 0.029) or Ekso-TM and Ekso-OG (p = 0.029) (Table 4). There was 

no main effect of walking condition in the number of bursts for each trunk muscle except for 

right EO and right ES. Pairwise post-hoc comparisons showed significant differences between 

Loko-TM and Ekso-TM for EO (p = 0.008), but not between Ekso-TM and Ekso-OG (p = 0.03). 

For ES, pairwise post-hoc comparisons did not reveal any significant differences between Loko-

TM and Ekso-TM (p = 0.047) or Ekso-TM and Ekso-OG (p = 1.000). 
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Figure 5 Trunk muscle EMG timings during robotic-assisted and regular treadmill 

walking 

 

Figure 5: Average trunk muscles onset and total activity times (normalized to the gait cycle) during walking in the 

Lokomat (black), Ekso on treadmill (red) and Ekso overground (blue) in SCI subjects and regular treadmill walking 

(C Treadmill) in able-bodied subjects (n=5) (green). Thin horizontal lines represent the standard deviation. RA = 

Rectus Abdominis, EO = External Oblique and ES = Erector Spinae. 
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Table 3 Trunk muscle EMG onsets during robotic-assisted walking 

Muscle Loko-TM Ekso-TM Ekso-OG Condition Effect 

Right RA 10.72 (18.11) 5.12 (8.79) 14.09 (17.08) F(2, 12) = 1.637, p = 0.235 

Right EO 19.32 (17.82) 14.13 (25.26) 21.87 (15.23) F(2, 12) =0.255, p = 0.779 

Right ES 11.51 (12.39) 8.85 (8.40) 22.01 (20.29) F(2, 12) = 1.904, p = 0.191 

Left RA 11.50 (18.66) 6.37 (16.86) 9.24 (15.84) F(2, 12) = 0.430, p = 0.660 

Left EO 2.69 (5.81) 5.43 (14.36) 4.53 (11.99) F(1.005, 6.028) = 0.168, p = 0.697 

Left ES 20.74 (27.36) 2.35 (6.24) 10.78 (17.32) F(2, 12) = 1.375, p = 0.290 
Abbreviations: RA = Rectus Abdominis, EO = External Oblique, ES = Erector Spinae, Loko-TM = Lokomat-

assisted walking, Ekso-TM = Ekso-assisted walking on treadmill, Ekso-OG = Ekso-assisted walking overground. 

 

 

Table 4 Trunk muscle EMG total activity times during robotic-assisted walking 

Muscle Loko-TM Ekso-TM Ekso-OG Condition Effect 

Right RA 63.54 (27.41) 46.90 (30.64) 56.41 (25.96) F(2, 12) = 1.324, p = 0.302 

Right EO 59.40 (32.68) 48.53 (20.63) 63.83 (27.63) F(2, 12) = 0.622, p = 0.553 

Right ES 61.63 (31.54) 64.62 (20.32) 53.48 (20.55) F(2, 12) = 0.301, p = 0.746 

Left RA 54.27 (25.72) 45.80 (23.09) 56.28 (19.60) F(2, 12) = 0.397, p = 0.681 

Left EO 74.84 (17.56) 45.12 (21.17) 65.32 (19.30) F(2, 12) = 4.542, p = 0.034* 

Left ES 49.59 (24.83) 64.16 (28.25) 69.03 (25.82) F(2, 12) = 1.360, p = 0.294 
Abbreviations: RA = Rectus Abdominis, EO = External Oblique, ES = Erector Spinae, Loko-TM = Lokomat-

assisted walking, Ekso-TM = Ekso-assisted walking on treadmill, Ekso-OG = Ekso-assisted walking overground. 

* = Statistically significant (p < 0.05), partial = 0.431, observed power = 0.564. 
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Table 5 Trunk muscle EMG number of bursts during robotic-assisted walking 

Muscle Loko-TM Ekso-TM Ekso-OG Condition Effect 

Right RA 1.86 (0.9) 2 (0.58) 2 (0.816) F(2, 12) = 0.072, p = 0.931 

Right EO 1.14 (0.38) 1.86 (0.38) 1.29 (0.49) F(2, 12) = 9.000, p = 0.004* 

Right ES 1.29 (0.49) 2 (0.58) 2 (0.58) F(2, 12) = 6.250, p = 0.014* 

Left RA 1.57 (0.79) 1.57 (0.53) 2.29 (0.49) F(2, 12) = 2.885, p = 0.095 

Left EO 1.71 (0.49) 2.43 (0.79) 2 (0.58) F(2, 12) = 3.081, p = 0.083 

Left ES 1.43 (0.79) 2 (0) 1.86 (0.69) F(2, 12) = 1.814, p = 0.205 
Abbreviations: RA = Rectus Abdominis, EO = External Oblique, ES = Erector Spinae, Loko-TM = Lokomat-

assisted walking, Ekso-TM = Ekso-assisted walking on treadmill, Ekso-OG = Ekso-assisted walking overground. 

* = Statistically significant (p < 0.05), right EO: partial = 0.6, observed power = 0.924. Right ES: partial = 

0.51, observed power = 0.8. 

 

 

3.5 Breathing 

Normalizing the trunk muscle EMG to breathing cycles did not show any observable 

pattern of rhythmic activity in any of the muscles. Sample data from an individual SCI subject is 

shown in Figure 6 and data from each of the SCI subjects comparing EMG patterns normalized 

to inhalation vs. right foot contact times are plotted in Appendix B. 
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Figure 6 Trunk muscle activity normalized to gait cycle and breathing cycle 

 

Figure 6: SCI subject (S05) average trunk muscles activity (Rectus Abdominis (RA), external oblique (EO) and 

erector spinae (ES)) when A) Normalized to the gait cycle and B) Normalized to the breathing cycle during walking 

in the Ekso on treadmill. 

 

A comparison of breath-to-gait cycle rate and respiration rate between SCI and able-

bodied subjects is described in Figure 7. Breath-to-gait cycle rate was observably higher during 

Ekso-assisted walking compared to Loko-TM and only higher in Ekso-OG in able-bodied 

subjects. Moreover, breathing-to-gait cycle rate was generally higher in SCI subjects in all 

conditions compared to able-bodied. 
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Respiration rate was also observably higher in Ekso-assisted walking for both SCI and 

able-bodied subjects compared to Lokomat. However, SCI subjects had observably higher 

respiration rate compared to able-bodied. 

 

Figure 7 Breath-to-gait cycle ratio and respiration rate during robotic-assisted walking 

 

Figure 7: A) Breath-to-gait cycle ratio and B) Respiration ratio compared between SCI and able-bodied subjects 

across the three walking conditions: Lokomat (Loko-TM), Ekso on treadmill (Ekso-TM) and Ekso overground 

(Ekso-OG). 
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3.6 Trunk acceleration 

Figure 8 shows average anterior-posterior and medial-lateral acceleration of SCI subjects 

during the 3 walking conditions and average able-bodied subjects during regular treadmill 

walking. 

There was a main effect of the walking condition on the trunk acceleration in both 

anterior-posterior (F(2, 14) = 15.025, p < 0.001, partial η2 =  0.682, observed power = 0.99) and 

medial-lateral directions (F(2, 14) = 17.003, p < 0.001, partial η2 =  0.708, observed power = 

0.998). Post-hoc analysis showed statistically significant differences in both directions between 

the Ekso walking conditions compared to Lokomat. For the anterior-posterior direction, Loko-

TM compared to Ekso-TM (p = 0.002) and Loko-TM compared to Ekso-OG (p = 0.002). for the 

medial-lateral direction, Loko-TM compared to Ekso-TM (p = 0.001), and Loko-TM compared 

to Ekso-OG (p = 0.001). However, there were no statistically significant differences between 

Ekso-TM and Ekso-OG in either direction (anterior-posterior: p = 0.33; medial-lateral: p = 0.33) 

(Figure 9). 
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Figure 8 Anterior-posterior and medial-lateral acceleration during robotic-assisted and regular treadmill walking 

 

Figure 8: Average anterior-posterior (upper graphs) and  medial-lateral acceleration (lower graphs) of SCI subjects during walking in the Lokomat (Loko-TM), 

the Ekso on treadmill (Ekso-TM) and Ekso overground (Ekso-OG) and able-bodied subjects normalized to the gait cycle. Dashed lines show the standard 

deviation.
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Figure 9 Total acceleration of the trunk across robotic-assisted walking conditions 

 

Figure 9: A) Mean total acceleration of the trunk for all SCI subjects across the 3 robotic-assisted walking 

conditions: Lokomat (Loko-TM), Ekso on treadmill (Ekso-TM) and Ekso overground (Ekso-OG). B) Total medial-

lateral trunk acceleration during the same walking conditions. * = p < 0.001 

 

 

3.7 Effect of body weight support 

Figure 10 shows average trunk muscle activity averaged across 3 able-bodied subjects 

walking in the Lokomat with 50% BWS compared to 5kg BWS. RA activity was similar 

between 50% BWS and 5kg BWS. EO activity seemed slightly higher and ES EMG seemed to 

be lower at the lower BWS level, but the differences do not seem to be appreciable as the 95% 

confidence interval overlapped between the 2 conditions. 
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Figure 10 Trunk muscle EMG activity during walking in Lokomat with varying body 

weight support 

 

Figure 10: Average trunk muscle activation patterns from 3 able-bodied subjects normalized to the maximum 

voluntary contraction (MVC) during walking with the Lokmoat with 50% body weight support (BWS) (black) and 

5kg BWS (red) in an able-bodied  
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3.8 Varying speeds 

Only 2 SCI subjects (S02 and S03) were able to walk in Ekso-TM and Loko-TM with 

varying speeds. There was an observable increase in trunk muscle EMG amplitudes with 

increasing speeds. Figure 11 shows a sample of SCI subject (S02). 

 

Figure 11 Trunk muscle EMG activity with varying speeds 

 

Figure 11: Trunk muscle, Rectus Abdominis (RA), External Oblique (EO) and Erector Spinae (ES), EMG 

amplitudes normalized to the maximum voluntary contraction (MVC) of a subject with SCI (S02) during walking 

with the Lokomat on treadmill (Loko-TM) and Ekso on treadmill (Ekso-TM) in three different speeds: 1 km/h 

(black), 1.3 km/h (red) and 1.6 km/h (blue). 
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3.9 Erector Spinae muscle timing 

Inspection of ES EMG activity across multiple spinal levels revealed a unique 

observation reminiscent of the metachronal propagation of motor activity reported by others (de 

Sèze et al., 2007; Falgairolle et al., 2006; Falgairolle & Cazalets, 2007). Figure 12 shows ES 

EMG recordings at T3, T12 and L4 levels during Ekso-TM walking from an individual with SCI 

in whom we observed a clear example of this. ES showed a rostro-caudal activation pattern 

during walking in Ekso-TM, although this was not observed during Loko-TM (Fig. 13).  

 

Figure 12 Erector spinae motor wave during Ekso-TM walking 

 

Figure 12: Erector Spinae (ES) muscle activity averaged over 60 steps at different spinal cord levels during Ekso on 

treadmill walking in A) SCI subject (S08) Horizontal red line shows onset threshold (%30 of peak contraction). 

Shaded black area shows activity period. Blue line shows timing sequence. 
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Figure 13 Average SCI erector spinae motor wave during Loko-TM and Ekso-TM walking 

 

Figure 13: average SCI subjects Erector Spinae (ES) muscle activity at different spinal cord levels during              

A) Lokomat (Loko-TM) and B) Ekso on treadmill (Ekso-TM) walking. Horizontal red line shows onset threshold 

(%30 of peak contraction). Shaded black area shows activity period. 
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Chapter 4: Discussion 

In this study trunk muscle activation patterns were compared during walking in a 

BWSTT device (the Lokomat) and an overground robotic exoskeleton (Ekso) in people with 

high thoracic motor-complete SCI. Both Lokomat and Ekso facilitate gait training in people with 

SCI, but it remains unknown how much they engage the trunk muscles that are normally 

activated during walking. Surface EMG electrodes were placed on RA, EO, and ES muscles to 

compare trunk muscle amplitudes and timings. Although all of the SCI participants enrolled in 

this study were not clinically supposed to have any trunk muscle activity (as per ISNCSCI 

examination), their trunk muscles showed higher EMG amplitudes in all muscles during Ekso 

walking conditions compared to the Lokomat. 

 

4.1 Ekso is more effective than the Lokomat in engaging the trunk muscles  

Although the Lokomat and the Ekso are both used to facilitate gait training in people with 

SCI, they differ in the way they provide gait training. When used with people with complete SCI, 

the Lokomat does not require an active participation from the user, as the trunk is passively 

supported by an overhead harness and the legs are moved by the device. On the contrary, gait 

training in the Ekso requires active participation from the user, as they have to shift their body 

weight from side to side and move the walker while maintaining their standing balance for taking 

each step. It is proposed that this alternating weight shifting movement and standing balance 

maintenance required by the Ekso are responsible for the higher activity in the trunk muscles 

during the Ekso-assisted walking conditions. Aaslund et al. (2008) have shown that walking with 

a weight support harness resulted in a restricted trunk acceleration in all directions (Aaslund & 

Moe-Nilssen, 2008b). Similarly, our acceleration data shows limited trunk movement during the 
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Lokomat-assisted walking trial. In fact, with such restricted trunk movement in the Loko-TM 

trial, trunk muscle EMG RMS amplitudes, except EO, were similar to the amplitudes recorded in 

supine position. In contrast, we show greater trunk acceleration during walking in the Ekso 

compared to the Lokomat, which is expected due to the weight shifting. Indeed, our acceleration 

data show that the anterior-posterior and medial-lateral weight shifting were similar to that 

during regular treadmill walking at the same speed. Moreover, in a study by Sylos-Labinin et al. 

(2014), lower limb EMG patterns during walking with a research exoskeleton 

(MINDWALKER), which has a similar walking mechanism to the Ekso, were compared to 

normal walking at similar speed in able-bodied individuals. They found that during exoskeleton-

assisted walking, participants surprisingly had similar or higher activity compared to normal 

walking (Sylos-Labini et al., 2014). Similarly, our able-bodied data showed observably higher 

trunk muscle activity in the Ekso-assisted conditions compared to walking at similar speed. 

 

4.1.1 Could walking aids have an effect? 

In this study, there were two Ekso-assisted walking conditions: Ekso-OG in which the 

participants walked overground and used a front-wheeled walker, and Ekso-TM in which they 

walked over a treadmill and used the handrails. Although there were no significant differences in 

abdominal muscle activity between Ekso-OG and Ekso-TM trials, it could be noted that the 

EMG RMS amplitudes of all muscles were slightly higher in Ekso-OG trial than the Ekso-TM 

but not statistically significant except for ES. In the Ekso-OG condition, in addition to weight 

shifting, the participants had to push the wheeled walker with each step, which may also have 

contributed to the higher trunk muscle activity. However, as previously mentioned, Ekso users 

have to achieve lateral and forward targets by shifting their body weight in order to initiate the 
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stepping mechanism. But in the Ekso-TM trial, it has been noted that less forward shifting is 

required. Although not statistically significant, it is observable that the trunk anterior-posterior 

acceleration had higher total acceleration in the Ekso-OG trial compared to the Ekso-TM. This 

could be because forward body-weight shifting is provided by the movement of the treadmill 

belt. This lack of forward shifting may have contributed to the lesser ES activation noted in the 

Ekso-TM trial. 

 

4.1.2 Could Ekso be used to increase trunk muscle strength? 

The trunk muscles play a major role in maintaining sitting postural stability in people 

with SCI. The ability to maintain sitting balance is important for people with complete SCI, as 

they perform the majority of daily functional activities in a seated position. Postural stability in 

people with SCI can be improved with intensive and appropriate training. Task-specific training 

programs, in which SCI subjects are intensively and repetitively trained on purposeful activities, 

are commonly used and shown to be effective (Betker, Desai, Nett, Kapadia, & Szturm, 2007; 

Bjerkefors, Carpenter, & Thorstensson, 2007; Boswell-Ruys, Harvey, et al., 2009a). These 

training programs have used training exercises that involved moving the upper body over and 

outside the base of support (Boswell-Ruys, Harvey, et al., 2009a), kayaking (Bjerkefors et al., 

2007) as well as video game-based exercises (Betker et al., 2007). However, in task-specific 

training programs, people with SCI often develop new compensatory muscle activation patterns 

to control their posture by using non-postural muscles, such as latissimus dorsi muscle and upper 

part of the trapezius muscle, to compensate for the weakness in their postural muscles (Boswell-

Ruys, Harvey, et al., 2009a; Seelen et al., 1998; Seelen & Vuurman, 1991). However, the use of 

these non-postural muscles could not fully compensate for the loss of ES function (Potten et al., 
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1999). In this study, the Ekso was successful in activating postural control muscles (trunk 

muscles) that are normally engaged during walking in both SCI and able-bodied subjects. 

Therefore, the Ekso could possibly be used as a training tool targeting these postural muscles to 

improve their function. 

 

4.2 Timing of trunk muscle activity 

The trunk muscles are normally activated during walking to provide upper body 

steadiness throughout the gait cycle (de Sèze et al., 2007; Tang et al., 1998).  Several studies 

have shown certain pattern of activation for each muscle (Callaghan et al., 1999; Sheffield, 1962; 

Waters & Morris, 1972; White & McNair, 2002; Winter & Yack, 1987). In these studies, RA 

was documented to have different patterns of activity, either a low and constant muscle activity 

throughout the gait cycle or rhythmically active with a peak around 50% of the gait cycle (White 

& McNair, 2002) or at mid stance (Waters & Morris, 1972). Similar to RA, EO has been shown 

to have either a low and constant activity throughout the gait cycle in the majority of subjects, or 

a peak of EMG activity close to heel strike in other participants (Callaghan et al., 1999; White & 

McNair, 2002). ES activation patterns seem to be more consistent across individuals, with peak 

activity at heel strike (White & McNair, 2002; Winter & Yack, 1987). The data from our able-

bodied control subjects are consistent with these previous reports (Callaghan et al., 1999; 

Sheffield, 1962; Waters & Morris, 1972; White & McNair, 2002; Winter & Yack, 1987). 

Moreover, when they walked in the Ekso, they had similar activation periods, albeit with higher 

amplitudes. In our SCI subjects, the onset and total activity time of trunk muscle were quite 

variable across the three walking conditions, which could be expected considering the variations 

in trunk activity patterns (Callaghan et al., 1999; Sheffield, 1962; Waters & Morris, 1972; White 
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& McNair, 2002; Winter & Yack, 1987). However, it could be observed that trunk muscle 

activation patterns from individual subject data were similar between Ekso-TM and Ekso-OG 

(Appendix B). 

 

4.3 Source of trunk muscle activation 

As aforementioned, the Ekso requires the user to consciously control their weight-shifting 

from one lower limb to the other in order to achieve the targets to trigger stepping. This 

voluntary control of shifting the body weight suggests engagement of the cortical and possibly 

vestibulospinal pathways. Sparing of corticospinal and vestibulospinal inputs to the trunk 

muscles has been revealed in recent studies (Bjerkefors et al., 2014; 2015; Squair et al., 2016). 

All SCI subjects showed greater activity during the MVC trials compared to the baseline activity 

recorded during supine lying. Moreover, the amplitude of this preserved trunk muscle activity 

showed an ability to modulate according to the postural demands. This is supported by the higher 

trunk muscle activity observed in the Ekso-TM and Ekso-OG walking trials compared to Loko-

TM at matched speeds. 

de Seze et al., (2007) have shown that ES muscles have double bursts of rhythmic 

activity with rostro-caudal motor wave during walking and this motor wave showed specificity 

according to the walking condition. For instance, forward walking produced rostro-caudal motor 

wave, while walking on hands while knees are on edge of treadmill produced a caudo-rostral 

motor wave. This specificity of motor wave propagation suggested CPG involvement 

reminiscent of patterns observed in animal models (de Sèze et al., 2007; Falgairolle & Cazalets, 

2007) We observed similar rostro-caudal motor wave during Ekso-TM walking in some of our 
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SCI subjects. This specific timing of the ES muscle during gait, could suggest CPGs 

involvement. 

It could be argued that the preserved muscle activity of the trunk below the level of injury 

is a result of the spinally mediated activation of the abdominal muscles due to the inspiratory 

activity of the diaphragm and changing intra-abdominal pressure (Silver, 2015). In this study, in 

addition to the controlled breathing protocol followed during the MVC (Bjerkefors et al., 2014), 

we recorded the breathing pattern during the Ekso and Lokomat assisted walking trials and 

investigated the patterning of trunk muscle activity with respect to the breathing rhythm. We did 

not observe any specific trunk muscle activity pattern in relation to the breathing cycle. In fact, 

trunk muscle activation patterns were specific to the gait cycle and were similar to the activation 

patterns observed in normal walking. Thus, it is unlikely that this observed muscle activity was 

elicited by breathing. 

 

4.4 Potential clinical implications and future directions 

Seated postural control in SCI is the foundation for many functional activities. Hence, 

developing effective training strategies is important to prevent performance in daily functional 

activities and enhance the quality of life for people with SCI. Impaired postural control after SCI 

occurs as a result of the paralysis or weakness of trunk muscles (Seelen et al., 1997). As a result, 

people with SCI are known to develop new postural control synergies by recruiting non-postural 

control muscles to compensate for the loss of the postural control muscles (Seelen et al., 1998; 

Seelen & Vuurman, 1991). However, these new postural control synergies do not fully 

compensate the function of trunk muscles that are responsible for the normal postural control 

synergies (Potten et al., 1999). Therefore, finding new training strategies to reactivate and train 
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trunk muscles could possibly support normal postural control synergies and ultimately improve 

seated postural control in people with SCI. The data here could contribute to our understanding 

of the broader benefits of using robotic overground training and developing more efficient 

rehabilitation interventions. 

 

4.4.1 Benefits of walking for people with complete SCI 

SCI subjects who received BWSTT with the Lokomat showed improvements in standing 

balance, cardiovascular function, fitness level, sleep quality and overall life satisfaction (Buehner 

et al., 2012; Harkema, Schmidt-Read, Lorenz, Edgerton, & Behrman, 2012; Hicks & Ginis, 

2008; S. Kornfeld et al., 2004; Musselman, Fouad, Misiaszek, & Yang, 2009; Wu, Landry, 

Schmit, Hornby, & Yen, 2012). However, these improvements were not dependent to the 

improvement in walking, as they occurred with persons with complete SCI who were not 

expected to improve in terms of walking function (S. Kornfeld et al., 2004). Similar to BWSTT, 

recent studies on incomplete SCI subjects who used robotic overground walking devices showed 

that in addition to improvements in overground walking quality, speed and distance (Mirko Aach 

et al., 2014; Spungen, Asselin, Fineberg, Kornfeld, & Harel, 2013b), other benefits were 

observed, such as improved soft tissue body composition (Spungen et al., 2013a) and reduced 

neuropathic pain severity (Kressler et al., 2014). However, the ability of such training to deliver 

other health benefits has not yet been investigated. 

Training in one task may have positive effect on other tasks (Swinnen, Beckwee, 

Meeusen, Baeyens, & Kerckhofs, 2014b; Tamburella, Scivoletto, & Molinari, 2013).  In people 

with stroke, training on multi-directional challenging reaching tasks have been shown to be 

effective in improving static and dynamic sitting balance, as well as a possible effect on standing 
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balance (Dean, Channon, & Hall, 2007). Other studies in stroke have also shown positive effects 

of BWSTT on standing balance (Swinnen, Beckwee, Meeusen, Baeyens, & Kerckhofs, 2014b). 

Additionally, training of incomplete SCI subjects on standing balance has been shown to transfer 

to improvements in their walking performance (Tamburella et al., 2013). In this study we have 

shown that gait training with the Ekso activate and possibly train the trunk muscles as it 

challenges postural control. Therefore, future studies could investigate the possible transfer of 

improved postural control during Ekso-assisted walking to improvement sitting stability.  

Additionally, secondary benefits of training may extend to cortical plasticity. Low 

thoracic SCI is known in animal and humans to cause an expansion of the sensory map of spared 

proximal areas into the deafferented cortex and a shift in the motor representation of proximal 

muscles in the motor cortex (Oza & Giszter, 2014). However, depending on use and skill, plastic 

changes in the cortex may occur (Dancause & Nudo, 2011). These changes are not exclusives to 

the sensory cortex, but also to the motor cortex (Oza & Giszter, 2014; 2015). Low thoracic 

neonatal rats who received robot rehabilitation gait training showed expansion of the caudal 

trunk area in the cortex, increased trunk coactivation at cortex sites, increased richness of trunk 

cortex motor representation, and movement of trunk motor representation in the cortex toward 

more normal topography (Oza & Giszter, 2015). Therefore, robot rehabilitation training could 

possibly reorganize the trunk motor cortex, which in turn could underpin improvements in the 

control of postural control muscles. 

 

4.5 Methodological considerations 

Trunk muscle activation patterns are known to alter with walking speed (Anders et al., 

2007; Saunders et al., 2004). Therefore, walking speed had to be matched between the Lokomat 
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and Ekso to allow for an accurate comparison. The lowest possible treadmill speed with the 

Lokomat is 1 km/h. However, this walking speed is considered high for walking with the Ekso 

(Kozlowski, Bryce, & Dijkers, 2015; Kressler et al., 2014), However, all the participants 

recruited to this study were able to achieve it.  Additionally, at this walking speed swing time 

between the Lokomat and Ekso is different. In the Ekso most of the gait cycle time is spent 

shifting the body weight from one side to the other and swing time is relatively quick. In 

contrast, the gait cycle of the Lokomat is pre-programmed with the typical proportion of 60:40 

ratio between stance and swing phases. This difference in swing time between the two devices 

might contribute to the EMG timing differences. Dividing the gait cycle into stance and swing 

and analyze the EMG timing in each could overcome this problem.  

The Ekso exoskeleton has strict indications and contraindications lists, which might limit 

its possible benefits to a specific group of users. For instance, some potential participants were 

excluded from this study for their lower extremity measurements being under Ekso limits, or 

inability to tolerate standing for more than 30 minutes. 

The Ekso provides full body weight bearing, which is not possible to achieve in the 

Lokomat with people with high thoracic motor-complete SCI. Trunk muscle activity could be 

affected by the percentage of the body weight support and the full-weight bearing provided by 

the Ekso could have contributed to the better engagement of trunk muscles. Swinnen et al. 

(2014) recorded trunk muscle activity from able-bodied subjects and individuals with multiple 

sclerosis while walking on a treadmill supported by a harness. They found that in both groups, 

EO EMG activity increased and ES decreased as BWS increased (Swinnen, Baeyens, Pintens, 

Van Nieuwenhoven, Ilsbroukx, Clijsen, et al., 2014a). However, the participants in that study did 

not use a Lokomat and were capable of walking independently without a BWS system, which 
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may also have affected their trunk muscle activity. Due to the level and completeness of injury in 

our SCI subjects, it was not possible to vary the amount of BWS to such an extent. However, our 

able-bodied data have shown similar muscle activity during walking with the Lokomat at 50% of 

BWS compared to 5 kg BWS (minimum BWS). Therefore, the higher level of trunk muscle 

activity in the Ekso-assisted walking conditions compared to the Lokomat was most likely not 

due to the differences in the weight bearing requirements between the two devices, but to the 

different walking mechanisms. 
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Chapter 5: Conclusion 

Recent studies have reveled sparing of trunk muscle function below the injury level 

(Bjerkefors et al., 2014; 2015; Squair et al., 2016). These trunk muscles are important for 

postural control in sitting and standing positions. They are also known to have specific patterns 

of activity to support the upper body during walking in able-bodied individuals (de Sèze et al., 

2007; Tang et al., 1998; Winter & Yack, 1987). People with complete SCI could walk with the 

help of robotic exoskeletons. In this study, we demonstrated better engagement of the trunk 

muscles during walking in the Ekso compared to Lokomat; in fact, activity in some muscles 

during Lokomat walking was not different from quiescent activity recorded during supine-lying. 

These differences in trunk muscle EMG amplitudes between the devices could be due to the 

different walking mechanisms of the Ekso and Lokomat. The Ekso requires the user to voluntary 

weight shift from one limb to the other in order to trigger stepping. In the contrary, the Lokomat 

restricts the trunk by passively supporting it by a BWS harness.  

Increasing trunk muscle strength leads to improved postural control and better 

performance of daily functional activities and quality of life of people with SCI. Future studies 

could investigate the possibility of using the Ekso as a training tool to increase trunk muscles 

strength and improve sitting postural stability.



66 

 

References 

Aaslund, M. K., & Moe-Nilssen, R. (2008a). Treadmill walking with body weight support. Gait 
& Posture, 28(2), 303–308. http://doi.org/10.1016/j.gaitpost.2008.01.011 

Aaslund, M. K., & Moe-Nilssen, R. (2008b). Treadmill walking with body weight support effect 
of treadmill, harness and body weight support systems. Gait & Posture, 28(2), 303–308. 
http://doi.org/10.1016/j.gaitpost.2008.01.011 

Alcobendas-Maestro, M., Esclarin-Ruz, A., Casado-Lopez, R. M., Munoz-Gonzalez, A., Perez-
Mateos, G., Gonzalez-Valdizan, E., & Martin, J. L. R. (2012). Lokomat Robotic-Assisted 
Versus Overground Training Within 3 to 6 Months of Incomplete Spinal Cord Lesion: 
Randomized Controlled Trial. Neurorehabilitation and Neural Repair, 26(9), 1058–1063. 
http://doi.org/10.1177/1545968312448232 

Alexeeva, N., Sames, C., Jacobs, P. L., Hobday, L., DiStasio, M. M., Mitchell, S. A., & 
Calancie, B. (2011). Comparison of training methods to improve walking in persons with 
chronic spinal cord injury: a randomized clinical trial. The Journal of Spinal Cord Medicine, 
34(4), 362–379. http://doi.org/10.1179/2045772311Y.0000000018 

Altmann, V. C., Groen, B. E., van Limbeek, J., Vanlandewijck, Y. C., & Keijsers, N. L. W. 
(2013). Reliability of the revised wheelchair rugby trunk impairment classification system. 
Spinal Cord, 51(12), 913–918. http://doi.org/10.1038/sc.2013.109 

Anders, C., Wagner, H., Puta, C., Grassme, R., Petrovitch, A., & Scholle, H.-C. (2007). Trunk 
muscle activation patterns during walking at different speeds. Journal of Electromyography 
and Kinesiology, 17(2), 245–252. http://doi.org/10.1016/j.jelekin.2006.01.002 

Arazpour, M., Bani, M. A., & Hutchins, S. W. (2012). Reciprocal gait orthoses and powered gait 
orthoses for walking by spinal cord injury patients. Prosthetics and Orthotics International, 
37(1), 14–21. http://doi.org/10.1177/0309364612444665 

Arazpour, M., Samadian, M., Bahramizadeh, M., Joghtaei, M., Maleki, M., Ahmadi Bani, M., & 
Hutchins, S. W. (2015). The efficiency of orthotic interventions on energy consumption in 
paraplegic patients: a literature review. Spinal Cord. http://doi.org/10.1038/sc.2014.227 

Beliez, L., Barrière, G., Bertrand, S. S., & Cazalets, J.-R. (2015). Origin of thoracic spinal 
network activity during locomotor-like activity in the neonatal rat. The Journal of 
Neuroscience : the Official Journal of the Society for Neuroscience, 35(15), 6117–6130. 
http://doi.org/10.1523/JNEUROSCI.4145-14.2015 

Betker, A. L., Desai, A., Nett, C., Kapadia, N., & Szturm, T. (2007). Game-based Exercises for 
Dynamic Short-Sitting Balance Rehabilitation of People With Chronic Spinal Cord and 
Traumatic Brain Injuries. Physical Therapy, 87(10), 1389–1398. 
http://doi.org/10.2522/ptj.20060229 

Bjerkefors, A., Carpenter, M. G., & Thorstensson, A. (2007). Dynamic trunk stability is 
improved in paraplegics following kayak ergometer training. Scandinavian Journal of 
Medicine & Science in Sports, 17(6), 672–679. http://doi.org/10.1111/j.1600-
0838.2006.00621.x 

Bjerkefors, A., Carpenter, M. G., Cresswell, A. G., & Thorstensson, A. (2009). Trunk muscle 
activation in a person with clinically complete thoracic spinal cord injury. Journal of 
Rehabilitation Medicine, 41(5), 390–392. http://doi.org/10.2340/16501977-0336 

Bjerkefors, A., Squair, J. W., Malik, R., Lam, T., Chen, Z., & Carpenter, M. G. (2014). 
Diagnostic accuracy of common clinical tests for assessing abdominal muscle function after 



67 

 

motor-complete spinal cord injury above T6. Spinal Cord, 53(2), 114–119. 
http://doi.org/10.1038/sc.2014.202 

Bjerkefors, A., Squair, J., Chua, R., Lam, T., Chen, Z., & Carpenter, M. (2015). Assessment of 
abdominal muscle function in individuals with motor-complete spinal cord injury above T6 
in response to transcranial magnetic stimulation. Journal of Rehabilitation Medicine, 47(2), 
138–146. http://doi.org/10.2340/16501977-1901 

Blumenfeld, H. (2010). Neuroanatomy Through Clinical Cases. 
Boswell-Ruys, C. L., Harvey, L. A., Barker, J. J., Ben, M., Middleton, J. W., & Lord, S. R. 

(2009a). Training unsupported sitting in people with chronic spinal cord injuries: a 
randomized controlled trial. Spinal Cord, 48(2), 138–143. http://doi.org/10.1038/sc.2009.88 

Boswell-Ruys, C. L., Sturnieks, D. L., Harvey, L. A., Sherrington, C., Middleton, J. W., & Lord, 
S. R. (2009b). Validity and Reliability of Assessment Tools for MeasuringUnsupported 
Sitting in People With a Spinal Cord Injury. Yapmr, 90(9), 1571–1577. 
http://doi.org/10.1016/j.apmr.2009.02.016 

Buehner, J. J., Forrest, G. F., Schmidt-Read, M., White, S., Tansey, K., & Basso, D. M. (2012). 
Relationship between ASIA examination and functional outcomes in the NeuroRecovery 
Network Locomotor Training Program. Yapmr, 93(9), 1530–1540. 
http://doi.org/10.1016/j.apmr.2012.02.035 

Callaghan, J. P., Patla, A. E., & McGill, S. M. (1999). Low back three-dimensional joint forces, 
kinematics, and kinetics during walking. Clinical Biomechanics (Bristol, Avon), 14(3), 203–
216. 

Ceccato, J.-C., de Sèze, M., Azevedo, C., & Cazalets, J.-R. (2009). Comparison of Trunk 
Activity during Gait Initiation and Walking in Humans. PloS One, 4(12), e8193–15. 
http://doi.org/10.1371/journal.pone.0008193 

Chen, C.-L., Yeung, K.-T., Bih, L.-I., Wang, C.-H., Chen, M.-I., & Chien, J.-C. (2003). The 
relationship between sitting stability and functional performance in patients with paraplegia. 
Archives of Physical Medicine and Rehabilitation, 84(9), 1276–1281. 
http://doi.org/10.1016/S0003-9993(03)00200-4 

Cho, T. A. (2015). Spinal cord functional anatomy. Continuum (Minneapolis, Minn.), 21(1 
Spinal Cord Disorders), 13–35. 

Cholewicki, J., Panjabi, M. M., & Khachatryan, A. (1997). Stabilizing function of trunk flexor-
extensor muscles around a neutral spine posture. Spine, 22(19), 2207–2212. 

Cowley, K. C., & Schmidt, B. J. (1997). Regional distribution of the locomotor pattern-
generating network in the neonatal rat spinal cord. Journal of Neurophysiology, 77(1), 247–
259. 

Dancause, N., & Nudo, R. J. (2011). Chapter 15 - Shaping plasticity to enhance recovery after 
injury. In C. E. C. Andrea Green John F Kalaska and Franco Lepore (Ed.), Enhancing 
performance for action and perceptionMultisensory Integration, Neuroplasticity and 
Neuroprosthetics, Part II (Vol. 192, pp. 273–295). Elsevier. 

de Sèze, M., Falgairolle, M., Viel, S., Assaiante, C., & Cazalets, J.-R. (2007). Sequential 
activation of axial muscles during different forms of rhythmic behavior in man. 
Experimental Brain Research, 185(2), 237–247. http://doi.org/10.1007/s00221-007-1146-2 

Dean, C. M., Channon, E. F., & Hall, J. M. (2007). Sitting training early after stroke improves 
sitting ability and quality and carries over to standing up but not to walking: a randomised 
trial. The Australian Journal of Physiotherapy, 53(2), 97–102. 



68 

 

Delvolve, I., Bem, T., & Cabelguen, J. M. (1997). Epaxial and limb muscle activity during 
swimming and terrestrial stepping in the adult newt, Pleurodeles waltl. Journal of 
Neurophysiology, 78(2), 638–650. 

Dijkers, M. (1997). Quality of life after spinal cord injury: a meta analysis of the effects of 
disablement components, 1–12. 

Douglas, J. (2005). Wheelchair exercises for fitness and confidence. Diabetes Self-Management, 
22(1), 47–8– 51–3– 55. 

Douglas, R., Larson, P. F., D'Ambrosia, R., & McCall, R. E. (1983). The LSU Reciprocation-
Gait Orthosis. Orthopedics, 6(7), 834–839. http://doi.org/10.3928/0147-7447-19830701-05 

Earhart, G. M. (2013). Dynamic control of posture across locomotor tasks. Movement Disorders, 
28(11), 1501–1508. http://doi.org/10.1002/mds.25592 

Falgairolle, M., & Cazalets, J.-R. (2007). Metachronal coupling between spinal neuronal 
networks during locomotor activity in newborn rat. The Journal of Physiology, 580(1), 87–
102. http://doi.org/10.1113/jphysiol.2006.115709 

Falgairolle, M., de Sèze, M., Juvin, L., Morin, D., & Cazalets, J.-R. (2006). Coordinated network 
functioning in the spinal cord: An evolutionary perspective. Journal of Physiology-Paris, 
100(5-6), 304–316. http://doi.org/10.1016/j.jphysparis.2007.05.003 

Feipel, V., De Mesmaeker, T., Klein, P., & Rooze, M. (2001). Three-dimensional kinematics of 
the lumbar spine during treadmill walking at different speeds. European Spine Journal : 
Official Publication of the European Spine Society, the European Spinal Deformity Society, 
and the European Section of the Cervical Spine Research Society, 10(1), 16–22. 

Ferreira, P. H., Ferreira, M. L., Nascimento, D. P., Pinto, R. Z., Franco, M. R., & Hodges, P. W. 
(2011). Discriminative and reliability analyses of ultrasound measurement of abdominal 
muscles recruitment. Manual Therapy, 16(5), 463–469. 
http://doi.org/10.1016/j.math.2011.02.010 

Field-Fote, E. C., & Ray, S. S. (2010). Seated reach distance and trunk excursion accurately 
reflect dynamic postural control in individuals with motor-incomplete spinal cord injury. 
Spinal Cord, 48(10), 745–749. http://doi.org/10.1038/sc.2010.11 

Fujita, T., Sato, A., Togashi, Y., Kasahara, R., Ohashi, T., & Yamamoto, Y. (2015). Contribution 
of abdominal muscle strength to various activities of daily living of stroke patients with mild 
paralysis. Journal of Physical Therapy Science, 27(3), 815–818. 

Goebert, D. A., Ng, M. Y., Varney, J. M., & Sheetz, D. A. (1991). Traumatic spinal cord injury 
in Hawaii. Hawaii Medical Journal, 50(2), 44–47–8– 50. 

Grillner, S., & Wallén, P. (2002). Cellular bases of a vertebrate locomotor system – steering, 
intersegmental and segmental co-ordination and sensory control, 1–15. 

Harkema, S. J., Schmidt-Read, M., Lorenz, D. J., Edgerton, V. R., & Behrman, A. L. (2012). 
Balance and ambulation improvements in individuals with chronic incomplete spinal cord 
injury using locomotor training-based rehabilitation. Yapmr, 93(9), 1508–1517. 
http://doi.org/10.1016/j.apmr.2011.01.024 

Harvey, L. (2008). Management of Spinal Cord Injuries: A Guide for Physiotherapists. 
Hicks, A. L., & Ginis, K. A. M. (2008). Treadmill training after spinal cord injury: it's not just 

about the walking. Journal of Rehabilitation Research and Development, 45(2), 241–248. 
Hicks, A. L., Adams, M. M., Martin Ginis, K., Giangregorio, L., Latimer, A., Phillips, S. M., & 

McCartney, N. (2005). Long-term body-weight-supported treadmill training and subsequent 
follow-up in persons with chronic SCI: effects on functional walking ability and measures of 



69 

 

subjective well-being. Spinal Cord, 43(5), 291–298. http://doi.org/10.1038/sj.sc.3101710 
Hodges, P. W., Pengel, L. H. M., Herbert, R. D., & Gandevia, S. C. (2003). Measurement of 

muscle contraction with ultrasound imaging. Muscle & Nerve, 27(6), 682–692. 
http://doi.org/10.1002/mus.10375 

Hornby, T. G., Zemon, D. H., & Campbell, D. (2005). Robotic-assisted, body-weight-supported 
treadmill training in individuals following motor incomplete spinal cord injury. Physical 
Therapy, 85(1), 52–66. 

Janssen-Potten, Y. J. M., Seelen, H. A. M., Drukker, J., & Reulen, J. P. H. (2000). Chair 
configuration and balance control in persons with spinal cord injury. Archives of Physical 
Medicine and Rehabilitation, 81(4), 401–408. http://doi.org/10.1053/mr.2000.3859 

Jefferson, R. J., & Whittle, M. W. (1990). Performance of three walking orthoses for the 
paralysed: a case study using gait analysis. Prosthetics and Orthotics International, 14(3), 
103–110. 

Jochen Kressler, P. D., Christine K Thomas, P. D., Edelle C Field-Fote, P. P. D. F., Justin 
Sanchez, P. D., Eva Widerström-Noga, D. D. S. P. D., Cilien, D. C., et al. (2014). Accepted 
Manuscript. Yapmr, 1–53. http://doi.org/10.1016/j.apmr.2014.04.026 

Kennedy, P., & Rogers, B. (2000). Reported quality of life of people with spinal cord injuries: a 
longitudinal analysis of the first 6 months post-discharge, 1–6. 

Kennedy, P., Lude, P., & Taylor, N. (2005). Quality of life, social participation, appraisals and 
coping post spinal cord injury: a review of four community samples. Spinal Cord, 44(2), 95–
105. http://doi.org/10.1038/sj.sc.3101787 

Kirshblum, S. C., Burns, S. P., Biering-Sorensen, F., Donovan, W., Graves, D. E., Jha, A., et al. 
(2011). International standards for neurological classification of spinal cord injury (Revised 
2011). The Journal of Spinal Cord Medicine, 34(6), 535–546. 
http://doi.org/10.1179/204577211X13207446293695 

Klemetti, R., Steele, K. M., Moilanen, P., Avela, J., & Timonen, J. (2014). Contributions of 
individual muscles to the sagittal- and frontal-plane angular accelerations of the trunk in 
walking. Journal of Biomechanics, 47(10), 2263–2268. 
http://doi.org/10.1016/j.jbiomech.2014.04.052 

Kornfeld, S., Tarnopolsky, M. A., Hicks, A. L., McCartney, N., Mahoney, D. J., Staron, R. S., & 
Phillips, S. M. (2004). Treadmill training-induced adaptations in muscle phenotype in 
persons with incomplete spinal cord injury. Muscle & Nerve, 30(1), 61–68. 
http://doi.org/10.1002/mus.20048 

Kozlowski, A. J., Bryce, T. N., & Dijkers, M. P. (2015). Time and Effort Required by Persons 
with Spinal Cord Injury to Learn to Use a Powered Exoskeleton for Assisted Walking. 
Topics in Spinal Cord Injury Rehabilitation, 21(2), 110–121. http://doi.org/10.1310/sci2102-
110 

Kremer, E., & Lev-Tov, A. (1997). Localization of the spinal network associated with generation 
of hindlimb locomotion in the neonatal rat and organization of its transverse coupling 
system. Journal of Neurophysiology, 77(3), 1155–1170. 

Kressler, J., Thomas, C. K., Field-Fote, E. C., Sanchez, J., Widerström-Noga, E., Cilien, D. C., et 
al. (2014). Understanding Therapeutic Benefits of Overground Bionic Ambulation: 
Exploratory Case Series in Persons With Chronic, Complete Spinal Cord Injury. Yapmr, 
95(10), 1878–1887.e4. http://doi.org/10.1016/j.apmr.2014.04.026 

Lam, T., Eng, J., Wolfe, D., Hsieh, J., & Whittaker, M. (2007). A Systematic Review of the 



70 

 

Efficacy of Gait Rehabilitation Strategies for Spinal Cord Injury. Topics in Spinal Cord 
Injury Rehabilitation, 13(1), 32–57. http://doi.org/10.1310/sci1301-32 

Lam, T., Pauhl, K., Ferguson, A., Malik, R. N., Krassioukov, A., & Eng, J. J. (2015). Training 
with robot-applied resistance in people with motor-incomplete spinal cord injury: Pilot 
study. Journal of Rehabilitation Research and Development, 52(1), 113–129. 

Leduc, B. E., & Lepage, Y. (2002). Health-related quality of life after spinal cord injury, 1–7. 
http://doi.org/10.1080/0963828011006760 

Lemon, R. N. (2008). Descending Pathways in Motor Control. Annual Review of Neuroscience, 
31(1), 195–218. http://doi.org/10.1146/annurev.neuro.31.060407.125547 

Leonard, R. J., & Collection, E. A. C. C. S. (1995). Human gross anatomy: an outline text. New 
York: Oxford University Press. 

Lynch, S. M., Leahy, P., & Barker, S. P. (1998). Reliability of measurements obtained with a 
modified functional reach test in subjects with spinal cord injury. Physical Therapy, 78(2), 
128–133. 

Magnuson, D. S. K., Lovett, R., Coffee, C., Gray, R., Han, Y., Zhang, Y. P., & Burke, D. A. 
(2005). Functional consequences of lumbar spinal cord contusion injuries in the adult rat. 
Journal of Neurotrauma, 22(5), 529–543. http://doi.org/10.1089/neu.2005.22.529 

Masani, K., Sin, V. W., Vette, A. H., Thrasher, T. A., Kawashima, N., Morris, A., et al. (2009). 
Postural reactions of the trunk muscles to multi-directional perturbations in sitting. Clinical 
Biomechanics (Bristol, Avon), 24(2), 176–182. 
http://doi.org/10.1016/j.clinbiomech.2008.12.001 

Mikelberg, R., & Reid, S. (1981). Spinal cord lesions and lower extremity bracing: an overview 
and follow-up study. Paraplegia, 19(6), 379–385. http://doi.org/10.1038/sc.1981.71 

Miller, W. L., & Sigvardt, K. A. (2000). Extent and role of multisegmental coupling in the 
Lamprey spinal locomotor pattern generator. Journal of Neurophysiology, 83(1), 465–476. 

Mirko Aach, M. D., Oliver Cruciger, M. D., Matthias Sczesny-Kaiser, M. D., Oliver Höffken, M. 
D., Renate Ch Meindl, M. D., Martin Tegenthoff, M. D., et al. (2014). Voluntary driven 
exoskeleton as a new tool for rehabilitation in chronic spinal cord Injury – A pilot study. The 
Spine Journal, 1–24. http://doi.org/10.1016/j.spinee.2014.03.042 

Musselman, K. E., Fouad, K., Misiaszek, J. E., & Yang, J. F. (2009). Training of walking skills 
overground and on the treadmill: case series on individuals with incomplete spinal cord 
injury. Physical Therapy, 89(6), 601–611. http://doi.org/10.2522/ptj.20080257 

New, P. W., Rawicki, H. B., & Bailey, M. J. (2002). Nontraumatic spinal cord injury: 
demographic characteristics and complications. Yapmr, 83(7), 996–1001. 

Noah, J. A., Boliek, C., Lam, T., & Yang, J. F. (2008). Breathing frequency changes at the onset 
of stepping in human infants. Journal of Neurophysiology, 99(3), 1224–1234. 
http://doi.org/10.1152/jn.00868.2007 

Noreau, L., Richards, C. L., Comeau, F., & Tardif, D. (1995). Biomechanical analysis of swing-
through gait in paraplegic and non-disabled individuals. Journal of Biomechanics, 28(6), 
689–700. 

O'Sullivan, P. B., Grahamslaw, K. M., Kendell, M., Lapenskie, S. C., Moller, N. E., & Richards, 
K. V. (2002). The effect of different standing and sitting postures on trunk muscle activity in 
a pain-free population. Spine, 27(11), 1238–1244. 

Oza, C. S., & Giszter, S. F. (2014). Plasticity and alterations of trunk motor cortex following 
spinal cord injury and non-stepping robot and treadmill training. Experimental Neurology, 



71 

 

256(C), 57–69. http://doi.org/10.1016/j.expneurol.2014.03.012 
Oza, C. S., & Giszter, S. F. (2015). Trunk Robot Rehabilitation Training with Active Stepping 

Reorganizes and Enriches Trunk Motor Cortex Representations in Spinal Transected Rats. 
Journal of Neuroscience, 35(18), 7174–7189. http://doi.org/10.1523/JNEUROSCI.4366-
14.2015 

Pernot, H. F. M., Lannem, A. M., Geers, R. P. J., Ruijters, E. F. G., Bloemendal, M., & Seelen, 
H. A. M. (2011). Validity of the test-table-test for Nordic skiing for classification of 
paralympic sit-ski sports participants. Spinal Cord, 49(8), 935–941. 
http://doi.org/10.1038/sc.2011.30 

Potten, Y. J. M., Seelen, H. A. M., Drukker, J., Reulen, J. P. H., & DROST, M. R. (1999). 
Postural muscle responses in the spinal cord injured persons during forward reaching. 
Ergonomics, 42(9), 1200–1215. http://doi.org/10.1080/001401399185081 

Protas, E. J., Holmes, S. A., Qureshy, H., Johnson, A., Lee, D., & Sherwood, A. M. (2001). 
Supported treadmill ambulation training after spinal cord injury: a pilot study. Yapmr, 82(6), 
825–831. http://doi.org/10.1053/apmr.2001.23198 

Quintero, H. A., Farris, R. J., Hartigan, C., Clesson, I., & Goldfarb, M. (2011). A Powered 
Lower Limb Orthosis for Providing Legged Mobility in Paraplegic Individuals. Topics in 
Spinal Cord Injury Rehabilitation, 17(1), 25–33. 

Rahimi-Movaghar, V., Sayyah, M. K., Akbari, H., Khorramirouz, R., Rasouli, M. R., Moradi-
Lakeh, M., et al. (2013). Epidemiology of Traumatic Spinal Cord Injury in Developing 
Countries: A Systematic Review. Neuroepidemiology, 41(2), 65–85. 
http://doi.org/10.1159/000350710 

Rusk, H. A. (1964). Rehabilitation medicine: a textbook on physical medicine and rehabilitation, 
503. 

Saunders, S. W., Rath, D., & Hodges, P. W. (2004). Postural and respiratory activation of the 
trunk muscles changes with mode and speed of locomotion. Gait & Posture, 20(3), 280–290. 
http://doi.org/10.1016/j.gaitpost.2003.10.003 

Saunders, S. W., Schache, A., Rath, D., & Hodges, P. W. (2005). Changes in three dimensional 
lumbo-pelvic kinematics and trunk muscle activity with speed and mode of locomotion. 
Clinical Biomechanics (Bristol, Avon), 20(8), 784–793. 
http://doi.org/http://dx.doi.org/10.1016/j.clinbiomech.2005.04.004 

Scivoletto, G., Romanelli, A., Mariotti, A., Marinucci, D., Tamburella, F., Mammone, A., et al. 
(2008). Clinical Factors That Affect Walking Level and Performance in Chronic Spinal Cord 
Lesion Patients, 1–6. 

Seelen, H. A. M., Potten, Y. J. M., Drukker, J., Reulen, J. P. H., & Pons, C. (1998). Development 
of new muscle synergies in postural control in spinal cord injured subjects, 1–12. 

Seelen, H. A. M., Potten, Y. J. M., Huson, A., Spaam, F., & Reulen, J. P. H. (1997). Impaired 
Balance Control in Paraplegic Subjects, 1–12. 

Seelen, H. A., & Vuurman, E. F. (1991). Compensatory muscle activity for sitting posture during 
upper extremity task performance in paraplegic persons. Scandinavian Journal of 
Rehabilitation Medicine, 23(2), 89–96. 

Sheffield, F. J. (1962). Electromyographic study of the abdominal muscles in walking and other 
movements. American Journal of Physical Medicine, 41, 142–147. 

Silver, J. R. (2015). Response to: Diagnostic accuracy of common clinical tests for assessing 
abdominal muscle function after motor-complete spinal cord injury above T6. Spinal Cord, 



72 

 

53(12), 891. http://doi.org/10.1038/sc.2015.113 
Singh, A., Tetreault, L., Kalsi-Ryan, S., Nouri, A., & Fehlings, M. (2014). Global prevalence and 

incidence of traumatic spinal cord injury. Clinical Epidemiology, 309. 
http://doi.org/10.2147/CLEP.S68889 

Sprigle, S., Maurer, C., & Holowka, M. (2007). Development of Valid and Reliable Measures of 
Postural Stability. The Journal of Spinal Cord Medicine, 30(1), 40–49. 

Spungen, A. M., Asselin, P. K., Fineberg, D. B., Harel, N. Y., Kornfeld, S., & Buman, W. A. 
(2013a). Beneficial Changes in Body Composition after Exoskeletal-Assisted walking: 
Implications for Improved Metabolic Function, 1–1. 

Spungen, A. M., Asselin, P. K., Fineberg, D. B., Kornfeld, S. D., & Harel, N. Y. (2013b). 
Exoskeletal-Assisted Walking for Persons with Motor-Complete Paraplegia, 1–15. 

Squair, J. W., Bjerkefors, A., Inglis, J. T., Lam, T., & Carpenter, M. G. (2016). Cortical and 
vestibular stimulation reveal preserved descending motor pathways in individuals with 
motor-complete spinal cord injury. Journal of Rehabilitation Medicine, 48(7), 589–596. 
http://doi.org/10.2340/16501977-2101 

Swinnen, E., Baeyens, J.-P., Pintens, S., Van Nieuwenhoven, J., Ilsbroukx, S., Clijsen, R., et al. 
(2014a). Trunk muscle activity during walking in persons with multiple sclerosis: The 
influence of body weight support, 1–13. http://doi.org/10.3233/NRE-131044 

Swinnen, E., Beckwee, D., Meeusen, R., Baeyens, J.-P., & Kerckhofs, E. (2014b). Does robot-
assisted gait rehabilitation improve balance in stroke patients? A systematic review. Topics 
in Stroke Rehabilitation, 21(2), 87–100. http://doi.org/10.1310/tsr2102-87 

Sylos-Labini, F., La Scaleia, V., d'Avella, A., Pisotta, I., Tamburella, F., Scivoletto, G., et al. 
(2014). EMG patterns during assisted walking in the exoskeleton. Frontiers in Human 
Neuroscience, 8, 423. 

Tamburella, F., Scivoletto, G., & Molinari, M. (2013). Balance training improves static stability 
and gait in chronic incomplete spinal cord injury subjects: a pilot study. European Journal of 
Physical and Rehabilitation Medicine, 49(3), 353–364. 

Tang, P. F., Woollacott, M. H., & Chong, R. K. (1998). Control of reactive balance adjustments 
in perturbed human walking: roles of proximal and distal postural muscle activity. 
Experimental Brain Research, 119(2), 141–152. 

Teyhen, D. S., Gill, N. W., Whittaker, J. L., Henry, S. M., Hides, J. A., & Hodges, P. (2007). 
Rehabilitative ultrasound imaging of the abdominal muscles. The Journal of Orthopaedic 
and Sports Physical Therapy, 37(8), 450–466. http://doi.org/10.2519/jospt.2007.2558 

Thomas, S. L., & Gorassini, M. A. (2005). Increases in corticospinal tract function by treadmill 
training after incomplete spinal cord injury. Journal of Neurophysiology, 94(4), 2844–2855. 
http://doi.org/10.1152/jn.00532.2005 

Thorstensson, A., Carlson, H., Zomlefer, M. R., & Nilsson, J. (1982). Lumbar back muscle 
activity in relation to trunk movements during locomotion in man. Acta Physiologica 
Scandinavica, 116(1), 13–20. http://doi.org/10.1111/j.1748-1716.1982.tb10593.x 

van den Berg, M. E. L., Castellote, J. M., Mahillo-Fernandez, I., & de Pedro-Cuesta, J. (2010). 
Incidence of Spinal Cord Injury Worldwide: A Systematic Review. Neuroepidemiology, 
34(3), 184–192. http://doi.org/10.1159/000279335 

van der Putten, J. J., Stevenson, V. L., Playford, E. D., & Thompson, A. J. (2001). Factors 
affecting functional outcome in patients with nontraumatic spinal cord lesions after inpatient 
rehabilitation. Neurorehabilitation and Neural Repair, 15(2), 99–104. 



73 

 

van Hedel, H. J. (2006). Weight-Supported Treadmill Versus Over-Ground Training After Spinal 
Cord Injury: From a Physical Therapist's Point of View. Physical Therapy, 86(10), 1444–
1447. http://doi.org/10.2522/ptj.2006.86.10.1444 

Wallén, P., & Williams, T. L. (1984). Fictive locomotion in the lamprey spinal cord in vitro 
compared with swimming in the intact and spinal animal., 1–15. 

Waters, R. L., & Morris, J. M. (1972). Electrical activity of muscles of the trunk during walking. 
Journal of Anatomy, 111(Pt 2), 191–199. 

Wernig, A., Nanassy, A., & Muller, S. (1998). Maintenance of locomotor abilities following 
Laufband (treadmill) therapy in. Spinal Cord, 36(11), 744–749. 

White, S. G., & McNair, P. J. (2002). Abdominal and erector spinae muscle activity during gait: 
the use of cluster analysis to identify patterns of activity. Clinical Biomechanics (Bristol, 
Avon), 17(3), 177–184. 

Winter, D. A. (1995). Human balance and posture control during standing and walking. Gait & 
Posture, 3(4), 193–214. http://doi.org/http://dx.doi.org/10.1016/0966-6362(96)82849-9 

Winter, D. A., & Yack, H. J. (1987). EMG profiles during normal human walking: stride-to-
stride and inter-subject variability. Electroencephalography and Clinical Neurophysiology, 
67(5), 402–411. 

Winter, D. A., Ruder, G. K., & MacKinnon, C. D. (1990). Control of Balance of Upper Body 
During Gait. In J. M. Winters & S. L.-Y. Woo (Eds.), Multiple Muscle Systems: 
Biomechanics and Movement Organization (pp. 534–541). New York, NY: Springer New 
York. http://doi.org/10.1007/978-1-4613-9030-5_33 

Wirz, M., Zemon, D. H., Rupp, R., Scheel, A., Colombo, G., Dietz, V., & Hornby, T. G. (2005). 
Effectiveness of automated locomotor training in patients with chronic incomplete spinal 
cord injury: a multicenter trial. Yapmr, 86(4), 672–680. 
http://doi.org/10.1016/j.apmr.2004.08.004 

Wu, M., Landry, J. M., Schmit, B. D., Hornby, T. G., & Yen, S.-C. (2012). Robotic resistance 
treadmill training improves locomotor function in human spinal cord injury: a pilot study. 
Yapmr, 93(5), 782–789. http://doi.org/10.1016/j.apmr.2011.12.018 

Wyndaele, M., & Wyndaele, J.-J. (2006). Incidence, prevalence and epidemiology of spinal cord 
injury: what learns a worldwide literature survey? Spinal Cord, 44(9), 523–529. 
http://doi.org/10.1038/sj.sc.3101893 

Zeilig, G., Weingarden, H., Zwecker, M., Dudkiewicz, I., Bloch, A., & Esquenazi, A. (2013). 
Safety and tolerance of the ReWalk ™exoskeleton suit for ambulation by people with 
complete spinal cord injury: A pilot study. The Journal of Spinal Cord Medicine, 35(2), 96–
101. http://doi.org/10.1179/2045772312Y.0000000003 

Zomlefer, M. R., Provencher, J., Blanchette, G., & Rossignol, S. (1984). Electromyographic 
study of lumbar back muscles during locomotion in acute high decerebrate and in low spinal 
cats. Brain Research, 290(2), 249–260. 

 



74 

 

Appendices 

Appendix A  Trunk function and balance assessment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Guidelines for the Trunk test                                    
for Para-Canoe Athletes 
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Equipment  

• Treatment bench with adjustable height  
• Wobble cushion  
• Protocol  
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Manual Muscle Test  

• Athlete will perform seven trunk muscle tasks  

 - trunk flexion 

 - trunk rotation to the right (R) and to the left (L)  

 - trunk side bending to the R and L 

  - trunk lumbar extension 

 - trunk lumbar extension and hip extension  

 

• The tests will be performed on a 0-2 scale.  

• Total number of points available for this section = 14 
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Performance of each test  

• The following instruction will be given during all Manual Muscle Test 
– breathe out (2s) (athlete is still in the initial position) (instruction: out, out).  

– perform the  trunk muscle task (2s) (athlete is moving to the final position) (instruction: 
up, up).  

– hold a maximal contraction (2s) (athlete is in the final position) (instruction: hold, hold). 

  

• All tests will be performed during normal exhalation.  
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 Trunk flexion Score 2 
• Position of Athlete: Supine with arms crossed 

over chest. 
• Position of Classifier: Standing at level of 

patient’s chest to be able to ascertain whether 
scapulae clear table during test. If athlete has 
weak hip flexors, the examiner should stabilize 
the pelvis by leaning across the athlete on the 
forearms. 

• Test: Athlete flexes trunk through range of 
motion. A curl-up is emphasized, and trunk is 
curled until scapulae clear table.  

• Instruction: “Tuck your chin and lift your head, 
shoulders  off the table in a sit-up.” 

• Score 2: Athlete completes range of motion 
and raises trunk until scapulae are off the 
table.   
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Trunk flexion Score 1 
• Position of Athlete: Supine with arms 

stretched towards toes.   
• Position of Classifier: Standing at level of 

patient’s belly. The hand used for 
palpation is placed at the midline of the 
thorax over the linea alba, and the four 
fingers of both hands are used to palpate 
the Rectus abdominus. 

• Test: Athlete attempts to flex trunk. 
• Instructions: “Tuck your chin and lift your 

head, shoulders  off the table in a sit-up.” 
• Score 1: Athlete completes partial range 

of motion and the examiner must be able 
to detect contractile activity.  
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 Trunk flexion Score 0 
• Position of Athlete. Supine with arms 

stretched towards toes.   
• Position of Classifier: Standing at level of 

patient’s belly. The hand used for palpation is 
placed at the midline of the thorax over the 
linea alba, and the four fingers of both hands 
are used to palpate the Rectus abdominus. 

• Test: Athlete attempts to flex trunk. 
• Instructions: “Tuck your chin and lift your 

head, shoulders  off the table in a sit-up.” 
• Score 0: The athlete is unable to lift the 

shoulders from the table, and no or very 
limited activity is visible or palpable during 
attempted contraction. 
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Trunk rotation Score 2 
• Position of Athlete: Supine with arms 

crossed over chest. 
• Position of Classifier: Standing at level of 

patient’s waist. 
• Test: Athlete flexes trunk and rotates to 

one side. And then the other. 
• Instruction: “Lift your head and 

shoulders from the table, taking your 
right elbow toward your left knee.” 
Repeat on opposite side. 

• Score 2: The inferior angle of the  scapula 
on the opposite side to the rotation 
clears the table. 
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 Trunk rotation Score 1 
• Position of Athlete: Supine with arms at 

sides.  
• Position of Classifier: Classifier palpates 

the external oblique first on one side and 
then on the other, with one hand placed 
on the lateral part of the anterior 
abdominal wall distal to the rib cage. 
Continue to palpate the muscle distally in 
the direction of its fibers until reaching the 
anterior superior iliac spine. 

• Test: Athlete attempts to raise body and 
rotate to one side. And then the other. 

• Instruction: “Lift your head and shoulders 
from the table, taking your right elbow 
toward your left knee.” Repeat on opposite 
side. 

• Score 1. Athlete completes partial range of 
motion and the classifier must be able to 
detect contractile activity.  
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Trunk rotation Score 0 
• Position of Athlete: Supine with arms at 

sides.  
• Position of Classifier: Standing at level of 

athlete’s waist 
• Test: Athlete attempts to flex trunk and 

turn to either side.  
• Instruction: “Try to lift your head and 

shoulders from the table, taking your right 
hand towards your left knee.” Repeat on 
opposite side.  

• Score 0: The athlete is unable to lift the 
shoulder from the table, and no or very 
limited activity is visible or palpable during 
attempted contraction. 
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 Trunk side flexion Score 2 

Bjerkefors A, Squair J, Carpenter MG 2015 

• Position of Athlete: On their side 
with arms crossed over chest. 

• Position of Classifier: Standing at 
level of athlete’s  shanks to provide 
support.  

• Test: Athlete laterally bends the 
trunk. 

• Instruction: “Lift your trunk off the 
table as high as you can.” Repeat 
on opposite side. 

• Score 2: The inferior angle of the 
deltoid clears the table.   
 

 

Trunk side flexion Score 1 
• Position of Athlete: Supine with arms at 

sides.  
• Position of Classifier: Standing at level of 

athlete’s waist. If athlete has weak hip 
flexors, the examiner should stabilize the 
pelvis by leaning across the athlete on the 
forearms. Classifier palpates the external 
oblique first on one side and then on the 
other, with one hand placed on the lateral 
part of the anterior abdominal wall distal to 
the rib cage. 

• Test: Athlete laterally bends the trunk. 
• Instruction: “Lift your head off the table and 

bend your trunk sideway, hand towards 
toes.” Repeat on opposite side. 

• Score 1: Athlete completes partial range of 
motion and the classifier must be able to 
detect contractile activity.  
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 Trunk side flexion Score 0 
• Position of Athlete: Supine with arms at sides.  
• Position of Classifier: Standing at level of 

athlete’s waist. If athlete has weak hip flexors, 
the examiner should stabilize the pelvis by 
leaning across the athlete on the forearms. 
Classifier palpates the external oblique first on 
one side and then on the other, with one hand 
placed on the lateral part of the anterior 
abdominal wall distal to the rib cage. 

• Test:  Athlete attempts to laterally bend the 
trunk. 

• Instruction: “Lift your head off the table and 
bend your trunk sideway, hand towards toes.” 
Repeat on opposite side. 

• Score 0: The athlete is unable to bend 
sideways and no or very limited activity is 
visible or palpable during attempted 
contraction.   
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Trunk Lumbar Extension Score 2 
• Position of Athlete: Prone with hands close 

to head.  

• Position of Classifier: With hands holding 
the ankles. 
 

• Test: Athlete extends the lumbar spine until 
the entire  sternum is raised from the table . 
 

• Instruction: “Raise your head, shoulders, 
and chest from the table as high as you can” 

  
• Score 2: The athlete can achieve the end 

position. 
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 Trunk Lumbar Extension Score 1 

• Position of Athlete: Prone with their 
arms placed by their sides.  
 

• Position of Classifier: With hands 
holding the ankles. 

 
• Test: Athlete extend the trunk.  

 
• Instruction: “Lift your head and chest 

as high as possible” 
 

• Score 1: Athlete completes partial 
range of motion and the classifier 
must be able to detect contractile 
activity.  
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Trunk Lumbar Extension Score 0 
• Position of Athlete : Prone with their 

arms placed by their sides.  
 
• Position of Classifier: Standing at level of 

athlete’s waist. Classifier palpates the 
lumbar extensor muscles  . 
 

• Test: Athlete extend the trunk. 
 

• Instruction: “Lift your head and chest as 
high as possible” 
 

• Score 0: The athlete is unable to lift the 
trunk of the table and no or very limited 
activity is visible or palpable during 
attempted contraction.   
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 Trunk and hip extension Score 2 
• Position of Athlete:  Prone 

with their hands placed by 
the head 

 
• Position of Classifier: With 

hands holding the ankles. 
 
• Test: Athlete extend the 

trunk.  
 

• Instruction: “Lift your head 
and chest as high as 
possible” 

 
• Score 2: The sternum clears 

the table.   
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Trunk and hip extension Score 1 
• Position of athlete: Prone with 

their arms placed by their sides.  
• Position of classifier: With hands 

holding the ankles 
 
• Test: Athlete extend the trunk.  

 
• Instruction: “Lift your head and 

chest as high as possible” 
 

• Score 1: Athlete completes 
partial range of motion and the 
classifier must be able to detect 
contractile activity.  
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 Trunk and hip extension Score 2 
• Position of Athlete:  Prone 

with their hands placed by 
the head 

 
• Position of Classifier: With 

hands holding the ankles. 
 
• Test: Athlete extend the 

trunk.  
 

• Instruction: “Lift your head 
and chest as high as 
possible” 

 
• Score 2: The sternum clears 

the table.   
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Trunk and hip extension Score 1 
• Position of athlete: Prone with 

their arms placed by their sides.  
• Position of classifier: With hands 

holding the ankles 
 
• Test: Athlete extend the trunk.  

 
• Instruction: “Lift your head and 

chest as high as possible” 
 

• Score 1: Athlete completes 
partial range of motion and the 
classifier must be able to detect 
contractile activity.  
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 Trunk and hip extension Score 0 
• Position of athlete : Prone with their 

arms placed by their sides.  
 
• Position of classifier: Standing at level 

of athlete’s waist. Classifier palpates 
the lumbar extensor muscles and hip 
extensor muscles . 
 

• Test: Athlete extend the trunk. 
 

• Instruction: “Lift your head and chest 
as high as possible” 
 

• Score 0: The athlete is unable to lift 
the trunk of the table and no or very 
limited activity is visible or palpable 
during attempted contraction.   
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Functional Assessment Score 
Athlete will be asked to complete functional tasks while 
sitting unsupported.  
 

The examination includes:  
- static tasks (sitting upright with arms outstretched in 4 directions), 
scores a maximum of 10 points 
- dynamic tasks (moving trunk through a range of motion), scores a 
maximum of 12 points 
- perturbation tasks (push and recovery from 6 directions), scores a 
maximum of 24 points 
- perturbation tasks while athlete is sitting on a wobble cushion (push  
and recovery from 6 directions), scores a maximum of 24 points 
 
There are a maximum of 70 points for the Functional assessment. 
These are added to the Manual Muscle Test score for a maximum of 
84 points 
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• Description: Athlete sits with legs hanging over the edge with feet unsupported. Athlete 
crosses arms to prevent support. Classifier brings athlete into upright position, one hand on 
sternal bone and one hand on back, then slowly lets go of support. 
 

• Instruction: “Sit up tall.” 
 

• Evaluation: Observe sitting position after removing the support:  
 - straight/upright 
 - flat belly                        
 - kyphotic/quad/para belly    
 
• Score 2: Sits straight upright, without marked kyphosis, and with flat belly for at least 10 

seconds  
 

• Score 1: Can only manage upright sitting for less than 3 seconds 
 
• Score 0:  Sits with marked kyphosis or with quad belly  
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Static test  
Upright Sitting 
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Score 2  Score 0  
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 Static test  
Upright Sitting with shoulder flexion/extension  

• Description: Athlete sitting on the plinth with legs hanging over edge of plinth with the feet 
unsupported. The classifier may need to place his/her hands close to the hips, to fix both legs 
to the plinth.  

  
 Flexion: Athlete is instructed to lift both arms to 90° shoulder flexion, hold for 2 seconds and 

slowly go back to the initial position.   
 

 Extension: Athlete is instructed to lift both arms to about 30° shoulder extension, hold for 2 
seconds and slowly go back to the initial position.   
 

• Evaluation: Observe movement quality and range standing lateral to the Athlete.  
 
• Score 2: Athlete performs shoulder flexion to at least 90° with a straight upright position.  
• Score 2: Athlete performs shoulder extension to at least 30° with a straight upright trunk 

position. 
 

• Score 1: Athlete  attempts to flex/extend shoulders to 90°/30° but can only maintain a 
straight upright trunk momentarily before compensating by kyphosis or lordosis  

  
• Score 0: Athlete is unable to maintain an upright posture to lift the arms, either into flexion 

or extension. 
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Score 0   Score 2   Shoulder flexion  

Shoulder extension  
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• Description: Athlete sitting on the plinth with legs hanging over edge of plinth with the feet 
unsupported. The classifier may need to place his/her hands close to the hips, to fix both legs 
to the plinth. .  

 Abduction: Athlete is instructed to lift one arm to 90° shoulder abduction, hold the position 
for 2 seconds and slowly go back to the initial position. The other arm is crossed over the 
chest.  

 

• Evaluation: Observe movement quality and range standing lateral to the Athlete.  
 

• Score 2: Athlete performs shoulder abduction to at least 90° with a straight upright position. 
  
• Score 1: Athlete lifts shoulder to 90°, but is unable to maintain upright posture throughout 

    the test without compensation. 
 

• Score 0: Athlete is unable to lift the shoulder to 90° and compensates with kyphosis/lordosis. 
    May need support to resume straight position 
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Static test  
Upright Sitting with abduction  
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Score 2   
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 Dynamic test                                            
Active Trunk Flexion/Extension  

 

• Description: Athlete sits on the plinth with legs hanging over the edge, with the feet 
unsupported. Athlete crosses the arms in front of his/her chest, to prevent support for sitting 
balance from the arms. The classifier may need to place his/her hands close to the hips, to fix 
both legs to the plinth.  

 

• Evaluation: Observe movement quality and range standing lateral to the Athlete.  
 

• Score 2:  Athlete performs trunk flexion to at least 20° line between pelvis and C7 and 
vertical, and maintains position for 2 seconds before returning to upright position, and  
performs at least 15° trunk extension and maintains position for2 seconds before returning to 
upright position.  
 

• Score 1: Athlete flexes to less than 20° and extends to less than 15°, and is unable to maintain 
the position for 2 seconds. May compensate to resume straight position. 
 

• Score 0: Athlete cannot flex or extend without compensation by kyphosis/lordosis or cannot 
resume straight position without support. 
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Grade 0 Grade 2 Trunk flexion  
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Grade 2 Trunk extension   Grade 0 

Dynamic test  
 Active Trunk Rotation  

 
• Description: Athlete sits on the plinth with legs 

hanging over edge, with the feet unsupported. 
Athlete crosses the arms in front of his/her chest, 
to prevent support for sitting balance from the 
arms. The classifier may need to place his/her 
hands close to the hips, to fix both legs to the 
plinth.    

 

• Evaluation: Observe movement quality and range 
standing lateral to the Athlete.  

 

• Score2: Athlete stays in upright position and 
rotates 20° or more to both sides, measured in 
straight line between both shoulders and line 
between ASIS on both sides.  

• Score 1: Athlete rotates less than 20°, or cannot 
remain upright whilst rotating 

• Score 0: Athlete does not rotate, or cannot 
maintain upright position in sagittal plane while 
rotating (e.g. assumes kyphotic posture).   
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Grade 2 
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 Dynamic test  
Active Trunk Side Flexion  

• Description: Athlete sits on the plinth with legs hanging 
over edge, with the feet unsupported. Athlete crosses 
the arms in front of his/her chest, to prevent support for 
sitting balance from the arms. The classifier may need to 
place his/her hands close to the hips, to fix both legs to 
the plinth.  

 

• Evaluation: Observe movement quality and range 
standing lateral to the A.  

 

• Score 2: Athlete stays in upright position in the sagittal 
plane and performs side flexion at least with suprasternal 
notch in vertical line above the ASIS to both sides and 
can maintain this position for 2 seconds before resuming 
the upright position.  

• Score 1: Athlete cannot side flex to the level of the 
suprasternal notch, or can only maintain position 
momentarily. 

• Score 0:  Athlete cannot side flex, or cannot maintain an 
upright position in the sagittal plane while performing 
side flexion (e.g. kyphotic posture).  
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Score 2 

Trunk Resistance (Perturbation) 
 - Trunk Flexion, Trunk Extension, Trunk  Rotation, Trunk Side Flexion  

• Description: Athlete sits on the plinth with legs hanging over the edge, with the feet 
unsupported. Athlete crosses the arms in front of his/her chest, to prevent support for sitting 
balance from the arms.  

 Classifier applies prolonged force to the trunk in six directions by placing the hand in six 
different locations; anterior, over the mid sternum, posterior, over the thoracic spine midway 
between the superior and inferior angles of the scapula, and right and left rotation, over the 
frontal aspect of the acromial process, and right and left side flex, over the lateral aspect of 
the acromial process.  

• Instruction: “Hold, do not let me push you over!” 
• Evaluation: Trunk flexion: RA, both sides of umbilicus, Trunk extension: ES, both sides spine, 

Trunk rotation to the L: OE R and OI L, Trunk rotation to the R: OE L and OI R, Trunk lat. 
bending to the L: QL R, Trunk lat. bending to the R: QL L.  

• Score 2: Athlete is able to adequately resist the constant force to the trunk .  
• Score1: Athlete resists the initial push but is unable to maintain upright posture, or can only 

resist a very gentle force 
• Score 0:  Athlete is not able to recover from the constant force.  
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 Trunk Resistance  

Bjerkefors A, Squair J, Carpenter MG 2015 

Trunk Flexion Trunk Extension  Trunk Rotation    Trunk Lateral Bending   

Trunk Push (Perturbation) 
- Trunk Flexion, Trunk Extension, Trunk  Rotation, Trunk Side Flexion    

 

• Description: Athlete sitting on the plinth with legs hanging over edge of plinth with the feet 
unsupported. Athlete crosses the arms in front of his/her chest, to prevent support for sitting 
balance from the arms.  

 Classifier applies an unexpected/sharp force to the trunk in six directions by placing the hand 
in six different locations; anterior, over the mid sternum, posterior, over the thoracic spine 
midway between the superior and inferior angles of the scapula, and right and left rotation, 
over the frontal aspect of the acromial process, and right and left lateral, over the lateral 
aspect of the acromial process.  

• Instruction: “Hold, do not let me push you over!” 
• Evaluation: Trunk flexion: RA, both sides of umbilicus, Trunk extension: ES, both sides spine, 

Trunk rotation to the L: OE R and OI L, Trunk rotation to the R: OE L and OI R, Trunk lat. 
bending to the L: QL R, Trunk lat. bending to the R: QL L.  

• Score 2: Athlete is able to adequately resist the trunk push. 
• Score 1: Athlete attempts to resist the push, or can only resist a very gentle push. 
• Score 0:   Athlete is not able to apply any resistance to the push. 
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 Trunk Push   
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Trunk Flexion Trunk Extension  Trunk Rotation   Trunk Lateral Bending  

All Dynamic and Perturbation tasks will be performed on the 

wobble cushion on a 3 graded scale.   

 

Succeed = 2, In doubt = 1, Clearly fails = 0  
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Upright sitting  Trunk Resistance  Trunk Push  
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Appendix B  Trunk activation patterns normalized to breathing cycle compared to gait cycle 

 

Appendix B:  Comparison of EMG recordings from the right rectus abdominis (RA), external oblique (EO) and erector spinae (ES) normalized to the breathing 

cycle (onset of inspiration) vs those normalized to the gait cycle (right heel contact). Each graphs shows the average of at least 50 breath cycles and steps.  


